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1.0 INTRODUCTION

The objective of this study was to characterize the nature of

oil/suspended particulate material (SPM) interactions such that mathematical

formulations could be derived and (ultimately) incorporated into an ocean

oil-spill trajectory and circulation model. This report details the results

and findings

and contains

The

interaction

interactions

quirements,

results from

for oiljSPM

from experiments and derivations which have been compleced to date

suggestions for areas of additional study.

remainder of Section 1 contains a review of previous oil\SPM

studies, the derivations and assumptions necessary to model these

(including uncertainties on oil droplet dispersion, turbulence re-

and oil/SPM kinetics). Section 2 presents the derivations and

laboratory studies completed to measure the reaction rate constant

binding, and interestingly, similar results were obtained with two

very different experimental systems. Section 3 contains the results of chemi-

cal characterizations of the selective partitioning behavior which occurs among

the discrete phases of dispersed oil droplets, dissolved oil constituents, free

(un-oiled) SPM, oiled-SPM agglomerates still in suspension and sedimented

oil-SPM which has been removed from the water column. Section 4 presents an

overview of the potential computer requirements (and limitations) for modeling

oil/SPM interactions within the context of a full three-demensional ocean cir-

culation model. Section 5 presents an overview of the late Dr. William Grant’s

contribution to modeling the bottom boundary layer and sediment resuspension/

transport as controlled by wave and current regimes. Section 6 contains an

executive summary of major program elements, problems encountered in

experimental and modeling efforts, and solutions derived and used to achieve

the results presented. Finally, Section 7 is the bibliography of all cited

literature, and the Appendix contains all of the reduced compound specific

oil/SPM concentration data obtained from FID-GC and GC/MS analyses of samples

collected. These data can ultimately be combined into boiling point ranges to

allow comparison of oiled-SPM composition with Open-Ocean Oil Weathering Model

predictions of oil composition by distillate cuts.
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It is not insignificant that several important program elements (e.g.,

wave and current induced sediment resuspension and transport, breaking wave-

induce d oil droplet dispersion and turbulent energy dissipation rate predic-

tions) are all areas of on-going Ph.D. -level research in universities, oceano-

graphic institutions and private laboratories. As a result, there are still

many gaps in our knowledge. At this time it would be premature to believe that

a fully operational three- demensional  ocean circulation model that incorpor-

ates all of the desired interaction terms (oil droplet dispersion, sediment

resuspension for all size classes of SPM, oil/SPM collisions as a function of

oil and SPM loadings and turbulence, etc.) is possible in the very near future.

As discussed in Section 4, there are several possible approaches including

finite element circulation models based on conservation of mass and energy as

well as probability distribution functions (PDFs) which might be used to

approximate the problem. In any case, extensive computer capabilities and

resources may be required to ultimately develop predictive models that incor-

porate all of the variables and stochastic processes involved.

1.1 BACKGROUND AND RELEVANCE OF OIL/SUSPENDED-PARTICULATE-MATERIAL INTER-
ACTIONS TO OCS OIL AND GAS DEVELOPMENT

The fate of hydrocarbon contaminants released into the outer continen-

tal shelf waters of Alaska will be controlled by simultaneous physical (e.g.

circulation, sediment transport and deposition), chemical (oil weathering and

oil/suspended particulate material interactions) , and biological (microbial)

processes (Payne et al., 1984; Atlas et al., 1983). Interactions between spil-

led oil and suspended particulate material (SPM) represent a major potential

pathway for the dispersal and deposition of petroleum hydrocarbons in coastal

environments, particularly in areas characterized by naturally high concentra-

tions of river-derived and bottom-resuspended SPM.

The ability to predict the water column residence times and eventual

sinks for hypothetical oil spills facilitates predictions of effects to poten-

tially impacted benthic ecosystems. Such predictions require a method for syn-

thesizing and integrating representative data for dispersed oil and suspended
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sediment concentrations, transport, deposition, and resuspension rates, as well

as sediment\oil partition coefficients under a variety of possible spill sce-

narios.

Oil and SPM interactions occur through two primary mechanisms: (1) oil

droplets colliding with suspended particulate material and (2) molecular

sorption of dissolved species. The parameters and/or conditions that might

influence the rate of “reaction” between dispersed oil droplets and SPM are

numerous; the concentrations of dispersed oil and SPM, size distribution of the

oil droplets and SPM, composition of the oil and SPM, and the density of the

oil and SPM will all have some effect on the rate of oil droplet/SPM

associations and ultimate sedimentation. The volubility of individual

hydrocarbon components in seawater also influences rates of molecular sorption

of dissolved species onto SPM (Quinn, in press; Boehm 1987). However, data

from field and laboratory studies suggest that sorption of truly dissolved

components is not important to the overall mass balance of an oil spill (Payne

et al., 1987) . Such adsorption may be important, however, for biological

considerations as described below.

Sorption of oil onto suspended particles depends

havior of hydrocarbons and the nature of the particles.

water volubility of a particular hydrocarbon component

on the volubility be-

In general, a greater

accompanies a reduced

tendency to associate with particulate matter (Gearing et al., 1980). Differ-

ences in volubility and adsorption behavior subsequently may result in a frac-

tionation of the oil, with soluble lower molecular weight aromatic hydrocarbons

enriched in the water phase, and relatively insoluble higher molecular weight

components associated with the suspended particulate phase. However, changes

in salinity, pH, turbulence, temperature, concentrations of oil, and presence

of natural surfactants (dissolved organic matter) will also influence the par-

titioning of oil onto SPM

drocarbon component for

coefficient (or adsorption

the concentration of the

(Quinn, in press). The affinity of a particular hy-

particulate adsorption is described by the partition

efficiencies) (Kp) such that K = C /C where C is
P p w’ P

hydrocarbon on a given weight of particles and C isw
the concentration of the hydrocarbon in an equal weight of water.

1-3



As part of an Open Ocean Oil Weathering Program, SAIC measured

compound-specific partition coefficients between fresh Prudhoe Bay crude oil

and four representative sediment types characteristic of suspended particulate

material encountered in Alaskan Outer Continental Shelf waters (Payne et al.

1984) . Table 1-1 presents the SPM/water phase concentrations obtained on spe-

cific aromatic compounds from those measurements. Tables 1-2A and 1-2B present

information regarding the chemical and visual (i.e., microscopic) composition

of the sediment types. Figure 1-1 presents representative chromatograms show-

ing the preferential partitioning of lower molecular weight aromatics (i.e.,

shorter retention times in Figure 1-lG) into the water column and intermediate

and higher molecular weight aromatic and aliphatic hydrocarbons (i.e. , longer

retention times in Figures 1-1A and D) partitioning onto the suspended

particulate material.

Gearing et al. (1979) also reported the fractionation or partitioning

of lower molecular weight aromatic compounds (including up to 3-ring aromatics)

into the dissolved phase before adsorption of the oil onto suspended particu-

late material and subsequent sinking. In test tank studies completed at the

Marine Ecosystem Research Laboratory at the University of Rhode Island, the

aromatic/aliphatic  ratio in the sediment was much lower than that in the parent

oil suggesting that preferential dissolution of lower molecular weight aromatic

compounds may be occurring. Specifically, 2-35% of the higher molecular weight

aliphatic, acyclic and greater than 3-ring hydrocarbons were adsorbed onto the

suspended particulate and sediments in contrast to 0.1% of the more water

soluble naphthalene and methylnaphthalene components which were the predominant

aromatic materials in the No. 2 fuel oils used in their studies.

Winters (1978) observed similar partitioning in two simulated

spills and one mixture of aromatic compounds added to a test tank.

oil

The

petroleum-derived alkanes were approximately 10 times greater in the particu-

late fraction, and the lower molecular weight aromatics were at least 5 times

more concentrated in the dissolved phase.

In samples of suspended particulate material

perpendicular to the South Texas OCS near corpus
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Table 1-1. Results of equilibrium partitioning oil/SPM interaction studies
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TABLE 1-2A. Total Organic Carbon (TOC) and Microscopic Composition of Sediments

ID—

Grewingk Glacial till

China Poot Bay-O-1 cm

China Poot Bay-l-8 cm

Kasitsna Bay

Seldovia  River salt
marsh

Jakolof Bay

TOTAL
ORGANIC
CARBON
-

1.20

NA

NA

6.05

NA

26.52

—

MICRO -
SCOPE
SIZE

Approx. l-10Am

most<5pm

most<5#m

90% diatoms>5#m
some
terrestrial
<5pm

NA

Approx l-50pm

GENERAL COMPOSITION

almost entirely clay fragments

diatoms, terrestrial plant ma~erial,
clay fragments

mostly clay fragments, some diatoms
and terrestrial plant material

mostly diatoms, some clay fragments

mostly organic debris and fecal
pellets, a few diatoms, very few
clay fragments

organic debris and clay fragments

NA == not available
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TABLE 1-26. Sediment  Mineralogy as Determined by X-Ray Di f f ract ion a

CIMPOSITON  (%2

-Quar tz Kaolinite  FeLdspar C a l c i t e Mica Sodium Chloride Other

KB-1 (Greuingk  G l a c i e r  tilo >50 20-40 20-40 None <2 None —

KB-3 (Kasitsna  Bay) >50 5-1o 20-40 None None 2-5 G)qxxsn <2

K B-4 (Seldovia  salt  marsh) >50 5-1o 20-40 None None 2-5 —

KB-5 (Jakolof  Bay) >50 10-20 20-40 <2 None 2-5 —

a
- Analyses conpleted by Technology of Minerals - 2030 Alameda Padre Serra, Santa Barbara, CA 93103



A

c

D

E

G

Figure 1-1. Flame ionization detector capillary gas chromatograms
from KB-4 (Seldovia River Salt Marsh) oil/SPM interaction
studies: (A) Aliphatic hydrocarbons in the oil exposed
sediments; (B) Background level aliphatic hydrocarbons
measured in unexposed sediment; (C) A-liphatic hydrocar-
bons in the water column extract; (D) Aromatic hydrocar-
bons in the oil exposed sediments; (E) Background level
aromatic hydrocarbon components measured in the unexposed
sample; and (G) Aromatic .hydrocarbons  in the water column
extract. (From Payne et al., 1984)
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(1978) noted that the concentrations of higher molecular weight (nC-28 through

nC-30) compounds remained relatively constant with distance from the shore,

whereas the total particulate hydrocarbon burdens decreased with increasing

distance. These authors attributed this to the inlxoduction and sorption of

the hydrocarbons near the shore with subsequent movement of particulate-bound

oil and preferential retention of the higher molecular weight compounds during

weathering. Several higher molecular weight polynuclear aromatic hydrocarbons

were also identified on the particulate material, including alkyl-substituted

naphthalenes, phenanthrenes,  dibenzothiophenes, fluoranthene and pyrene. Con-

centrations of these materials were too low for quantitation; however, they

could be detected by selected ion monitoring GC/MS.

Selective partitioning of lower and higher molecular weight compounds

has also been observed by deLappe et al. (1979) in a study designed to measure

the partitioning of petroleum hydrocarbons among seawater, particulate, and

the filter feeding mussel, Mytilus californianus. Payne et al. (1980) and

Boehm and Fiest (1980)’ also observed a similar partitioning between lower and

higher molecular weight compounds in the dissolved phase and suspended

particulate material samples removed by filtration of large volume water

samples obtained in the vicinity of the IXTOC-1 blowout in the Gulf of Mexico.

In a laboratory study, Meyers and Quinn (1973) found that the hydro-

carbon adsorption efficiency (for the less than 44 pm particle sized fractions)

decreased in the order of bentonite > kaolinite > illite > montmorillonite.

When Meyers and Quinn treated sediment samples from Narragansett Bay with 30%

peroxide to remove indigenous organic material, an increase in adsorption po-

tential was noted. The organic material (which was presumably humic sub-

stances) was believed to mask the sorption sites on the sediment, thereby re-

duc ing the available surface area for adsorption of the organic compounds.

Seuss (1968), on the other hand, suggested that a 3 to 4% organic material

coating on clay will enhance sorption processes by providing, in effect, a

lipophillic layer to enhance non-polar hydrophobic binding. These findings

would be more in line with the results of Payne et al. (1984) in comparing the
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adsorption

estuary to

l-l) .

In

potential of the organic-rich materials from the Seldovia River

the composite diatom rich sediment samples from Kasitsna Bay (Table

a laboratory study, Zurcher and Thuer (1978) considered the disso-

lution, suspension, agglomeration and adsorption of fuel oil onto pure kaoli-

nite. In their studies, the dissolved water column samples showed significant

levels of lower molecular aromatics in the benzene to methylnaphthalene range,

and the adsorbed fraction contained n-alkanes  and aromatics from Kovat indices

1400 through 3200 (Kovats, 1958). The clay minerals in this experiment adsorb-

ed about 200 mg of hydrocarbons per kilogram of dry material. Meyers and Quinn

(1973) reported a similar value of 162 mg/kilogram  for dry kaolinite. Payne et

al. (1984) reported values from a low of 122 mg/kilogram  (total resolved and

UCM from both the aliphatic and aromatic fractions) from the SPM samples from

Kasitsna Bay to a high of 1.2 g/kilogram for the O to l-cm subsamples from the

tidal mud flats from China Poot Bay.

While the results of these more recent oil\SPM interaction studies

using representative samples from lower Cook Inlet parallel the findings re-

ported by previous investigators, they are somewhat contradictory to results

reported by Malinky and Shaw (1979). These authors examined the association of

two lower molecular weight petroleum components and suspended sediments (pri-

marily glacially-derived sediments from the south central Alaska region) and

concluded that sedimentation of oil by the adsorption to suspended mineral par-

ticles may not be a major pathway for the dispersion of petroleum in the marine
14

environment. In that study, however, they used C-labelled decane and bi-

phenyl at near saturation levels (i.e. , the ppm range, although exact concen-

trations were not specified by the authors). In their experiments, the con-

centrations of the two hydrocarbons associated with the sediments was approx-

imately 30% of the original aqueous concentration in parts per million. From

loadings of permitted discharges in Port Valdez and measured sediment loads,

the authors calculated that less than 3% of the oil released into the harbor

could be associated with the sediment. Thus, the authors concluded that

adsorption of hydrocarbons to suspended particulate material was not that

significant, and that the role of suspended mineral particulate material may be
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far less significant in adsorption of polynuclear aromatic hydrocarbons in

natural waters than is the role of total suspended matter. The applicability

of their findings to real oil spill situations in natural environments may be

limited, however, in light of the fact that they did not use a natural oil or

even a water accommodated fraction of a natural oil, and by the fact that the

compounds which were utilized have significantly higher water solubilities than

the higher molecular weight polynuclear aromatic hydrocarbons of interest.

Clearly, the results of Payne et al. (1984) on glacially-derived till from the

Grewingk Glacier (Table l-l) show that the particulate material does have a

high affinity for polynuclear  aromatic hydrocarbons (inspite of its low TOC;

see Table 1-2A) and that the high surface area of the glacial till can provide

an active site for oil adsorption and ultimate sedimentation.

From the aforementioned equilibrium studies, it is clear that inter-

actions between spilled oil and suspended particulate represent an important

mechanism for the dispersal and removal of oil from surface waters. Rates for

oil/SPM interactions and dispersal are, in turn, related to concentrations of

suspended materials and fluxes of SPM into and out of an impacted area. In

particular, oil spills in nearshore waters with high suspended particulate

loads experience rapid dispersal and removal of the oil due to sorption onto

SPM along frontal zones (e.g., Forrester, 1971; Kolpack, 1971). Boehm (1987)

characterized the SPM concentration dependence on oil/SPM fluxes as follows: at

SPM concentrations from 1-10 mg/liter, no appreciable transport of particle-

associated oil to the benthos occurs; at SPM loads from 10-100 mg/liter, con-

siderable oil/SPM interaction, with subsequent transport and deposition is

possible in the presence of sufficient turbulent mixing; and at SPM concentra-

tions > 100 mg\liter mass ive oil transport may occur with potentials for

significant adverse impacts to the benthos.

Consideration of dispersed oil droplets and SPM interactions are par-

ticularly germane to predicting oil spill behavior in areas of high SPM loads

such as Norton Sound where high SPM levels in nearshore waters are affected by

the Yukon River discharge. In this case, adsorption of dispersed oil onto sus-

pended particulate may provide a relatively

ing significant fractions of the oil mass.

efficient mechanism for sedimenc-

For example, following the TSESIS
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oil spill in the Baltic Sea, approximately 10-15% of the 300 tons of spilled

oil were removed by sedimentation of SPM-adsorbed oil. The high oil flux was

due to the large SPM concentrations resulting from turbulent resuspension of

bottom sediments (Johansson et al., 1980).

1.2 MODELING APPROACH FOR OIL/SPM INTERACTIONS

In this program we have utilized previously existing information (to

the greatest extent possible) and generated new data to develop a mathematical

mode 1 to quantify the interaction of oil with suspended particulate matter.

The interaction kinetics of oil droplets and suspended particulate matter can

be used in a variety of “models.” The original intent for the use of the

kinetics was in conjunction with an existing ocean-circulation model which

could add on a material balance calculation, However, since such an

ocean-circulation model is not easily accessible, work is now in progress that

will illustrate how the kinetics (model) can be used. The models that are

being considered are one-dimensional and will be accessible to other

researchers by way of a personal computer. These models are intented to

provide “bounded” calculations and illustrate other concepts that must also be

addressed by an ocean-circulation model implementing the oil-spin kinetics.

It is important to note that the oil-spin interaction model that is

being developed is intended to be an “add on” calculation for a general

circulation model that addresses both vertical and horizontal transport. Since

a general circulation model must be used, it is necessary to describe how a

suspended-particulate matter and oil-interaction description will “fit” into a

circulation model. Circulation models are always finite-element numerical

integration codes, and as such, they require considerable effort in development

and use. It must also be recognized that the description of the transport of

trace constituents in circulation models is usually an “add-on” calculation.

For example, the transport of dissolved oil or small oil droplets in the water

column is an “add-on” because these constituents do not affect the momentum

transport calculations (i.e., circulation) in any measurable way.
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All circulation models are essentially solutions to momentum transport

equations. For modeling purposes, sediment transport depends on ocean circula-

tion. Consequently horizontal (x and y) and vertical (z) transport and time

dimensions must be considered. Also included with the momentum transport equa-

tion is the continuity equation in 3 dimensions. When these equations are ap-

plied to specific boundary conditions, such as bottom topography, shoreline,

and weather, a specific 3-D circulation model is obtained. These models are

“huge” because the large number of equations and the form of the boundary con-

ditions make it impossible to “simplify” the mathematics, In essence, every

differential element of the model affects every other differential element.

Weather is an important “driver” of circulation in these types of

models. In particular, wind energy transports momentum to the water column.

This transferred momentum manifests “itself” in water velocity profiles which

in turn transfer momentum from the water column to the bottom, thus affecting

sediment resuspension and deposition. These factors are considered in greater

detail in Sections 4 and 5.

Figure 1-2 illustrates a differential volume element used to derive

the momentum transport equation(s). The arrows indicate inputs and outputs

(momentum flux) to the volume. Arrows for inputs and outputs of sediment, oil

droplets (as dispersed oil), and dissolved oil are also to be added to this

figure.

Interactions of oil and sediment are described (mathematically) as oc-

curring ins ide the volume element illustrated in Figure 1-2. Thus, for the

sorption of dissolved oil onto sediment, partition coefficients (also called

sorption efficiencies) relating dissolved oil and sorbed oil (on the solid

surface) are required. Taking the limit as AX, AY, AZ, —> O yields the

general momentum balance equations along with the appropriate equations of

continuity (conservation of mass for water, oil species, and sediment).
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TWO things of importance occur at the air-sea interface: (1) momentum

is transferred to the water column from the “weather”, and (2) oil is “in-

jected” into the water column. The weather input at this boundary should be

generated by a stochastic weather model. Thus, when a request for oil trajec-

tories is made, it is not correct to run just one trajectory because of the

stochastic (probabilistic) nature of the weather. It is necessary to run many

trajectory cases and then examine all of the trajectories to see the range of

coverage and probable land hits. By including weather, and this weather must

be an image of the past meteorological records, the specific site is truly con-

sidered. Oil is also put into the differential volume element at the air-sea

boundary.

When the differential volume element is on the ocean bottom or shore-

line, boundaries exist where sediment is input into and taken out of the water

column, along with oil either as oil droplets, oil SPM-particle agglomerates,

or dissolved oil. The sediment in the water colunm is described as a concen-

tration. Since weather generates the shear stresses necessary for suspension

(or deposition), a site-specific weather model must again be used.

Integrating an existing circulation model with the inputs of oil at

the air-sea interface and sediment from the bottom and shoreline will yield a

description of oil and SPM transport, and the interaction of these two addi-

tional “species”. These species will ~ affect the general circulation in any

way because their presence does not significantly affect momentum transport.

Thus, the fate of oil and SPM depends on circulation (and weather) but circula-

tion does not depend on oil and SPM. The defining equations for oil and SPM

are thus decoupled and essentially “ride along” as the momentum equations are

solved.

The output, or predictions of such a model integration will be a sedi-

ment material balance yielding water column concentrations of “oil” and SPM,

and bottom concentrations of sediment (size and quantity) and oil in the sedi-

ment. Therefore, the initial (time = O) condition for sediment on the bottom
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and in the water column must also be specified. This requires that a

seditnent-invento ry map of the entire bottom be available which includes parti-

cle size distribution.

The output predictions of the oil-SPM interaction(s) and deposition

model will ultimately need to be coupled to a set of oil slick trajectories.

The result of these interactions is a “footprint” of oiled sediment on the

ocean bottom. This “footprint” will be characterized by concentration contours

(gins oil/gins sediment) and depth of oil accumulation.

In summary, a specific ocean circulation model must (ultimately) be

used to describe oil-SPM interactions and fates because of the following:

o Both vertical and horizontal transport are to be considered

o Specific weather must be used because weather determines or drives
circulation for specific sites and weather determines some of the en-
vironmental parameters.

o Circulation is the determining variable for transport and resuspen-
sion, position of oil inputs, and is essentially the INTEGRATOR that
brings the model together.

1.2.1 Dispersion of Oil Droplets

The dispersion of oil droplets into the water column is not a well-

understood process. Yet, to predict the collision and result of a collision

between oil droplets and suspended particulate, the rate of input (i.e. , dis-

persion rate) of oil droplets into the water must be known along with the drop-

let number concentration (not just oil concentration in mg\l). To date, pre-

diction of the dispersion rate is based (mostly) on empirical models which are

lumped-parameter models. NO model based on a “statistical-mechanical approach”

for dispersion-rate prediction has ever been presented which is usable. There-

fore, the prediction of oil droplet and suspended particulate interactions must

begin with a review of the prediction of the source of one of the reacting com-

ponents, i.e., oil droplets. The dispersion of oil droplets forms an
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oil-in-water emulsion, the properties of which are fairly well known. In order

to provide a source of oil droplets for the oil-SPM collision process, this

emulsion must be relatively stable.

As discussed in the following sections, turbulence alone cannot ac-

count for the observed oil droplet sizes. The thermodynamics of the oil-in-

water interaction may be the chief driving force for the production of the ma-

jority of droplets, with turbulence and the presence of suspended particulate

material affecting oil-SPM interaction rates.

Turbulence

Turbulence must be considered for an oil-spin kinetics model for two

reasons: the turbulent energy dissipation rate appears as a coefficient in the

panticle-particle  collision expression, and turbulence is supected as determin-

ing (in part) the oil-droplet-size distribution. “Turbulence” as a topic in

itself is an on-going research topic. It is the intent of the following dis-

cussion to summarize information on “turbulence” with sufficient reference to

what is known and can be used in an oil-spin kinetic expression.

The most common models of oil dispersion are based on the turbulent

breakup of the oil where the turbulent energy is supplied by breaking waves

(Raj , 1977; Milgram, 1978; Shonting, 1979). The breaking waves “beat” the oil

into the water column where a fraction of the “injected” oil remains as dis-

persed droplets and the rest returns to the surface slick. These models have

been developed relating turbulent energy dissipation rates (c) to sea state,

especially wind speed. Sea state is a parameter also used to calculate the oil

concentration in the water column. Difficulties encountered with this method

of modeling oil droplet size and production rate using turbulence alone include

the lack of data on observed energy dissipation rates and the lack of correla-

tion of theoretical oil concentrations and droplet sizes with observed values.

Table 1-3 lists energy dissipation rates measured in the ocean. Emphasis has

primarily been on deep ocean measurements and not at the surface (O-2 m) or

ocean floor. The ocean surface has been estimated to have turbulent energy
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Table 1-3. Observed Energy Dissipation Rates

Depth ( m)

1

1-2

15

15

15

27

36

40

43

58

73

89

90

100

140

~(ergs/cm3/see]

6.4 E-2

3.0 E-2

3.0 E-2

2.5 E-2

1.0 E-2

5.2 E-3

1.5 E-1

2.65 E-3

3.0 E-3

4.8 E-3

1.9 E-3

3.4 E-4

3.1 E-4

6.25 E-4

3.7 E-2

*In Raj (1977).

Unit Conversions

1 erg/crn3sec = 1 cm2/sec3 water

References

Liu (1985)

Stewart & Grant (1962)

Stewart & Grant (1962)

Grant et al. (1968)

Liu (1985)

Grant et al. (1968)

Belyaev (1975)*

Liu (1985)

Grant et al. (1968)

Grant et al. (1968)

Grant et al. (1968)

Grant et al. (1968)

Grant et al. (1968)

Liu (1985)

Belyaev (1975)*

= 10-4 watts/kg water

= 10-7 watts/cm3
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dissipation rates of 30 cm2/sec
3

or higher in the top 6 cm with winds of 10 m/

sec (Lin, 1978). Raj (1977) found that wind speeds of 12 m/s (25 knots) would

be required to suspend oil to a depth of two meters using only turbulence as

the dispersion process.

The air-sea boundary and sea-bottom boundary are expected to be the

regions of greatest energy dissipation based on velocity profile considera-

tions. Oil-droplet concentrations will be highest near the surface (near the

slick) and sediment concentrations will be highest near the bottom (in resus-

pension cases). The region of greatest oil-SMP interaction may then be the

middle region of lowest energy dissipation, with source terms of oil-droplet

and sediment input described by the boundary regions (surface and bottom) of

higher energy dissipation rates. Turbulent energy dissipation rates, when

known, can be readily duplicated in the laboratory as discussed in the section

on experimental procedures, though only with serious scaling uncertainties.

The prediction of oil droplet size from turbulence-only models gen-

erally uses the Weber number approach. Milgram (1978) predicted that the

smallest droplet possible is approximately 50 pm (while the typical droplet

size is larger). Aravamuden (1981) found a similar value but found an inverse

linear relationship between droplet diameter and the number of droplets.

Observations around an oil spill support this inverse relationship but the

minimum observed droplet size was approximately 1 pm (Shaw, 1977). The use of

the Weber numb er approach also requires the predication of oil viscosity and

oil-water interracial surface tens ion over time. Neither of these physical

properties is predictable strictly from oil composition.

The affect of turbulence on a coagulating suspension is complex. Hunt

(1982) described this effect as two-fold. “First, it (turbulence) generates

small-scale fluid shear which controls the suspended particle volume removal

rate and second, disperses the discharged particle suspension which decrease

the particle concentration and lowers collision and removal rates.”
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Emulsions

It is known from emulsion theory that without the presence of an emul-

s i fying agent, oil-in-water emulsions (for pure compounds) are limited to a

maximum concentration of about 2% and are not stable (Clayton, 1923). Liquid-

liquid emulsions may be stabilized by the addition of one of three types of

compounds: 1) compounds with a polar-nonpolar structure (surfactants); 2)

compounds which form a protective barrier at the liquid-liquid interface (hy-

drophilic colloids, i.e., gelatins and gins); and 3) finely divided powders or

insoluble particles (Huang and Elliot, 1977; Overbeek, 1952). The use of agi-

tation (turbulence) alone cannot result in the formation of a stable

oil-in-water emulsion but increases the interaction rate of droplets with the

stabilizing compound.

Stable oil-in-water emulsions may be formed spontaneously (i.e., with

no agitation) when polar compounds are present in the oil (Overbeek, 1952).

Micelles are spontaneously formed by the alignment of the polar compounds into

a sphere with the hydrophilic heads at the water interface and the hydrophobic

tails to the center where the nonpolar oil compounds are contained. This

alignment of polar-nonpolar hydrocarbons occurs in many biological systems and

is the basis for the formation of cell membranes and the micelles that comprise

latex and milk (Overbeek, 1952; Bretscher, 1985).

Oil-in-water emulsions formed either spontaneously or with a stabiliz-

ing agent have droplet sizes on the order of O.lpm for pure substances with

sizes increasing for nonpure compounds and in the presence of electrolytes.

Oil droplets have been experimentally produced in seawater (as an unstable

emulsion) with agitation in this size range as measured by filtration (Shaw,

1977) .

Because oil is known to oxidize at ambient temperatures over time and

its surface tension decreases (Payne et al., 1984, Payne and Phillips 1985), it

is possible to hypothesize that polar products are formed in oil as it weathers

(Baldwin and Daniel, 1953). This would lead to the increased possibility of

spontaneous emulsion formation and/or stabilized emulsion formation. The exact
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mechanism of oil-droplet formation probably involves the combined effects of

turbulence, spontaneous emulsification and increased stabilization due to polar

compound production and the presence of fine particles of suspended materials.

1.2.2 Sediment Transport

Sediment transport pertains to three specific topics: suspended sedi-

ment, sediment resuspension, and sediment inventory on the bottom. In order to

write an oil and suspended particulate matter interaction model, the concentra-

tion of suspended sediment that might interact with oil in the water column

must be known. Therefore, the “add-on” calculation for the circulation model

is a sediment material balance for both the water colunm and the bottom.

Therefore, it is necessary to address the modeling of sediment transport with

respect to the differential volume element shown in Figure 1-2. The derived

mathematical equations must be in a form valid for any water-phase concentra-

tion species. Thus , the mass transport equations for sediment in the water

column will look the same as the equations for oil either as droplets or dis-

solved species.

The concentration of suspended sediment in the water column can be

considered as resulting from advection and mixing within the water body and re-

suspension from the bottom. The former is part of the full three dimensional

numerical circulation model of the water body and will include source boundary

conditions such as riverine input and coastal erosion. The latter involves a

sub-model of the bottom boundary layer which will provide bottom boundary con-

ditions for the suspended sediment continuity equation and bottom friction co-

efficients for the sea bed to the bottom boundary layer or suspended sediment

concentrations in the boundary layer resulting from resuspension (see Sections

4 and 5). The incorporation of this bottom boundary condition into the 3-D

circulation model can necessarily only be performed by the circulation model.

The suspended sediment, bottom boundary layer sub-model (described in

detail in Section 5) is based on Grant and Madsen (1979, 1982) and Grant and

Glenn (1983). The sub-model calculates the non-linear dynamics of surface wave

and current interactions in frictional bottom boundary layers. The calculated
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bottom shear stress from this model (which includes moveable bed and stratifi-

cation effects) is then related to sediment resuspension and transport through

the Shields parameter. Inputs to this sub-model include:

1. Low frequency surface wave characteristics (amplitude, frequency and
direction of the wave which most feels the bottom - that is not neces-
sarily the most significant wave; low frequency swells resuspend sedi-
ment more easily than a steep choppy sea.)

2. Low frequency current and density profiles (from the 3-D circulation
model ) . There is feedback from the boundary layer sub-model to the
current profiles and eddy viscosity parameters.

3. Bottom sediment characteristics, including size distribution and bed
form characteristics.

The theoretical mean current shear velocities calculated by all wave

current models developed to date generate values relatively close to those

which have been determined from field measurements (Wiberg and Smith, 1983).

Wiberg and Smith (1983) used models originally developed by the late Dr.

William Grant to calculate the combined effects of waves and currents to pre-

dict near bottom velocity profiles and values of boundary shear stress that

agreed reasonably well with reanalyzed data collected by Cacchione and Drake

(1982) . As discussed in detail in Sections 4 and 5, the results for two dif-

ferent forms of the eddy viscosity indicated a significant enhancement of the

boundary sheer velocity due to the current and waves compared to the slope of

the velocity profile above the wave boundary layer due to the current only.

Thus, models which incorporate wave behavior as well as currents provide a much

better estimate of the measure of sheer velocity than chat which can be obtain-

ed when only the currents are included in the calculations. In the evaluation

of suspended particulate material migration, and in constructing an oil/SPM in-

teraction model in general, it will be necessary to account for the presence of

waves on the surface when estimating bottom stresses either from field data or

theoretically. Estimates of sediment transport rates that ignore the interac-

tions of waves with currents will almost certainly be too low (Wiberg and

Smith, 1983; Glen, 1983; and Grant and Glen 1983).
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1.2.3 Interaction of Crude Oil with Suspended Particulate Material

Interactions of oil in the water column with suspended particulate ma-

terial can occur by two different mechanisms. The first mechanism is on a

molecular scale with dissolved oil species sorbing from the water phase onto

the suspended solids. The second mechanism is on a macroscopic scale with dis-

persed drops of oil colliding with the suspended solids. The resulting loaded

particulate are ultimately deposited on the sea floor.

The interaction of oil with suspended particulate involves a number

of mass transport processes, illustrated in Figure 1-3, which are dependent on

the source terms for oil and sediment. The oil source term can be dissolution

of molecular species or dispersion of drops of oil from the parent slick, and

the dispersion process can be wind-induced turbulence or spontaneous emulsifi-

cation (labeled 1-3, respectively, in Figure

occurs as the result of turbulence at the ocean

ficant sediment source term in Norton Sound is

teraction of oil and suspended particles in the

1-3). The sediment source term

floor (path 6). Another signi-

the Yukon River input. The in-

water column occurs by sorption

of molecularly dissolved species (path 8), spontaneously dispersed drops col-

liding with suspended particles (path 11), and as turbulence dispersed drops

also colliding with particles (path 7). The sediment returns to the sea floor

(path 9) with sorbed oil or associated with oil drops, or with no oil. Oil can

also transport to the sea floor as unassociated drops (path 4) or as dissolved

species (path 5). The transport of unassociated drops and molecular species

will occur when there is little or “no”

reaction, i.e. , sticking or adsorption, does

relative to be

mixed into the

transport rate. Once oil is on

deposited sediments by turnover

suspended sediment or when the

not occur at an appreciable rate

the sea floor, it can be further

mechanisms (path 10).

The mathematical description of the interaction of oil in the water

column with suspended particulate matter requires both thermodynamic and kine-

tic information. The kinetic information must describe the strength of the oil

source terms (rates), the transport (movement) of oil and sediment in the water

column due to the local turbulent diffusivity, and the suspension deposition
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rates of sediment on the sea floor. The thermodynamic information must

describe the phase equilibrium of the molecular species for the water solid

sorption. The sorption phenomena can conceptually be described the same way

that vapor-liquid distributions are described by Henry’s Law. Usually, for the

case of dissolved hydrocarbons in the water column, the sorption ratio which

relates the dissolved species concentration is a constant for very low concen-

trations. Also to be considered is the oil water equilibrium of dissolving

species; this equilibrium has been described extensively in the open literature

as a partition coefficient, or M value.

Figure 1-3 is virtually applicable to the differential volume element

presented in Figure 1-2. The oil/SPM interactions are labeled numbers 7, 11,

and 8, and the mathematical description of these interactions go “in” the dif-

ferential volume element because they represent accumulation or change (which

can be + or -) through reactions of species of interest. This is illustrated

by considering dissolved compounds. The water column concentration of a hydro-

carbon will change in the presence of sediment because of sorption processes.

This change most likely will be described as an instantaneous reaction which

requires that only a partition coefficient (thermodynamics) be

this interaction. Of course, as the “plume” spreads the total

hydrocarbon decreases.

The input-output processes around numbers 7, 11 and

used to describe

concentration of

8 (i.e., all the

other numbers ) are essentially fluxes which describe the arrows in and out of

the differential volume element in Figure 1-2. This is especially true at the

boundaries of the air-sea and sea-floor interfaces. The near-shore zone of

shallow water is a special case of the sea-floor interface.

Therefore, in order to write the correct mathematical equations de-

scribing oil-SPM interactions it is necessary to be able to write a differen-

tial material balance for oil and SPM. This procedure of writing the equations

yields the correct form of the mathematics to be used in the “add-on” calcula-

tion to the circulation model.
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1.3 OIL/SPM INTERACTION MODEL DEVELOPMENT

The objective of the oil-droplet and suspended-particulate-matter in-

teraction program is to quantify the reaction terms in the convection- diffu-

s ion equation for oil droplets and dissolved-oil species. The convective-

diffusion equation is derived by writing a mass balance for the species of

interest in a differential volume element. The result of writing the mass

balance when three dimensions are considered yields the following partial

differential equation for the concentration of species i:

ac i a a a
— + —(vxci) +—(vyci) +—(vzci) =
at ax ay az

(1-1)

ac. a ac. a ac.
‘(k ‘)+—(k ~)+-(kz~)+Ri
ax ‘ax ay ‘ay az az

This partial differential equation is a mass balance which when integrated over

time and space yields the concentration of species i. This equation appears in

all branches of science and engineering whenever a mass balance is written. In

the above equation, the left-hand side, with the exception of (dCi/dt), repre-

s ents advection through the differential volume element (which is fixed in

space) and the right-hand side, with the exception of Ri, describes horizontal

and vertical dispersion.

This partial differential equation is the basis for discussing and de-

scribing oil and suspended-particulate-matter interactions in the water column.

All of the “interaction” information is contained in the reaction term R.
1

above. This reaction term is a removal (output) or source (input) term for the

species i. Thus, for oil-SPM interactions, it is necessary to describe what

species are going to be identified and kept track of. It is not possible to

quantify every single species in the system; there are simply too many. In-

stead, experience seems to indicate that simplifying assumptions can be made.
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The reaction for oil droplets in the water column

of collision and sticking of an oil droplet with a suspended

a loss of (free) oil droplet, and the settling (or rising)

The reaction term Ri for oil droplets only then is

R = K C C
Op Op Op p

describes the rate

particulate, i.e.,

of an oil droplet.

(l-2)

where K C C is the rate of collision and sticking of an oil droplet and a
Op Op p

suspended particulate to produce an oil-particulate agglomerate. The effect of

buoyancy of oil droplets or oil-SPM agglomerate appears in the vertical veloci-

ty term in the partial differential equation (l-l).

Clearly, a mass balance must also be written for unoiled sediment.

The partial differential equation for suspended sediment looks exactly the same

as that for C.. Thus, in order to predict the interaction of oil and sediment
1

for a specific location, a prediction of sediment transport is required

apriori.

A complete list of the species of interest for oil-SPM interaction

prediction includes: oil droplets as a function of size, sediment size and

“type,” and finally oil-particulate agglomerates. Oil-particulate agglomerates

refer to oil-particulate species where the particulate is composed of one, two,

three, . . . .

oil droplet

of species

individual particulate(s), and the agglomerate is the result of one

scavenging more than one particulate. There are an infinite number

when these types of agglomerates are considered. Since it is not

possible to keep track of all species even on the fastest computer (nor worth-

while) , some judgement based on existing results and experimentation must be

used to either eliminate species or lump species into pseudocomponents.

An explicit requirement for an oil-SPM interaction and concentration

prediction is the velocity and dispersion vectors in the mass balance equation.

It must be emphasized that these velocities and dispersion coefficients are not

calculated from an oil-SPM model. An oil-SPM transport model only uses these
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parameters to calculate where the oil and SPM are transported. These para-

meters come from an ocean circulation model, and if the ocean- circulation

mode 1 computes salinity, then the ocean-circulation model can easily compute

oil and SPM concentration in the same way (with appropriate boundary condi-

tions) .

In the discussion that follows a detailed statement of the oil and

suspended-particulate-matter interaction problem is given along with the sim-

plifying assumptions that are being pursued. A review of the literature is

then given with emphasis on: particle-particle kinetics, the rate constant of

these kinetics as a function of shear (and turbulence), oil droplets in water

(emulsions), and the range of experimental parameters expected. Finally, in

Section 2, a discussion of the results of the completed experiments is present-

ed along with considerations on the utilization of these results and how the

parameters are to be used in modeling.

1 . 3 . 1 Formal Description of Suspended Particulate Matter and Oil Interac-
tions

The objective of the oil and suspended-particulate-matter interaction

program is to describe the fate of oil in the water column when the presence of

suspended particulate matter is considered. Oil exists in the water column as

discrete droplets or (truly) dissolved oil species. The truly dissolved oil

species can be either molecular specific species or pseudocomponents. The dis-

solved oil species interact with the suspended particulate by adsorbing onto

the particle, while the oil droplets interact by colliding with and sticking to

the particulate. The adsorption of dissolved oil species by particulate is

thought to affect no change in the particle’s hydrodynamic characteristics

while the oil-droplet particle species might affect a change in hydrodynamic

character relative to both parents.

An oil spill on the ocean surface moves as a function of environmental

conditions such as wind speed, waves, and water currents. AS the slick weath-

ers, dissolved species and droplets of oil are fluxed into the water column.
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At the same time sediment transport occurs due (mainly) to a flux of sediment

to or from the bottom depending on wave conditions and currents. Thus, the two

species, oil and particulate, interact and are transported due to the local

velocity and dispersion vectors.

The mathematics which describe the water column interactions are the

continuity equations for the various species. In general, this equation is

ac i a a a
— + —(vxci) +—(vyci) +—(vzci) =
at ax ay az

(l-3)

ac. a ac. a ac.
‘(k ‘)+-(k ‘)+---(k ‘)+Ri
ax ‘ax aY yay dz ‘az

where C. is the concentration of the ith species of interest, t is time, Vi are
1

the velocity components, kis are the dispersion components, and Ri is the re-

action term. This equation can only be solved if the velocity and dispersion

components are known. Furthermore, when this equation applies to dilute spe-

cies, it is not coupled back to the hydrodynamic equations. In other words if

the presence of Ci does not affect the bulk density of the fluid, the (bulk)

viscosity of the fluid, or any other physical property of interest, Ci depends

on V and k while the converse is not true. For oil species, Ci, in the water

column, this “not coupled” assumption is applied because the species are very

dilute. This is apparently not the case for sediment at the bottom boundary.

(See Sections 4 and 5). The continuity equation can be solved when V and k are

given or specified as a function of x, y, z and time. If a circulation model

is available which computes these vectors and also salinity, then it is

straight forward to add the calculation procedure to consider other species.

Actually, it is easier to add uncoupled species equations because (note that)

salinity is coupled to the momentum equations through the bulk density. If the

continuity equation for uncoupled

after a circulation model is run,

species such as oil has to be integrated

then a considerable amount of work must be

1-29



done to “write” an integration routine, parametrize the location of the

boundary, and “plot” the results.

Consider now the reaction term for oil droplets. Oil droplets leave

(change their identity) the water column

pended particulate. The rate expression

R =KCC
Op O p o p

by colliding with and sticking to sus-

for the “reaction” is postulated to be

(1-4)

where Co is the oil-droplet concentration, Cp is the total particulate concen-

tration, and K is the rate constant for this “reaction.” K
Op

is a function
Op

of turbulence or energy dissipation rate and is discussed in detail in the fol-

lowing section (1.3.2).

This interaction will result in a decrease in oil droplet concentra-

tion, i.e., dCi/Jt will decrease, so

side of the continuity equation (l-3)

When oil-droplet bouyancy

KOPCOCP is subtracted from the right hand

for oil droplets.

is considered the continuity equation is

further modified by the “rising” velocity according to

V z= v ’  +W
z z

(l-5)

where V’ z is the z-component of the current velocity obtained from a (the) cir-

culation model and Wz is the “rising” velocity. The above expression for V isz
to be used directly in the continuity equation for oil droplets.

The objective of this experimental program

gain ins ight onK CC This work was conducted
Op o p“

(see Sections 2.2 and 2.4).

Now consider the suspended particulate

was to measure, verify, and

in a stirred-tank “reactor”

matter in the water column.

There are two types (at least) to consider: unoiled particulate, Cpu, and

oiled particulate, C The continuity equation for unoiled particulate also
po “
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contains a loss term

Thus , the reaction term

due to collision with and adherence to oil droplets.

for unoiled particles is

R =K
Opu Opucocpu

(l-6)

which is to be subtracted from the right hand side of the continuity equation

for unoiled particulate. The settling velocity for particulate must also be

included in the V= term for particulate only. Denoting the particle settling

velocity as U=, the z-velocity component becomes

v= = V’z - Uz (l-7)

where now a minus sign is used to denote the -z direction (settling toward the

bottom).

At this point in the discussion, it should be apparent that keeping

track of all kinds of species may well be impossible, especially if particulate

size fractions are to be considered. However, it is only necessary to keep

track of those “things” which behave differently. An example of importance

which now should be considered is oiled versus unoiled particles. If the set-

tling velocity of these two species is not appreciably different, then there is

no need to consider them as separate species. The important consideration then

is “appreciably different” when considered in the ocean environment. Since

settling velocity is the “comparison” , information on differential settling

must be obtained by examining

are size fractionated to the

settling velocity range of say

the laboratory show that oiled

real ocean sediment to determine how sediments

bottom. If it turns out that sediments with a

10% are uniformly deposited and experiments in

versus unoiled particulate fall in this range,

then there is no need to consider separate particle species. Observation ap-

pears, in a preliminary sense, to bear out the above postulate based on labora-

tory data only, i.e., in the absence of flocculation che observed settling rates

differ very little (see Section 6.1, Payne et al. 1984, and Section 3.2.1, of

this report).
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The continuity equations can be integrated only when boundary condi-

tions are applied. For the case of oil droplets, the rate of dispersion pro-

vides a “flux” boundary condition for this species at the ocean surface. The

boundary condition for this species at the bottom has not been discussed. Two

possibilities are dCo/dz = O at the bottom, i.e., no transport across the

bottom; or Co == O, i.e., the oil drops stick to the bottom. If sediment is

being “lifted” from the bottom due to wave action, dCo/dz = O would (probably)

be satisfactory.

1.3.2 Detailed Discussion of Oil-SPM Kinetics

The rate of oil and SPM interaction, which appears as Ri in the con-

tinuity equations, is written as

R =KCC
Op O p o p

This equation is based

the general topic of

(l-8)

“on numerous research papers that have been published on

the collision frequency of particles in a fluid medium.

Therefore, in order to show why this equation can be used to describe oil-SPM

interactions, an abbreviated derivation is presented which also discusses how

this equation is adapted

In order for

Once they have collided,

bound to remain the same

describing the oil-SPM

(suspended) particles in

to a turbulent medium.

oil droplets and SPM to interact, they must collide.

they can “stick” to form an oil-SPM agglomerate or re-

as before the collision. Therefore, the first step in

interaction is to describe the collision frequency of

a turbulent medium.

Consider a reference frame (x, y, z) centered on a particle which is

fixed in space as shown in Figure 1-4. The fluid moves past the sphere in lam-

inar flow where the velocity in the x-direction is given by U = -Gy. Thus, the

velocity is a function only of y and the sphere is transparent with respect to

the flowing fluid. If the sphere was not transparent, then the flow of fluid

around (rather than through) the sphere would have to be considered.
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z

I
.

differential area
exposed to fluid
velocity

--

u = - Gy
Y

Figure I-4. “Collision” Sphere of Radius a, which denotes the collision
geometry for monodlspersed  spheres of diameter a. Note that
a “collision” sphere is the center-to-center distance of
approach that results in contact. The projected differential
area onto the yz plane (normal) is to be integrated over the
plane weighted by the local velocity.
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The objective of the derivation is to calculate the number of spheres

moving at the local fluid velocity that collide with the single sphere at the

origin. Thus, it is necessary to calculate the product of the local fluid

velocity (since the particles ride at this velocity) and the projected area of

the sphere exposed to the local velocity. This concept canbe visualizedby

examining Figure 1-4. Note that the velocity is zero on or near the x-axis and

the projected area of the sphere in the region of the x axis is relatively

large . Thus , there are relatively few collisions on the x-axis because the

flow is small in this region. As the position of a flowing particle is moved

off the x-axis , its fluid velocity toward the target sphere goes up and since

the projected area of the target sphere is finite, collisions can occur. As the

position of the moving particle changes towards y = radius of the target

sphere, note that the velocity is quite high which results in more particles

flowing through this position, but the projected area of the target sphere is

almost zero. Thus relatively few spheres collide in this region. Mathemati-

cally, the above description is worked out as follows. A differential area of

the surface of a sphere of radius “a” projected onto the y-z plane is

dA = {sinO(a sin Odd)) {sin~(a do)) (l-9)

or

dA = a2sin28sinq5d#d#

any position y can be expressed as a

y = a sind COS4

Therefore, the number of particle

“a” about the origin is

~f(d,4) = nudA

( l - lo)

function of a, O and 4 as

(1-11)

centers passing through a sphere of radius

(1-12)
= n(G-a”sinOcos4) {a2sin2dsin$ddd4 }

= nGa3sin30sin4cos4dOd~

where n is the number concentration of particles in the moving fluid. This is

the differential collision frequency of the particles in the moving fluid with
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the single particle at the origin. Integrating O and ~ both through O to m/2

for the upper octant and multiplying by 4 to get the entire “face” exposed to

the moving

f

The above

with the

fluid yields

4 3
= — nGa

3
(1-13)

expression is the collision frequency for the particles in the fluid

single particle fixed at the origin. To get the collision frequency

for all the particles multiply f by n and then divide by 2. The division by 2

must be made because otherwise the collision of i onto j and j onto i would be

counted twice. Therefore, the collision frequency for a fluid containing n
.

particles with radius “a” per unit volume in laminar shear at G see-l is

F=;

This equation

a3n2G

is rearranged

of solids, which is

c = $ fl (~)3n

(1-14)

by taking into account of the volume concentration

(1-15)

which when substituted into the collision-frequency equation yields

F=~ncG (1-16)

This is the typical equation for describing the particle-particle collision

frequency for a system of monodispersed particles (Manley and Mason, 1952).

Note that it is first order with respect to the particle concentration because

the volume concentration of solids is constant. This equation has been tested

in many experiments and shown to be valid. This equation applies to oil-oil

droplet and particle-particle interactions to a first approximation.
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In order to apply the collision frequency equation to oil-particle in-

teractions, the identity of two different particles must be taken into consid-

eration. The collision frequency of two different particles is

F
3. ~ (ri + rj) n.n.ij lJ

(1-17)

where r.
1

that the

frequency

is the radius of the i-th particle (Birkner and Morgan, 1968). Note

shear appears in exactly the same manner as it does for the collision

of monodispersed particles.

The material balance, or population balance, for oil and suspended

particulate can now be written using the above collision frequency equation.

For oil droplets, the differential material balance is

dno 4G 3
—=-aF= -a-
dt ~ (r. + rp) no n

P
(1-18)

where a is introduced as the “stability” constant. This constant takes into

account the efficiency of oil droplet and particle adherence, i.e. , sticking

(Huang, 1976). If the particles collide but do not stick, a = O; at the other

extreme is a =

centration as

dno

— =

dt

1. The above equation is applied to the (free) oil droplet con-

-kGn n (1-19)
OP

where now k lumps a and the radius function. Thus, experimental measurements

essentially determine a lumped reaction rate constant which is kG. Similar ex-

pressions apply to unoiled sediment and an oil-particle agglomerate which is

also the rate of formation of the k-th particle composed of an i + j agglomer-

ate, In order to apply the above equation to oil droplets, suspended particu-

late matter and the resulting agglomerates, at least three species are

1-36



identified here. Because the material balances that are

calculations involve concentrations of mass rather than

differential material balances are rewritten as

dC i
— =  -kG C.C.
dt lJ

where k lumps all unknowns for the reaction.

The above equation relates the collision frequency

actually used in

populations, the

(1-20)

to the (buninar)

shear rate. In order to apply this to the problem of interest, a turbulent

shear is required. Saffman and Turner (1956) present an analysis of the colli-

sion frequency in turbulent shear which results in

G = (;)1’2 (1-21)

where e is the (turbulent) energy dissipation per unit mass per unit time and v

is the

due to

kinematic viscosity.

Thus , the working equation for the rate of loss of the i-th particles

collisions and sticking with the j-th particle is

dni

F=
-k(~)l’2n.n.

lJ
(l-22)

The assumptions involved in deriving the above equation clearly do not

reflect reality exactly. The relation of laminar shear and turbulent shear

that is invoked requires assumptions. Clearly the particles to which the equa-

tion is to be applied are not spheres. Furthermore, the particles are distri-

buted over a range of sizes. However, the basic form of the above equation has

been shown to be applicable in many situations and was used and verified in the

experimental program.
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2.0 EXPERIMENTAL MEASUREMENTS OF OIL-DROPLET AND SUSPENDED-PARTICULATE-
MATTER KINETICS

In this section of the report, we describe experiments that were con-

ducted at the NOAA Kasitsna Bay Laboratory to determine the oil-SPM interaction

kinetics. A brief discussion is also presented on how these results scale to

the open ocean and

circulation model to

ocean floor.

2.1 BACKGROUND

how they can be used in conjuncticm  with an ocean-

predict the spatial distribution of sedimented oil on the

Particle kinetics has been extensively described in the open litera-

ture. Essentially all of this literature can be traced back to the original

work of Smoluchowski  (1917). A more recent example of the application of

Smoluchowski can be found in the work by Birkner and Morgan (1968). The paper

by Birkner and Morgan . describes a flocculation kinetics experiment which is

very similar in many attributes to the oil-SPM experiment.

The collision frequency for dilute suspensions of particles can be ex-

pressed as

R = 1.3 (~)1’2 (ri+rj)3n.n.
lJ

(2-1)

when R is the collision frequency, c is the energy dissipation per unit mass

(of fluid) per unit time (cm2/sec3), v is the kinematic viscosity (cm2/see), ri

is the radius of particles i present at a number density of ni, and likewise

for particles j. This equation describes ~ the collision frequency and

nothing is implied about the “sticking” of particles.

Clearly, the above equation cannot be applied directly to oil droplets

and (or) SPM. The obvious problem is that a distribution of particle sizes ex-

ists in any real situation, and the above equation is written for a specific
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size. The above equation has been verified because it is possible to obtain

suspensions of single-sized spheres (latex or polymer) and conduct mono-sized

particle-particle kinetic experiments.

However, it is not possible to generate mono-sized oil droplets, and

SPM from the ocean is definitely not single sized or spherical. Therefore, in

order to apply the above equation to the kinetics of oil droplet-SPM interac-

tions, the following assumptions are made.

1.

2.

The

late sizes

Oil droplets in a narrow size range will
population, and

SPM in a narrow size range will likewise
population.

primary reasons for “lumping” oil-droplet

are practical. Certainly calculations can

behave as a mono-sized

behave as a mono-sized

and suspended particu-

be done which consider

distributions, but these would consume considerable effort. However, since the

net result is to provide bounded estimates of the transport of oil rather than

exact answers, a “lumping” of parameters is required. Lumping parameters is

commonly done to provide a single parameter for a population, i.e. , a mean ver-

sus all values. The question that then must be answered is whether the mean

adequately describes the population. For the case of a true-boiling-point dis-

tillation the mean temperature of the cut “turns out” to be sufficient to be

used t o describe vapor pressure. Thus, lumping particle diameters over some

range for the purpose of describing kinetics is assumed, but presently the

range of diameters included in, for example, the 10 micron class is not known.

Experiments will determine what averages and ranges are reasonable.

If the preceding two assumptions are valid, then the rate equation can

be rewritten as

R = 1.3 (~)1’2 kn.n.
lJ

(2-2)
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where now k “lumps” the unknown information about the particle sizes. This is

the same equation as Equation 1-22, but the factor 1.3 is removed from k. This

equation still does not contain information about the “sticking together of

particles. It is this “sticking” together of particles, i.e., the oil-SPM ag-

glomerate, that is important. In order to “see” the oil-SPM agglomerate, some

kind of “balance” (such as a material balance) must be derived which describes

the kinetics that occur.

For the experiments described here, it

the free oil-droplet number density as a direct

order to derive this mathematically, consider that

droplets is directly

oil droplets and SPM.

less than (or equal to)

cles.

Therefore, the

interactions is

was (finally) decided to use

measure of the kinetics. In

the rate of loss of free oil

proportional to the collision frequency and sticking of

Thus, the rate of loss of free oil droplets (or SPM) is

the rate of collision between these two types of parti-

working equation which can describe oil-droplet and SPM

R= 1.3(;)1’2 k C C
a o p

(2-3)

where now co is the concentration of oil (droplets) in the water in mg/1 (or

any other convenient units) , Cp is the concentration of SPM in the water in

mg/1, R is the rate of collision and sticking of oil droplets and SPM, and ka

is a “lumped” parameter that includes unknown information such as the “stick-

ing” efficiency and the size dependency. Because R is the rate of

oil droplets, R has units of mg (oil)/(1 “see) and the parameter

units derived from:

mg(oil) c m2 1/2
sec mg(oil) mg(spm)

. —. ——
3 2

k
1 “ sec

a
sec cm 1 1

loss of free

ka must have

(2-4)

which yields the result that ka has units of reciprocal SPM concentration.
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Application of the oil-SPM kinetic equation can be carried out in any

vessel or flow situation where the independent variables can be controlled.

The experimental method chosen and found to work satisfactorily here was a

well-stirred vessel (with no inflow or outflow) with a known power input

through a propeller, This is exactly the experimental setup used by Birkner

and Morgan (1968). The objective of the experiment then is to introduce oil

droplets (of a narrow size range) and SPM (of a narrow size range) into a ves-

sel (beaker) of (stirred) water and measure the free oil-droplet counts versus

time. If the concentration of the SPM is constant, i.e., its number density

does not change, then

d Co
—=-kC
dt

o

1/2k ~where k = 1.3 (~/v)
aP

so that integration of the above yields

G
in — = -kt

c:

(2-5)

(2-6)

where C: is the initial oil droplet concentration at time = O. The experimen-

tal data, which are the oil-droplet counts normalized to the initial count,

should fall on a straight line on a semi-log plot versus time if the assump-

tions are correct.

In order to conduct

occurring which affect the oil

this experiment there can be no other processes—

droplets or SPM. If other processes are occur-

ring, then the appropriate differential equation must be written and solved

along with the above equation. Examples of other processes are SPM loss due to

settling, or SPM flocculation. Experience indicates that both of these pro-

cesses can occur and must be avoided.
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One of the most important parameters of the oil-SPM kinetics problem

is the oil-droplet size (distribution). The existing open-ocean oil-weathering

code contains an algorithm for dispersion of oil into the water column. How-

eve r, the motivation for development of the dispersion algorithm (by Professor

Mackay) was for a material balance (of oil) around the slick, not information

about the oil leaving the slick. As a result, there are no acceptable models—

which predict oil-droplet size from a dispersing slick. Some researchers use

the so-called Weber number approach which predicts oil droplets larger than 50

microns in diameter for ocean conditions. But, observations indicate that oil

droplets much smaller, down around 5-10 microns, are prevalent. The mechanism

which generates these small oil droplets is not known. Thus, for the purpose

of conducting oil-SPM kinetic experiments, a size (range) must be chosen, and

for this experimental work, 1-10 micron diameter oil droplets were used because

experimental evidence seems to indicate this size range can and does occur in

the ocean.

2.2 EXPERIMENTAL TECHNIQUES AND RESULTS

The experimental hardware consisted of the apparatus shown in Figures

2-1 and 2-2. Seawater was filtered through a 0.4 micron filter and added to

the 4-liter vessel. The stirring motor was turned on and adjusted to maintain

in suspension 53 pm sieved (Jakolof) SPM. The motor speed was approximately

400 rpm. The use of 53-micron sieved sediment is a “practice”, which removes

particulate that will not stay in suspension with existing (and attainable)

experimental turbulence levels. An important experimental criterion is that

all sediment stay suspended; otherwise, the analysis of experimental data would

require the accounting of the loss of sediment from the stirred water versus

time. At the same time, “natural” SPM with size distributions from 1-50 mi-

crons have been extensively documented in Alaskan coastal waters (Baker, 1983).

Chemical and physical characterization data for the Jakolof Bay SPM are pre-

sented in Tables 1-1,1-2A and 1-2B in Section 1.1.

Oil droplets

Blender, model 626-3.

ume of oil, volume

were prepared with a Hamilton Beach Scovill 7-Speed

Finding the correct combination of blending speed, vol-

of water, and “handling” required some initial testing.
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Figure 2-1 Experhnental  Hardware Used to Determine Oil-SPM
Interaction Kinetics.

Variable Speed Motor

Centerless Shaft Coupling

Bearing Support
(attached to an .—~
external structure)

>

Two-bearing
support

Vertical Shaft

~
~4titerPy’ex  Beaker

(KIMAX)

2-inch Diameter,  3-Blade
Propeller, VWR # 58958-244
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Figure 2-2. Execution of 4-liter oil/SPM interaction experiment at the NOAA
Kasitsna Bay field laboratory. ‘1’’ime-series  aliquots are being
removed for total oil load and SPM determinations by microscopic,
gravimetric  and FID-GC analyses.
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The oil droplet “recipe” was 750 ml of filtered seawater, 15 drops of crude oil

from a disposable Pasteur pipet, blending at speed 6 (which was labeled

“blend”) for five seconds, turning off for five seconds, and then on at speed 6

for five (more) seconds. The contents of the blender were allowed to stand for

five minutes and oil that floated to the surface was skimmed off with a kleen-

ex. The “correct” recipe for producing oil droplets is detemined by the poduc-

tion of 10-micron diameter droplets. The choice of the 10-micron diameter is

based on rather scanty evidencce because the actual “configuration” of oil

leaving a slick has never been completely or correctly investigated. Thus, a

decision was made based on the available data as noted at the end of Section

2.1. This oil droplet “recipe” yielded a final solution with droplets that re-

mained in suspension in the water column and did not coalesce into a surface

slick during the course of the experiment. As with the SPM described above, an

important experiemntal criterion is that ~ oil droplets stay suspended during

the experiment.

The experiment was then started (time = O) by pouring the contents of

the blender into the agitated 4-liter vessel which contained the SPM. Samples

were taken for total (gross) SPM and oil loading (i.e., total oil and total

SPM, not number density) at this time. Samples for microscopic examination

were then taken every few minutes for up to 30 minutes.

The “visualization” of the oil droplets and particulate matter (with

and without oil droplets) was carried out with visual microscopy. It was dis-

covered (earlier) that the oil droplets would rise, even though they were quite

small (5-10 microns). Stokes law predicts a rising velocity (for 5 micron di-

ameter) of about 0.0004 cm/sec or about 1.5 cm/hour in the absence of turbu-

lence.

Therefore, by constructing a counting chamber with cover slips as il-

lustrated in Figure 2-3, the free oil droplets were easily seen and counted.

The thickness of the water-oil-SPM  sample was approximately 0.4 millimeter.

Thus , the free oil drops could traverse this vertical distance in 100 seconds,

and all of the free oil drops were at the water/upper-cover-slip surface while

the SPM and oil-SPM agglomerates sank to the slide surface. By focusing the
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microscope on these free oil drops, only the free oil drops were seen because

the depth-of-field focus (or lack of) caused the SPM which settled to the bot-

tom of this water column to be completely out of focus. By adjusting the mi-

croscope focus downward (approximately 0.4 mm) the SPM and oil-SPM particles

could be seen with the free oil droplets completely out of focus (not seen!).

Visual counting was then conducted. The microscope used was a KYOWA #590136

with a 10x eyepiece and 10x objective. The eyepiece had a Whipple disk in-

stalled in it to aid in field definition for particle counting.

The experimental results are presented in Tables 2-1 through 2-9 and

Figures 2-4 through 2-6. The experimental conditions were such that the SPM

concentration (in terms of number density) was in great excess of the oil con-

centration. With this experimental condition, equation 2-6 applies for the

purpose of data analysis. Hence, a plot of the logarithm of the relative con-

centration of free oil doplet numbers versus time should yield a straight line.

This plot is then a test of the hypothesis represented in equation 2-6. If

such a plot of the data did not yield a straight line, then futher refinements

or adjustments of parameters to control the experiment would have been neces-

sary. Figure 2-4 presents the major results, which are plots of the natural

logarithm of the free oil-droplet counts (normalized to the initial oil-droplet

count) for four experiments. The lines plotted are least squares fits up to 14

minutes. After 15 minutes the data “bends upward” indicating a loss of the

“linear” relations present in the early stages of integration.

Note that oil loading in the water column never directly enters into

the data analysis. All that is required for the oil data is relative popula-

tion counts. Another requirement though is the necessity of observing enough

oil droplets (under the microscope) so that statistical results and counting

time can be optimized. Counts were also made of the total free SPM and the

maximum number of oil drops on any 5PM particle at each time interval. Four to

five randomly choosen fields were counted on each slide for free oil, free SPM

and oil droplets on SPM. In order to complete the counting experiment, approx-

imately 3 hours at the microscope was required. A photographic recording pro-

cedure was not perfected for this project. As a note of record, the oil load-

ing in these experiments was approximately 20 mg/1.
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Table2- 1 Thursday - November 6, 1986, 11:20 a.m.
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43

32
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2s
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—

MAX

1

1

1

1

2

2

2

6

2

3
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tOTAl

115

52

a
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52

47
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a
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o
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4
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7

0
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o

0
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7
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0

2

s
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1
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2
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6

4

2
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0
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3
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o

1

2
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6

s
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4

1

2

1

1

2

9

1

2

2

OIL OIL OIL
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a

10

3

7

9

s

2

2

0

1

2

14

10
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s

e

6

0

2

4

10

10
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8
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@

4

3

3

s

o

1

11

7

1s

9

4

4

9

9

2

3

4

,

d cowl

mum :

HI SOUARE  D/
-mr

MINUTES

1.0

2.0

9.0

4.0

S.o

6.0

8.0

10.0

15.0

20.0

25.0

=.0

:E OIL

mum

HI W-E D/
TIME

MINUTES
~.o

‘A FORS

mum

n

42

97

61

4s

47

4s

40

18

19

47

17

‘1

tFORF

:OUNT ‘
12

9

10

3

7

9

s

2

2

0

1

2

%ir
I WARE

0.74

a67

1.17

3.10

1.40

4.32

0.53

2.S7

Z.(m

271

5.(MI

:OUNT :

5 2 .

3s

53

72

S2

47

43

21

4s

15

22

18

1

T
30UARE

10.41

2.27

20.2s

2.16

1.17

9.3s

4.34

7.0s

23.s3

48.34

2.07

0.00

:OUNT 4

42

30

61

S7

4s

7s

30

25

so

*I7

3

24

1

:OUNT :
10
10

Is

9

12

9

4

3

3

3

0

4

:OUNT 4

11

7

.

4

4

3

3

2

3

4 7

4 0

27

5s

SE

55

4 3

3 2

22

m

67

16

1

14

10

11

e

11

9

6

6

0

2

4

1

2.0

3.0

4.0

S.o

6.0

8.0

10.0

15.0

20.0

2s.0

30.

0.0



Table2-3  Friday - Noe~t& 7, 199S, 5:00 p.m.

Full -Field

COUNT 1 COUNT 2 COUNT 3 COUNT 4
TIME OIL TOTAL OIL ON MAX OIL TOTAL OIL ON MAX TOTAL OIL ON MAX TOTAL OIL ON MAX

#lNUTES SPM SPM OIL SPM SPM OIL OIL SPM SPM OIL OIL SPM SPM OIL

1 24 62 0 0 16 112 0 0 20 113 1 1 15 129 2 1

3 21 116 a 1 13 149 4 1 10 114 8 3 23 154 8 2

6 . . . . . . .

7 23 103 8 2 11 79 e 3 6 108 7 ‘ 2 12 110 8 2

9 7 109 11 9 6 141 18 3 8 102 22 6 8 123 20 3

11 6 114 6 1 16 123 11 3 “ 3 62 21 4 14 115 13 2

1s 5 116 28 7 5 47 3 1 6 95 27 4 6 33 1s 3

23 6 112 1s s 2 67 B s 4 61 6 2 s 91 e 3

25 4 108 21 4 4 83 13 4 3 83 23 6 2 88 s 3

30 4 54 16 4 3 6i 22 4 5 47 8 4 3 4s B 3

HI SQUARE DATA FREE

2X7=
1.0

I
24

3.0 21

7.0 23

9.0 7

11.0 6

15.0 5

23.0 5

25.0
I

4

30.0 I
4

OIL CHI SQUARE DATA 2PM DATA

1 COUNT 2 COUNT 3 COUNT 4 so$~~E MINUTES cou~ 1 COUNT 2 cou~

16 20 1s 2.71 1.0 62 112 113 129 24.37

13 10 23 6.97 3.0 115 149 114 154 10.39

11 6 12 11.86 7.0 109 79 108 119 6.53

6 8 8 0.38 9.0 103 141 102 128 8.04

16 3 14 11.07 11.0 114 123 62 115 22.66

5 6 6 0.18 15.0 116 47 95 39 23.45

2 4 5 1.50 23.0 112 67 al 91 12.25

4 3 2 0.85 250 106 63 83 88 10.$9

3 s 3 0.73 30.0 54 61 47 45 3.07



Table 2-4 Saturday - November 8, 1986, 10:45 a.m.
OIL - SPM

Half Field*/Full Field

COUNT 1 COUNT 2 COUNT 3 COUNT 4

TIME
OIL TOTAL OIL ON UAX OIL TOTAL OIL ON MAX TOTAL OIL ON MAX OIL TOTAL OIL ON

MINUTES OIL MAX
SPM SPM OIL SPM SPM OIL SPM SPM OIL SPM SPM OIL

74* 134” 155” 145”

i 22 91 5 1 20 92 1 1 32 129 4 3 34 123 4 1

3 17 103 7 2 24 93 5 2 18 110 13 2 15 112 10 2

5 13 0 1 1 t5 28 2 1 22 104 6 2 13 88 14 4

7 20 89 7 2 21 123 13 4 t8 112 16 4 23 WO 24 5

9 6 125 22 4 13 51 6 2 4 27 1 1 13 73 11 3

11 13 71 18 3 6 47 0 3 @ 82 11 s 10 96 19 5

16 5 67 1s 5 7 67 15 4 7 63 8 2 @ 62 16 4

20 10 43 23 5 8 34 22 9 7 64 5 2 11 66 a 8

25 4 75 24 7 3 84 24 8 e a2 28 5 5 44 33 8

30 4 83 31 8 3 34 f4 3 7 25 11 3 4 35 12 3

HI SQUARE OATA FREE OIL CHI SOUARE DATA FOR 8PM COUNTS
TIME TIME

MINUTES COUNT 1 COUNT 2 COUNT 3 cOUNT 4 s&&E MINUTES 20UNT  1 COUNT 2 00UNT 3 COUNT 4 SQ;;;E

1.0 22 20 32 34 6.48 t .0 91 92 122 123 11.11

3.0 24 18 15 17 2.43 3.0 103 93 110 112 2.11

6.0 13 15 22 13 3.48 S.o o 28 104 88 112.23

7.0 20 21 16 23 1.30 7.0 89 123 112 130 8.50

9.0 6 13 4 13 7.33 e.o 125 51 27 73 75.64

11.0 6 9 10 13 2.63 11.0 71 47 82 26 17.38

15.0 5 7 7 0 1.14 15.0 67 67 83 62 0.32

20.0 10 0 7 11 1.11 20.0 43 34 84 66 14.39

25.0 4 3 9 5 3.95 25.0 75 64 82 44 12.45

30.0 4 3 7 4 2.00 30.0 63 34 25 35 20.71



. .

Table z-s Thursday - November 6, 1986, 10:50 a.m.
Oil Only

Full Field

TIME COUNT 1 COUNT 2 COUNT 3 COUNT 4 CHI
MINUTES ‘oTAL SQUARE

o 24 34 39 36 133 3.81

2 23 30 25 33 111 2.26

4 29 41 33 35 138 2.17

6 37 37 39 28 141 2.06

8 39 “ 34 24 35 132 3.70

10 21 35 43 40 139 8.19

12.5 43 31 29 31 134 3.67

15 40 33 35 31 139 1.29

20 24 27 31 30 112 1.07
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Table 2-6 Friday - November 7, 1986, 8:00 a.m.
Oil Only

Full Field

TIME cguNT 1 COUNT 2 COUNT 3 COUNT ~ sQ~’REMINUTES

o 10 13 6 15 4.18

2 15 12 13 7 2.96

4 0 11 8 15 3.14

6 7 9 5 , 8 1.21

8 8 7 2 4 4.33

10 11 9 11 10 0.27

15 a 6 11 6 2.16

20 4 5 9 10 3.71

25 9 “ 4 6 0 2.19

30 2 5 8 6 3.57
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Table 2-7 Saturday “ November 8, 1986, 3:20 p.m.
Oil Only

Full Field

TIME
CHI

COUNT 1 COUNT 2 COUNT 3 COUNT 4 COUNT  5 SQUARE

1 22 36 12 17 18 15.81

3 19 23 21 24 28 2.00

5 24 24 27 27 22 0.76

7 19 22 28 24 19 2.55

9 17 14 20 10 20 4.49

11 22 19 26 20 19 1.64

15 20 20 16 14 27 5.11

20 13 15 24 16 28 8.69

25 13 -18 17 19 20 1,68

30 17 21 23 25 15 3.41
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Tab[ez-B Oil/SPM Interaction and Sedimentation Experiments.

01 l/SPH  interaction nnd Sedimental Inn Experiments
Cravtmetrlc  !jPll bnd~ and r~tnl Otl ~~tlmatefl
Kaaitsna  Itay, AK—Nwember  1986

Samp.
Sample ID rep.

Experiment ID Description No. no.

Jakolof  Sed.-I N o  lteON/OCN  ‘—
(Uother Liquor) + Neolifoc?t
. . . . . . . . . . . . . . . . . ..-. - . . . . . ..---.. -.-=------
Jakolof  Sed.-II No HeOH/m 1
(Mother Liquor) 2

3

I
------ ------ --+ Nd@c?t 1

2
3

.*--- . . . . . . ..--.. . . ..-- . . . ..-. ------ m----mwa
N 5 NOV. 1 9 8 6 PreQl  1 Tn
~ (Klrateln/Clary) 30mln  + otl T3

(AM) Pinal  Rot. Seal.
.-.*-. . . . . . . . . . . . . . . ..-----.9  .”---. -.9.--0-.

6  ?tov.  1986 Pre-Oi 1 To
(Ktratein/Clary) O-3mln  + oil Tl

(AM) Ifi-l Rmin  +oii T2
30-32 min + oil T3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6  ttov. 1986 Pre-ot  I To

(Kir8tein/C18rY) 1 - 3 . 5  mtn +011 TI
(PN) 15-18mln  + nil T 2

343-33min  +otl T 3
.--- .  . . . - . . . - - 9 . - -.-----  .---= --=--= ---------

7  tiV. 1986 Pre-ol 1 To
(Kiratein/Clary) 1-?.1  ● ln  +oil TI

5  PM Expt. 15-lt)min  +011 T 2
30-33 ● in +oil T3

..---mOO  - - - - - - - - - ●  - - - - - - - - - - - - - - - - - - - - - - - - - -
8  NOV.  1986 Pre-ol  1 To

(Kirntein/Clary) I-3.5 nin  +oll TI
II AH Expt. 15-18min  +oil T 2

30-33mIn  +011 T3
- - - - - - - - - - - - - - - - - ------------ =-**. ---------S

Sediment Concentration
(mg/liter)

Sample Nean Std.Oev.

mo
——

blft22.t3
,.-.-.--.*  .  .  . . - . . - - * . . . * . . . -

4t606.1
41R213.O  4 1 8 3 2 . 2 lf19.4
6 2 0 ? 0 . 0
.----- - - - - -  - - -

b222f)*o
6 2 0 5 6 . 1  h2157.8 7 2 . 1
4 2 1 9 6 . 7

,--..---  . . ..--.--  . . . . ..-.-.s
S 9 . 6
3 2 . 8

,-..*..-  .  .  .  . . - - -  .  .  . . - . - * . . . -
60.3
4 2 . 1
46.0
4 4 . 3

,-.--..---  . . ..-=-..-.--.--0-
52.7
44 .(3
4 1 . 5
43.3

,..-0--...-..--.0.0...--9==
5 7 . 3
54.0
4 6 . 0
5 0 . 1

,---------------------------
60.0
6?.6
4 6 . 3
46.8

,-.----.--.-w-----.m...-.--m

Tot. (MI  Concentration
FII) nC21 Tot. Oil
cc Cone. EST[NATE
I!xtr. (w/1) ( i n s / l )

——

x——
. ..*.p . . . . . . . ..9*9 . ...9.

------  --.---

. . . ..*.- . . ..m.-.--Dm.--m

x — --
. . . . . ..-..0 . . . . -9 - .9 . - -9

x 0.19 —
x 26.73 23.9
x 30.97 27.7
x 18.33 16.4

. . . . . . . . . . . . . . . . . . . . .
x 0.48 -
It 10.75 16.8
x 16,62 14.s
x 11.7 10.5

. . . . . . . . . . . . . . . . . . .
x MC INC
x INC INC
x INC INC
x INC lNC

--.. -.99-..9.0...--9=9.
x INC MC
x 26.13 23.’3
x 20.09 17.9
x INC INC

. . ..-.9.9 ------ 99-------

VOI. ● ***sawle Uelght*  (KM)****
Filt. FI lter F i l t e r Sedimrnt
(mIs) + S e a l . Tare Weight

T—0.10320 —-i$zizwo.o17t5
5.0 0.22260 o.t31?49 0.20511

. . . . . . . . . . ..m...m.-m..a  . . ..-.c..--..
3.0 0.14296 0.01814 0.12482
3.0 0.14421 0.!31875 0.)2546
3.0 0.14400 0.01779 0.12621

- - - - - -  - - - - - -  - - - - - -  -
3.0 0.14445 0.01779 0. 126fD6
3.0 0.14419 0.01S02 0.12617
3 . 0  n.14bk3 0.01  71t4 0.12659

mm...9w*n-.-nn...n . . . ..n- . ...99-
25 rt.01952 rt.o1803 n.oo149
25 0.01877 0.01795 0.000R2

0.03W5 o.oltw3 0.01225
-...09 - . . . . ..--.. -.99 . . ..--0-0----9.

15 0.0220R tt.(t[756 0.00452
75 0.02021 0.01705 0.00316
75 0.02048 0.01703 0.00345
75 0.02232 (3.01900 0.00332

●  9 . . . 9 9 9  m m * - .  * . . m - m 9 . . . - . w . 9  .  . . - . . . - .

75 0.02052 0.01657 0.00395
75 0.02106 0.01176 ().on330
75 0.02055 C3.01744 0.00311
75 0.t)2t365 0.01740 0.00325

■ . . ..9909 .9--- ..9-- ..-.9 .9.9 -...9-.9=
?5 0.021613 0.01730 0.00430
75 0.02246 0.01841 0.00405
75 0.02163 0*0161B 0.003b5
75 0.02169 0.01793 0.00376

N.*9... =9*-m* *.-0* .9.. - . . ..-0...9..m
75 0.02235 0.01785 0.00450
75 0.02205 o.oln4n 0.00357
75 0.02168 0.01821 0.00347
75 0.02045 0.01709 0.00336

■ *--- . . ..--9 ---. -.9=... -m.. m.O . . -----



Table z-g oil/SPNl interaction and Sedimentation Experiments.

011/SPH [nte~a~t{on ~“d Sedtmentatlon  I?xperlments

Gravimetric  $PM ~a~~ ~n~  Total Oil I%ttmatefl
Kasitsna  B a y ,  AK-_Novemher  1986

Experiment ID

6 NOV. 19136
O i l e d

Sedimentation
Experiment

(Klratein/Clary)
(m)

Ilhter  Temp.
- 20.5 c]

-----------------
7 N O V. 1 9 8 6

Unoi led
Sediwntation

l?ixperi~nt

(Water Temp.
= 20.5 Cj

m m - m  .  .  .  .  .  .  .  .  - - - - -

Sa*p.
Sample ID rep.
Oescrlptlon No. no.

O ● in settle T—1
2
3

- - - - - -  - - - - -  ---,
15 ain mettle S15 I

2
3

- - - - - -  - - - - - - - -
35 min nettle S35 I

2
3

- - - -  - - - - -  - - - - -
60 ● in settle S60 I

2
3

- - - - -  - - - - -  - - - -
110  ● in nettle Silo I

5PM 2
3

- - - - -  - - - - -  - - - -
110  ● in settle Silo I

not. 2
Seal. 3

-.-. -..-.. ----- . . . . . ...---!
0 ● in stir cm
- - - - - -  - - - - - -  -.
30 ● in Rttr CT3(l
- - - - -  - - - - -  ---!
O min nettle Cso I

2
3

- - - - - -  - - - - - -  -.
15 mln settle CS15 1

2
3

- - - - -  - - - - - -  - - - -
35 min n e t t l e CS35 1

2
3

- - - - -  - - - - -  - - - -
b!l min settle cS611  I

2
3

- - - -  - - - -  - - - -  -.
110 min n e t t l e  CSIIO  I

SPM 2
3

. . . . . . . . . . ----------------

Sedlmrnt Concentrntton
(mR/l i ter)

.Samp  Ie Mean Std. Oev.
—. —

43.8
35.2 42.7 s.?
49.0

,---- -----  -----
28.2
33.0 28.9 3.1
25.6

,----* ------ ---
28.2
25.2 24.3 3.7
19.4

,---- - - - - -  - - - - -
21.8
16.2 18.0 2.7
16.(3

- - - - - -  - - - - - -  - -
8 .4

20.8 13.6 5.3
11.6

,----- ------ ---

. ..----- .”------------------

50.8
,------  ------ --

49.2
- - - - - -  - - - - - -  -.

52.2
53.2 52.2 0.8
51.2

,----.-  ------  ---
54.6
43.4 45.5 6.7
3tl. rl

- - - - -  - - - - -  - - - -
24.2
25.2 26.9 3.2
31.4

---z-- - - - - - -  - -
10.6
13.6 13.6 2.4
16.6

,---- - - - - -  - - - - -
17.0
In.  ri 15.2 3.7
10.0

_-. .

Tot. 011 Cnncwrt  rat ton
FII’) nC21 T o t .  O i l
G(! Cone. EST IHATF
Ext r. (ug/1  ) (mR/l)

------ ------

,,
.----- ------

------ ------

------ ------
x 2.53 2.3
x 3.23 2.9
x 3.95 3.5

- - - - - -  - - - ..-
x——
x — —
x————

---9* 9*.-- .=.9 --.-----9

------ ------

-------  ------

------ ------

------ ------

------ -------

------ ------

vol. ****sawle  Weights  (IWR)****
Filt. Filter F{lter !iedlment
(mIs) + Seal. Tare Weight

T- 0.01751 Tiiiim
50 (3.01926 0.01750 0.001 ?6
5 0  t3.02t)53 n.ot80a 0.00245

- - - - - - -  - - - - - -  - - - - - -
50 0.01832 0.01691 0.00141
50 0.01948 n.ot77t3 0.00165
5 0  0 . 0 1 9 6 0  0 . 0 1 8 3 2 0JH3128

- - - - - - -  - - - - - -  - - - - - -
5 0  t3.n1979 0.01838 0.00141
5 0  o.n1920 0.01794 0.00126
50 0.01935 o.n1831J o.00097

.--~- s---- - - - - - - - - -
50 0.01828 0.01719 0.00109
50 0.01950 t3.01f169 O. floonl
5 0  0.01875 0.01?95 O.onoso

- - - - -.---- - - - - - -  - - -
50 0.01790 0.01748 0.00042
50 0.01971 n.0tnti7 o.noto4
5(I 0.01766 0.01708 0.00058

- - - - - -  - - - - - -  - - - - - - -  -
0.03199 0.01808 0.01391
0.03252 0.01747 0.01505
0.03357 0.01797 0.01560

m.----... m,wm-..- . . . . . . . ..--. -...-..
50 0.02112 0.01858 0.00254

- - - - - -  - - - - - -  - - - - - -  -
5 0  0.0200R 0.01762 ().00246

- - - - - - -  - - - - - -  - - - - - -
50 0.02048 0.01787 0.04)261
5 0  0.0196n 0.01702 0.00266
5 0  0.01U99 0.t31643 0.00256

- - - - - -  - - - - - -  - - - - - -  -
50 0.02027 0.01754 0.00273
50 0.01977 o.o176n 0.00217
5n 0.02067 o.oln74 0.00193

- - - - - -  - - - - - -  - - - - - -  -
50 0.01797 n.01676 0.00121
50 fl.0i84tl 0.01714 O. fM’li 26
50 0.01857 0.01700 0.00157

- - - - -  - - - - -  - - - - -  - - - -
50 n.ntm t).oln15 o.nnn53
50 0.01 7fiR 0.01700 r3.0n068
50 0.01900 0.01817 o.000t33

- - - - - -  - - - - - -  - - - - - -  -
50 n.ot84i) 0.01755 0.00085
50 0.01950 n.oin~? n .ono93
50 0.01869 0.018i9 0.00050
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From the data in Figure 2-4, the interaction constant described in
-1 -1equation (2-5) is k = 0.107 minutes or 0.0018 seconds , which results in

’121.3 (–) ‘ kaCp = 0.0018”sec
-1

v
(2-7)

From Tables 2-8 and 2-9 the sediment loading was measured to be approximately

48 mg/1, so that the above becomes

(:) 1/2k = 2.9 X 10 -5 1

a mg.sec
(2-8)

In order to -attribute the decrease in oil-droplet number density to

oil-SPM interactions, a “blank” experiment was conducted with no SPM present.—

These results are presented in Figure 2-5 and should yield straight lines with

zero (no loss of oil droplets)

appeared to be the case for two

of -0.0157. This slope is still

present) where the slopes ranged

slope indicating no oil-oil interaction. This

experiments while a third case yielded a slope

smaller than those in Figure 2-4 (when SPM was

from -0.0875 to -0.13.

Thus , it is concluded from these “blank” experiments that oil droplets

do not interact (collide and stick) at a rate that is comparable to the oil-SPM

rate.

Counts were also made of SPM at each time step to determine if SPM was

flocculating significantly. The results are shown in Figure 2-6. The average

slope from this graph is -0.11 indicating some flocculation is occurring, but

again, not as significantly as oil-SPM interactions.

Tables 2-1 through 2-7 present the actual counting data obtained. The

volume counted for each experiment was 50 pl so that the results are directly

comparable on a volumetric basis.

ing (Tables 2-8 and 2-9) but this

a rate term. Chi square tests of

Some variation occurred in oil and SPM load-

variation will not affect the development of

the data indicate that more counts shoul,d be
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made in the future to insure statistical confidence. This

lem (in terms of time needed per experiment) as it will

count SPM or oil-SPM agglomerates.

will not be a prob-

not be necessary to

The determination of the power input to the propeller (and hence the

energy per unit time dissipated) was measured with the experimental hardware

shown in Figures 2-7 and 2-8. A string was wound onto the stirring shaft (mo-

tor removed) and a weight attached. The (falling) mass (or weight) was then

adjusted so that the shaft would rotate at the same speed at which it was driv-

en during an experiment. This matching of speeds is crucial because the power

required to drive the propeller is proportional to rate of rotation. The shaft

rotation rate was measured electronically (Figures 2-8 through 2-10), Once the

rotation rate had been established by adjusting the weight, the time required

for the weight to fall a known distance at constant velocity was measured.

From this information the power is calculated from

P = mgh/t  - (2-9)

where the term mgh is the change in potential energy (in a gravity field). T%e

same measurements were then taken with no water in the vessel so that the ener-

gy dissipation due to bearing friction could be subtracted. The net mass re-

quired to stir the vessel at 400 rpm was found to be 68 grams and the distance

traversed was 2 feet (61 cm) in 4.5 seconds. Thus

(68 grams)(980  cm/sec2)(61  cm)
P =

4.5 sec

dynes” cm
P = 9.03 x 105

sec

For a liquid volume of 3500 ml and density of 1 gm\cc,

9.03 x 105 gm”cm2/sec3 2
cm

e= = 258 ~
(3500 cm3)(l gm/cm3) sec

(2-lo)

(2-11)

(2-12)
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Bearing

Figure Z-T Experimental Hardware to Measure the Power
Dissipated In a Stirred Vessel.

Y ●  ( M o t o r  i s  r e m o v e d ,  l i f t ed  o f f
centeriess coupling.)

n I

Suppofl

I

(4 Two-bearing Vertical Shaft

1 - Roller bearing
~ I externally supported

– A-String (6# test)

weight

2-inch diameter, 3-Blade
propeller, VWR # 58958-244

/

Note: The string is wound “up” on the shaft, the falling weight allowed to reach
constant velocity, and the time required to traverse a vertical distance
recorded.

Power dissipated = *
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‘Figure 2-& Determination of weight
required to achieve 400 rpm stirringturbulence in the 4-liter beaker experiments.

stirring Note that themotor is de-coupled from the propeller shaft during the
falling weight drop timed experiment. Additional studies werecompleted wiEhout water in the beaker to quantify the effects of
friction in determining the power input to the stirred chamber
System.
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Figure 2-9. construction of the binary counting circuit board used to accu-
rately measure rpm in the b-liter beaker oil/SPM interaction
experiments.
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Figure 2-10. Trigger mechanism attached to the stirrer shaft and binary count-
ing CirCUit board (in the background adjacent to the battery
power supply) for the experimental rpm determinations.
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and finally

258 cm2/sec
3 1/2

@/2 = ( ) = 160 sec
-1

0.01 cm2/sec

Using this value of (6/v)
1/2

results in

2.9 X 10 5 1

k a =
mg. sec

160 sec
-1

(2-13)

(2-14)

or

k a = 1.8 X 1 0-7 ~ (2-15)

This value of ka then represents the term shown in equation 2-3. It is valid

for the size range of particles used in its experimental determination and

should not be extrapolated to other particle sizes.

number densities is valid, as is extrapolation to other

From these experiments it can be concluded that

Extrapolation to other

E/v values.

oil droplets and SPM do

collide and stick in a turbulent field. It must be emphasized that these ex-

periments were conducted with fresh (unweathered) Prudhoe Bay crude and Jakolof

sediment. Only one set of experimental conditions was (repeatedly) investigat-

ed. Extrapolation to other oils, weathered Prudhoe Bay oil and other sediments

is not valid. These experiments present a successful observation

interaction kinetics and a measured rate constant under rigorously

experimental conditions.

of oil-SPM

controlled

The application of the results measured in these oil-SPM experiments

begins with the equation of continuity for free oil droplets.
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aco a a

at
— + :( VXCO) + @V@ + ~(vzco) =

(2-16)

The determination of the velocity and turbulent transport coefficients

and resulting integration of this equation must be accomplished by an ocean

circulation model. The oil-SPM kinetic expression is R above and thus de-

scribes the rate of loss of free oil droplets in the water column (and also the

production rate for oil-SPM agglomerates). R is equation 2-3 (with a - sign).

This continuity equation (in the water column) requires boundary conditions for

both sediment and oil droplets.

2.3 IMPLICATIONS FOR MODEL DEVELOPMENT

2 . 3 . 1 Application of.Oil-SPM Kinetic Equations

The application of kinetic equations for particle-particle interac-

tions involves some subtleties which can best be illustrated with an example.

The concept that will be illustrated in

ship between “concentration” and “number

to the assumptions made for the Kasitsna

1986. Note that the rate equation (and

experiments) for the free oil-drop

tration,” i.e. ,

dC
o— =

dt
1.3 (:)1’2k C C

a o p

this example is that of the relation-

density” and how this concept applies

Bay experiments conducted in November

the working equation for the November

concentration contains the sediment “concen-

(2-17)

Based on observations over time frames much longer than those for the November

experiments (i.e., longer than 30 minutes), it was noted that the SPM does

flocculate. This means that the SPM concentration as related to number density

of SPM particles changes with respect to time. Using a constant value for C
P

then is not strictly correct, To be correct, the value of C in the above rate
P
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equation must decrease with time even though the actual SPM concentration in

terms of mg/1 is constant (i.e. , no distinction if there are many small parti-

cles or a few large ones in suspension).

Therefore, consider how Cp could be corrected for the short timeframe

of the experiments if the loss of SPM “numbers” is an experimental objective.

The starting point for SPM-SPM kinetic description is the SPM collision fre-

quency equation:

R = 1.3 (~)1’2ksn~ (2-18)

where
‘1 ‘s

the number density of singlets, i.e., fresh suspended particles.

This equation is the rate at which SPM particles collide with themselves, not

oil drops. Now assume that every collision results in sticking to form the

“doublet” as follows:

‘1 + ‘2
— > n .

2

This equation describes the stoichiometry

tion the rate of loss of singlets is

dn, n

of the particles.

because - collision results in the loss of ~ particles

pearance of doublets is

dn2

z
= +k n2

S1

(2-19)

Using this equa-

(2-20)

The rate of ap-

(2-21)

This assumes (for the sake of illustration and simplicity) that the “doublets”

do not react with anything. However, a similar equation for the collision and

sticking of doublets to f o r m higher order particles can (in principle) be
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written. Solving the above equation for nl with nol particles present at t=O

yields

(2-22)

Note that the “material balance” or stoichiometry  is preserved, i.e. ,

n;- ‘1 = 2n2 ‘or all t

and as t —> ~, the result for n2 becomes

ks(n~)2t
n2(t —> m). ‘;-—

2ksn~t 2

But , observing this result experimentally cannot be done using “concentration”

of SPM, i.e., the concentration of SPM is always the same because singlets and

doublets cannot be distinguished.

Therefore, particles must be counted; simply measuring “concentration”

will not work.

SPM particles

total number of

time:

and since a

which yields

n

(2 -23 )

(2-24)

In order to take into account the decrease in number density of

(over short time frames), an approximation can be used for the

SPM particles. Start with the total number of particles at any

‘t
,. + n. =

n; (1 + ksnl )
(2-25)

1. L (1 + 2ksn~t)

short timeframe is of interest, use a Taylor series approximation
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(2-26)

Therefore, in the rate expression for oil, the SPM concentration should be

written as (to a “better” approximation)

c = c; (1 - EJ)
P

(2-27)

where Co is the time = O SPM concentration in mg/1. The rate constant Es can
P

be measured by counting particles. Thus, the SPM n~ber density, not concen-

tration, decreases linearly in time for small times. A nephelometer could be

used to observe the timeframe where the SPM particle density is linear.

This example shows what the starting equations are for the particle-

particle kinetics and the assumptions required. It is true that the kinetics

are based on “number density,” yet the primary observable is usually “concen-

tration.” There must be a relationship available which relates number density

to concentration in order for open-ocean “circulation” calculations to be made.

Actual observations of open-ocean SPM kinetics should be made and interpreted

(i.e., fast or slow relative to oil-SPM kinetics) before a general model is de-

rived. It is possible now to “write” the equations for all interactions; how-

ever, using these equations in a practical application is most likely impossi-

ble.

The above example also illustrates the observations that must be made

and experimental variables controlled in order to obtain useable results. It

is currently not possible to obtain more than one or two derived quantities

(i.e., rate constants) from a particle-particle kinetic experiment. These ex-

periments must be “controlled” so that only one event is occurring (or two at

most) .
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2 . 3 . 2 Kinetic Algorithm Use in an Ocean Circulation Model

Now consider how the kinetic algorithm will be used in an ocean-

circulation model. The ocean-circulation model will be capable of transporting

material according to the mass balance equation. The kinetic algorithm will be

written in a subroutine named SPMRTE (for SPM rate). The calling statement

will appear as

CALL SPMRTE (SPMC, SPMR,EV,TSTEP,NT)

where SPMC is an array which contains the SPM

or types being considered, SPMR is

all fractions or types (including oil

the time step and NT is the number of

an array

concentrations for

which contains the

drops), EV is E/v, TSTEP is

SPM types being considered.

Physical parameters required are the constants which

density to concentration for each NT type of SPM. This parameter

ZETA, be a dimensioned array, and be used as

NDEN(I)=ZETA(I)*SPMC(I)

all fractions

SPM rates for

the (size of)

relate number

will be named

(2-28)

with NDEN declared as REAL*4 (as required). The kinetic rate constants for the

collision and sticking of component i with component j will be stored in an ar-

ray KC(I,J) also declared REAL*4. These parameters must be entered before the

program begins execution (i.e., similar to the way True Boiling Point distilla-

tions are entered in the oil-weathering codes). Both ZETA(I) and KC(I,J) would

be passed to subroutine SPMRTE through a common block.

The calculation would proceed through a DO-LOOP to calculate the rela-

tive decrease in number density of particles through a Taylor series approxima-

tion

ZETA (I)=ZETA(I)*(l.  -KC(I,I)*TSTEP) (2 -29 )
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Then the rate expressions are calculated according to

SPMR(I)=KC(I,J)*SPMC(I)*ZETA(I)*SPMC(J)*ZETA(J) (2-30)

These rate arrays will be returned to the main program and then integrated.

The main program also calculates how much SPM has entered (or left) the water

column through the bottom boundary and likewise for oil drops at the surface.

The main program also must keep track of the sediment accumulated on the bottom

(i.e., a material balance of sediment on the bottom in order to keep from flux-

ing up something that is not there). Also, note that the boundary conditions

for both sediment and oil drops are “fluxes”, and algorithms for these fluxes

(i.e, Grant’s and Mackay’s, respectively) must be encoded elsewhere.

Clearly, in programming these equations into a code, numerous “traps”

will have to be included to prevent “nonsense” numbers from being generated.

These traps will become apparent as real numbers are developed and calculations

tried. The actual mathematics are relatively straightforward, the actual com-

putation procedure (i.e., the integration, choosing step sizes, etc.) will be a

challenge.

2.4 RESULTS OF OIL/SPM INTERACTION KINETICS DETERMINATIONS USING A 28
LITER STIRRED CHAMBER

2.4.1 Background, Required Assumptions and Limitations of Experiments

As described in the Sections 2.1 and 2.2, the experimental procedure

for determining the oil-droplet and suspended-particulate interaction is based

on the continuity equation in which the rate term is identified. This rate

term for the interaction kinetics is first order with respect to oil-droplet

concentration and first order with respect to suspended-particle concentration.

The rate expression is proportional to the energy dissipation rate to the one-

half power.

In the beginning of this program, the rate-determining experiments

were conducted in the 28-liter stirred vessel illustrated in Figure 2-11
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through 2-14. while initial experiments met with some difficulties,

separatory- funnel and filtration procedures were ultimately developed to allow

descrete measurements of mg/liter concentrations of dispersed oil, free SPM and

oil/SPM agglomerates as a function of time (see Section 3.1 and Year One Inter-

im Report for complete experimental details). In these experiments, the oil

(fresh Prudhoe Bay crude, 2-day weatheredl and lz-day Weathered).  . .
1

was introduced as a surface slick, and turbulence was provided by a propeller

in much the same manner as described in Section 2.2.

One drawback to

size prevented an accurate

that the turbulent shear

the experimental device was that its complexity and

measurement of the energy dissipation rate, c, such

rate which is

experimentally determined to properly scale

to calculate the energy dissipation rate for

be calculated from

P =wT

1/2
expressed as (6/v) could not be

the kinetics expression. In order

an experiment, the power input can

(2-31)

where w is the angular velocity of the stirrer (radians/see) and T is the mea-

sured torque (dyne-cm) which yields the power delivered to the contents of the

vessel (dyne-cm/see). Because all of the power delivered to the stirrer is

dissipated in the entire fluid mass of the vessel, the rate of energy dissipa-

tion per unit mass of fluid is

P.—
‘–vp (2 -32 )

1
Weathered Prudhoe Bay Crude oil was prepared by a 16 liter experimental spill

in the flow-through outdoor wave-tanks at NOW’S Kasitsna Bay facility as
described in Payne et al. (1984). Chemical and Physical Properties of the
fresh and weathered oil are presented in Table 2-10.
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Figure 2-11. Prototype tank design for evaporation/dissolution and oil/SPM
interaction experiments.
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Figure 2-12. Twenty-eight liter oil/SPM interaction chamber equipped with
directional air manifold and seirring motor for introduction of
turbulence. Subsurface water samples are collected through the
stockcocks  inserted through the side of the glass chamber.
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Figure 2-13. Dispersed o~~ droplets and SW in the 28 liter stirred reaction
chamber using 12-day weathered Prudhoe Bay crude oil and 53 pm
sieved Jakolof Bay SPM.
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Table 2-10. Chemical and PhysicaL  Characteristics of Oi i frcm Uave Tank W Oi USPH Interaction Experiment

Ilydrocarbon Concentration (m9/9 Oil) Interracial Tension (dynes/cm) Viscosity 3 38°C Uater  Ccntent

.  ..-.::---__----:::=Y.:::----H:Y-::2--__----:!u::-  OiL?ir - ‘cmtipE!_ ‘%* ::y-:---------------------- - ------------------------- -------------------------------- ---------------------------------- --------------

Starting C r u d e 119 229 24.6 31.8 30 .30

48 hours 63.8 145 11.1 33.0 43 .17

12 days 27.5 104 11.5 ,, 34.6 800 6.3



where V is the

Therefore, the

actual volume of fluid in the vessel and p is the fluid density.

working equation is

G = (y = (%)1’* (2-33)

Attempts to install an “in-line” torque meter in the stirred chamber were un-

successful due to serious propeller shaft alignment problems and the actual

size of the apparatus. Thus, the decision was ultimately made to discontinue

use of the 28-liter chamber and proceed with the smaller apparatus described in

Section 2.2 where the energy dissipation rate could be successfully measured.

It is significant, however, that with both systems, the turbulence in the ex-

perimental solutions (i.e., derived from the propeller rotation and any resi-

dent baffles) was ~ sufficient to maintain a nominal 50 mg/1 suspended load

of sieved (<53 pm) particulate material from Jakolof Bay. Thus, although the

applied power and contained volumes were different, it is possible (to a first

approximation) to assume similar turbulence levels necessary to just maintain

the SPM loads in both the 4-liter and 28-liter systems. As described in Sec-
1’2 for the smaller system wastion 2.2, the measured turbulent shear rate (c/v)

-1
160 sec . Therefore, in order to proceed with the data analyses from experi-

ments completed in the 28-liter system, a similar value will be assumed here.

The rate of a bimolecular reaction can be measured by following the

rate of disappearance of one or both of the reactants or by the rate of forma-

tion of the product. From equation 2-3 in Section 2.1 the rate, R, of oil/SPM

interactions was given by

R _ d Prod
= 1.3 (e/v) l/2 ~ ~ ~

dt
a o P

(2 -34 )

where R = rate of interaction (reactant disappearance or product formation,
Pg-oilSpM/ liter”hr or mg-oil

SPM’
liter”hr  with proper conversions)

Prod = measured oil-SPM agglomerate concentration (pg-oil
SPM’

liter)
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e= energy dissipation per unit mass (cm2/sec3)

v= kinematic viscosity (cm2/see)

co = concentration of oil droplets (mg/liter)

c .
P

concentration of SPM (mg/liter)

For this derivation it should be noted that the designation pg-oil
SPM ( or mg-

.
oll~pM) represents the total mass of oil in pg (or mg) associated exclusively

with the SPM phase as measured by filtration and solvent extraction of the iso-

lated “oiled” SPM sample and FID-GC analysis of the extract. For these calcu-

lations the sw of all resolved peaks in the GC profile was used to quantify

the total hydrocarbon load on the SPM (see Section 3.1 for experimental de-

tails) . Thus, the term #g-oil
SPM/

liter represents the concentration of oil as-

sociated with all the SPM measured in a specific volume of sample.

pg-oilSpM
Since R =

l“hr

mg (oil
k a =

SpM) “1

mg (oil) “ mg(SPM)

which is dimensionally similar to

(2-35)

1. (2-36)
mg

what was derived for k_ in Section 2.1 (i.e. ,
a

units of reciprocal concentration),

During the execution of any oil/SPM interaction experiment within the

28-liter stirred chamber, free SPM loads were observed to decrease in an expo-

nential fashion with time due to interactions with dispersed oil droplets (not

sedimentation) . At the same time, total free oil droplet concentrations were

observed to increase due to changes in the oil/water interracial surface ten-

sion resulting from oil oxidation, water incorporation (into oil) and SPM coat-

ing on oil droplets (presumably affecting both interracial surface tension and

surface charge) . Oiled SPM agglomerates increased in a non-linear fashion

which approached some limiting value controlled by the initial SPM loading in
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the experimental apparatus. These trends are shown graphically in Figure 2-15

where equations 2-37, 2-38 and 2-39 are defined to describe the time series

concentrations of free oil droplets and SPM.

2.4.2 Results and Discussion of Experiments with Fresh, 2-Day Weathered, and
12-Day Weathered Prudhoe Bay Crude Oil and Jakolof Bay “SPM”

Actual free oil droplet concentration data for stirred chamber experi-

ments with fresh, 2-day weathered and 12-day weathered Prudhoe Bay crude oil

are presented in Figure 2-16. Plots of actual in Cp/CO vs time data for the
P

three experiments are presented in Figure 2-17. From these plots it is possi-

ble to obtain values for the slope, m, in equation 2-37 and k in equations 2-38

and 2-39 which can later be used to explicitly solve for ka the oil-SPM rate

constant in equation 2-34. Values for m and k (along with correlation coeffi-

cients) for the three experiments

presented in Table 2-11.

2.4.2.1 Oil/SPM Interaction Rate

Rewriting equation 2-34 becomes

dProd
—=QCOCP
dt

where Q=l.3 (;)l’2k “a

completed in the 28 liter stirred chamber are

Constant with Fresh Prudhoe Bay Crude Oil

Substituting from equations 2-37 and 2-38 yields

dProd 0 -kt
—= QmtCpe
dt

(2-40)

(2-41)

Re-arranging the equation and taking the integral yields
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Figure 2-16. Dispersed oil concentrations (mg total resolved hydrocarbons/
liter of seawater) over time (hours after the spill event) for
experiments with fresh, 2-day weathered and 12-day weathered
Prudhoe Ba crude oil.

z
Linear regression lines fitted to the

data and r values for each set of data are included in the
figure.
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Ln(SPM–t/SPM–0)  vs. Time
for Different Starting Oil Types

1.0

[
fresh oil

.

I_-lll
‘,

- 2 . 5 ‘,
a “..> ❑

‘, ~ .~
o 20 40 60 80 100 120 140 160 180 200 220

h o u r s  f r o m  stort

2 day  weathered oil

----G ---

1 2  day weatherecJ  oil

A

no oil

—*

F i g u r e  2 - 1 7 . Natural logarithms of the ratios of SPM concentrations at time -
“t” hours co that at time - 0 hours versus time in experiments
with fresh, 2-day weathered and 12-day weathered Prudhoe Bay
crude oil and no oil addition. The linear regression lines
fitted to the data have r2 ~ 0.89 for all plots.
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Table 2-11. Values for m and k (equations 2-37 through 2-39) calculated from
data plots in Figures 2-16 and 2-17.

5
r r

Oil Type (hr ) (mg/~~hr)

Fresh 0.0041 0.94 0.156 0.94

2-day weathered 0.0039 0.85 2.5 0.97

12-day weathered 0.0024 0.96 3.2 0.91

Note: r - correlation coefficient for linear regression lines fited to data in
Figures 2-16 and 2-17.
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F“”’-Q”{ye-k’d’

-jt
Prod = QmC~ [e

(-kt-1) + const]
- k2

~-kt
= QmC~ [const -

(kt+l)

k 2 ]

=QmC~ [const - ‘]
k2e+kt

(2-42)

(2-43)

(2-44)

(2-45)

At time=O, no product has been generated. Thus for Prod=O, the

1const = —
k 2

As t -> ~, equation 2-45 reduces a constant (i.e. , the initial loading)

Prod = Q m Co
P

From inspection of equation 2-45 it is apparent that a value for Q can

be determined by plotting measured Product concentration (pg oilSPM/
liter) vs

time and assigning values for Q until a reasonable fit to the data is obtained.

Figure 2-18 presents such a series of computer generated curves for the fresh

Prudhoe Bay crude oil plus Jakolof Sediment SPM experiment. From the figure a

range
-1

sec

for Q of 0.05 to 0.08 is obtained. Using the value of 160

;: (nw and solving equation 2-40 yields

ka = 6.7 X 10
-8

to 1.3 x 10
-7

l/mg
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Figure 2-18. Computer generated plots of product concentrations (pg oil SPM/
liter seawater) versus time (hours after spill event) for values
of Q ranging from 0.03 to 0.12. Experimental data points are
indicated by circles for experiment with fresh Prudhoe Bay crude
oil and Jakolof Bay sediment (~ 53 pm).
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These values agree very well (within a factor of three) with the value

of 1.8 X 1 0-7 l/mg obtained with the smaller reaction vessel described in Sec-

tion 2.2. Thus, in two completely different experimental systems, using dif-

ferent parameters to measure the rate of reaction (free oil droplets measured

by microscope versus oil-SPM agglomerates measured by selective isolation, sol-

vent extraction and gas chromatography), very similar reaction rate constants

were obtained. This very close agreement is particularly significant because

it validates the overall approach of the two independent methods and adds cred-

ibility to the

fresh Prudhoe Bay

2.4.2.2 Oil/SPM
Oil

values obtained

crude oil and <53

Interaction Rate

This same approach with

stirred chamber experiments with

Prudhoe Bay crude oil yielded:

for the rate constant of the interaction of

pm Jakolof Bay SPM.

Constant with 2- and 12-Day Weathered Crude

the data

Jakolof Bay

sets obtained from the 28-liter

SPM plus 2 and 12-day weathered

ka= 3.3 X 10
-8

l/mg for 2-day weathered oil

k a = 2.9 X 1 0-8 l/mg for 12-day weathered oil

These rate constants are in the same order of magnitude, but slightly

lower than the rate constant obtained in the 28 liter experimental system using

fresh Prudhoe Bay crude oil. Inspection of Figures 2-17 and 3-6(a), which show

a more rapid decline of SPM with 2-day and 12-day ~eathered oil, would lead to

the expectation that the more rapid decline of SPM with these weathered oils

should yield a higher rate constant, k In actual fact, with the 2- and 12-
a“

day weathered oil, the oil droplet concentrations in the water column were an

order of magnitude higher than the oil droplet concentrations with fresh Prud-

hoe Bay crude oil. This reflects the lower oil/water interracial surface ten-

sion in the weathered crude (Table 2-10) and, hence, the tendency for the oil

to disperse into the water at higher oil droplet concentrations under a con-

stant energy turbulent regime.

With dispersed oil concentrations being so much

ments with the 2- and 12-day weathered oil (see Figure

higher in the experi-

3-6(b), any SPM which
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interacted with the dispersed oil phase tended to remain in the dispersed or

surface oil phase rather than remain in the SPM phase of whole water samples

that were collected during experiments. Therefore, when time-series aliquots

were removed from the stirred chamber and allowed to stand in the separator

funne 1, the oil-SPM aggregates remained in the “floating” or dispersed oil

phase and were significantly under-represented. As a result, when the forma-

tion of product in milligrams of oil associated with SPM per liter is plotted

versus time, the overall maximum concentration of product is significantly

under-represented. This results in smaller values for the lumped-parameter

constant, Q) necessary to obtain an idealized fit to experimental data. As a

result of Q being artificially small, solutions of equation 2-40 will yield val-

ues of k (at a constant energy dissipation rate) which are also low.
a

These results clearly show the efficacy of the smaller oil-SPM inter-

action system described in Section 2.2. Specifically, with the 4-1 system the

oil droplet number density and concentration can be controlled, such that oil

concentrations will not be too much in excess of the SPM phase.
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3.0 CHEMICAL PARTITIONING AND PHYSICAL BEHAVIOR OF DISPERSED OIL DROPLETS
AND OIL/SPM AGGLOMERATES

3.1 SEPARATION AND ANALYSIS OF SPM AND DISPERSED OIL FRACTIONS BY INHERENT
DENSITY DIFFERENCES

To obtain better estimates of the discrete hydrocarbon quantities in

the SPM and dispersed oil fractions, a sub-surface whole water sample was col-

lected from the experimental chambers (at pre-determined time intervals) and

placed in a glass separator funnel that was completely filled with solution.

The sample in the separator funnel was maintained in a stationary position for

a sufficient period of time (2 hrs) to allow for inherent density differences

between dispersed oil droplets and SPM to produce a physical separation between

the two fractions (i.e., oil droplets rise and SPM sinks in the separator fun-

nel) . Losses of specific hydrocarbons due to volatilization of lighter frac-

tions into an overlying head space are minimized because the separator funn~l

is completely filled with sample. This sampling protocol subsequently allows

for three reasonably discrete “phases” to be collected from the separator fun-

nel: 1) an “SPM phase” that is comprised of oiled and un-oiled SPM accumulating

at the bottom of the separator funnel, 2) a “dissolved phase” that is com-

prised of the water in the separator funnel (excluding the upper oil layer)

and 3) a “dispersed oil phase” that is comprised of the oil layer at the top of

the separator funnel. The “SPM” and “dissolved phases” are physically separ-

ated and extracted with methylene chloride to recover hydrocarbons. The “dis-

persed oil phase” is recovered with solvent rinses following removal of the

“SPM” and “dissolved phases” from the separator funnel.

Although this separator funnel approach yields three discrete sam-

ples, a limitation in the general application of this procedure became apparent

during initial experiments with oil-SPM-seawater systems. For distinctions be-

tween hydrocarbon quantities contained in the “dissolved” and “SpM phases” co

be accurate, ~ of the SPM in a water sample must collect at the bottom of the

separator funnel. Observations during experiments indicated that a portion of

the SPM often adhered to the sides of the funnel rather than sinking to the

bottom. Furthermore, this trend was more pronounced when SPM particles became

more “oiled”. This resulted in the following limitations: 1) an underestima-

tion of the total amount of hydrocarbons contained in the “SPM phase” of a

sample (due to not only incomplete recovery of all of the SPM in the water
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phase but also the possible loss of more heavily “oiled” particles that prefer-

entially adhere to the funnel walls) and 2) an overestimation of hydrocarbon

quantities in the ‘dissolved phase” due to inclusion of SPM adhering to the

separator funnel walls. The latter “dissolved phase” could be further mis-

leading since it would likely contain the relatively insoluble aliphatic com-

pounds (specifically associated with the SPM) that would not in reality exist

in the “dissolved” phase of the sample. Hence, a means needed to be developed

to insure that SPM particles were not included in the “dissolved phase” of a

sample.

To achieve the desired separation between “dissolved” and “SPM”

phases, the following general approach was adopted. After “differential phase

settling” in the separator funnel, the aqueous portion of a sample (i.e., con-

taining both SPM and water) was vacuum filtered through a 47 mm diameter, 0.4

pm pore size polyester membrane filter (Nuclepore catalog number 181107). tie

resulting water filtrate (free of SPM) was then extracted with methylene

chloride and analyzed for the “dissolved fraction” of hydrocarbons, and the

particulate matter retained on the filter was extracted as described below to

quantify

3.1.1

the “SPM fraction” of hydrocarbons.

Method Validation for Polyester Filter-Vacuum Filtration Procedure

Filter blanks were processed through the entire vacuum filtration

procedure to insure that: 1) the filter was resistant to the extraction

solvents (i.e., methanol and methylene chloride) and did not contribute any

interfering peaks during subsequent FID-GC analysis; 2) the filter would

maintain its structural integrity through all manipulation steps of the

filtration process plus pre- and post-filtration measurements of filter

weights for determination of the exact mass of SPM filtered and extracted; and

3) the filter would not require pre- setting with an organic solvent (e.g.,

methanol) to facilitate passage of aqueous solutions.

To evaluate whether the solvent rinses (i.e. , methanol and methylene

chloride) of the filters were sufficient to recover all of the oil from the

SPM, a spike/recovery validation experiment was performed. The spiked material

was prepared by mixing 40.8 mg (dry weight) of the < 53 pm sieved Jakolof sedi-
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ments with 600 mls of seawater and 8.0 mls of fresh Prudhoe Bay crude oil in a

1000 ml glass beaker for 9 hours. This mixture was transferred to a separatory

funnel, and differential phase separation was allowed to occur as described

above. The water and SPM phase was then vacuum filtered (30 cm Hg) through a

polyester filter, and the water filtrate was analyzed as the “dissolved phase”

for hydrocarbons. The filter was then vacuum extracted with 10 mls of

hydrocarbon-free distilled water (to remove residual seawater and salt)

followed by 15 mls of methanol (to “dry” the sample) and 30 mls of methylene

chloride. The combined methanol-methylene chloride filtrates were partitioned

against seawater, and the resulting methylene chloride fraction was transferred

to a collection flask. The remaining seawater-methanol solution was back ex-

tracted with methylene chloride, and the combined methylene chloride extracts

were condensed and analyzed by capillary column FID-GC. To insure that com-

plete extraction of the SPM had occurred, the polyester filter containing the

extracted SPM was re-extracted a second time (using the vacuum technique) with

an additional 30 mls of methylene chloride that was concentrated and analyzed

separately.

The FID gas chromatogram of the Prudhoe Bay crude oil used in this

technique validation experiment is presented in Figure 3-la, and the chromato-

gram of the seawater filtrate (dissolved phase) is presented in 3-lb. Compari-

son of the two chromatograms demonstrates that the aliphatic n-alkanes so ap-

parent in the parent crude oil do not appear in the “dissolved phase” of the

sample. The peaks that are present in the “dissolved phase” correspond only to

aromatic hydrocarbons, which are characterized by greater water solubilities

(Payne et al., 1984). The FID chromatograms of the first solvent rinse of the

SPM polyester filter (i.e., the normal “SPM” phase) and the second solvent

rinse of the filter are presented in Figures 3-lc and 3-id, respectively. The

normal “SPM phase” (Figure 3-lc) has a chromatographic profile for n-alkanes

and other aliphatic and aromatic compounds that is very similar to that of the

parent crude oil (Figure 3-la), except that the more volatile lower molecular

weight components are partially missing. The latter observation reflects the

3-3



5

‘3

iii

E!

““” -=5s

.,:,

%

. . *.

:0  ..:

s.s

iiii-
.>, -.

. . .
.-, . u .  .

w :
ml .n

A
b? ?

Aw!

!4
Cu

3-4



( c ) Ill t . .

y (d)
ul

Figure 3-lc ‘Sl?! @EM?’ frun experitial ~WfW@.Qr @t3n. 40.8 mg &y SH, 400 U1 post-injection

Vohne,  1 UI iI@cted.

3-id %KIX’d  I@@YU? Ch~Of’hk I%%? Of filter fIWI  “~ $kX@” jn Figme  k. ~ U1 ~t-i@XtiOn
Vohm,  1 d irljectd.

1

I

. .



selective evaporation (and dissolution) of these compounds during the initial 9

hour stirring phase of the experiment when the oil-SPM-seawater  system was open

to the atmosphere. Because the second methylene chloride rinse of the filter

(Figure 3-id) yielded a chromatogram with essentially none of the oil indicated

in Figure 3-lc, the solvent rinse sequence in the filter processing protocol

(i.e., 15 mls methanol followed by 30 mls methylene chloride) appears to be

nearly 100% efficient in recovering petroleum hydrocarbons that were adsorbed

onto the surfaces of the SPM.

It should be emphasized that this polyester filter-vacuum filtration

procedure is designed to recover hydrocarbons that are rather loosely adsorbed

(i.e., “wetted”) onto the surfaces of SPM particles (e.g., adsorbed oil

droplets, oil films and “dissolved” compounds that have partitioned onto the

SPM) . The purpose of the procedure is not necessarily to extract compounds

that may

particles.

samples, a

compounds

be more intimately associated with the internal matrices of SPM

However, to evaluate extraction efficiencies from “natural” sediment

reference sediment containing known amounts of a variety of aromatic

was extracted with the polyester filter-vacuum filtration procedure.

Duwamish III reference sediment supplied in the NOAA-sponsored Status and

Trends Program (Dr. W. MacLeod, NOAA, Seattle) was used as a test material. To

estimate procedural variability, three subsamples of this sediment (each

consisting of approximately 1 gram dry weight) were extracted with the

polyester filter-vacuum filtration procedure and analyzed by FID-GC. Three

internal standards (d8-naphthalene, d10-acenaphthene and d12-perylene)  were

added to each sediment subsample immediately before extraction to estimate and

correct for internal standard

estimates from these samples

parent lab (W. MacLeod) that

sediment extraction procedure.

recoveries in the procedure. Final compound

were compared with values reported by the NOAA

used the much more rigorous Status and Trends

The latter procedure involves extraction of

sediment with solvents for approximately two days,

the polyester filter-vacuum filtration procedure is

solvents for only approximately 60 seconds. The

tests are summarized in Table 3-1. Keeping in mind

whereas the sediment with

exposed to the extraction

results of the extraction

that the polyester filter

procedure involves a

table indicate that

much less rigorous extraction sequence, the results in the

the vacuum filtration sequence is remarkably efficient for
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Table 3-1. Aromatic Hydrocarbon Concentrations- --Duwsmish III Sediment
Polyester Filter Technique vs. NOAA Status & Trends Procedure

II PE filter procedure II NOAA S&T procedure l!% PE filterll
Compound II Mean CV II Mean CV ]lof NOAA S&Tll

~~ (w’g} (%) n ~~ (w3/g) (%) nll cone.
II

naphthalene II ~ -- 311 340 35 28 II o
Z-methylnaphthalene  [1 37 311 160 19 2811 51
l-methylnaphthalene  II 110 28 311 110 25 28 II 100
. ..- ---- --- -11- - - - - - - - - --11----- - - - - - -11------
biphenyl II : -- 3 Ii 36 29 28 1] o
2,6-dimethylnaphthalene II 47 31! 72 21 2811 113

I
I

/
I
I
I
I

acenaphthene II 233 31 311 330 13 28 II 71 II
fluorene II 242 31 3 II 330 17 2811 7311
phenanthrene II 1868 19 3 II 2300 10 2811 8111
anthracene II 483 14 311 620 56 2811 7811
I-methylphenanthrene  [ I 255 13 311 210 13 2811 121 II
fluoranthene II 3201 20 3 II 3600 13 28]1 89 II
pyrene II 3520 21 3 II 3900 11 2811 9011
---- ---- --- - 1 1 -  -  -  -  -  -  -  -  -  - - 1 1 - - - - -  - - - - - - I I - - - - - - I I
benz(a)anthracene II 1069 21 3 II 1700 12 28 II 63 1]
chrysene II 1273 25 3 ][ 3000 15 28 [1 42 [1
benzo(e)pyrene II 1075 10 3 II 1800 11 28 II 60[1
benzo(a)pyrene II 1603 19 3 II 2000 10 28 I
perylene II ND -- 3 II 600 15 28 I
dib~nz[a,h]anthracene  I

I
I
I
I

Internal Standard ID I

ND -- 311 330 22 28 1
II I

II I
I-Std Recovery (%) II I-Std Recovery (%) I
Mean Cv n II Mean CV n I

I
d8-naphthalene II 39 15 3/! 79 11 28~1

8011
011
011

11

d10-acenaphthene II 60 8 3 1; 90 7 2811
d12-perylene II 114 13 311 74 16 2811

------ . . . . . . ------ -----
ND = not detected
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recovering the specified hydrocarbons from the reference sediment samples.

3.2 UTILIZATION OF THE OIL SEPARATION TECHNIQUE IN OIL-SPM INTERACTION
SEDIMENTATION RATE STUDIES

As discussed in Sections 2.2 and 2.4, similar oil-SPM interaction rate

constants were obtained from the experiments conducted in the 4 and 28 liter

reaction chambers. One of the benefits of the larger (28 liter) experimental

chamber was the generation of significant quantities of oiled SPM to allow for

detailed chemical characterization of oil after interaction with suspended

particulate material and/or sedimentation.

To obtain information about the oil content and composition of various

sample types (e.g., SPM, dispersed oil or dissolved phases), several analytical

detection methods can be considered for quantitation of hydrocarbons. These

methods include infrared (IR) and/or ultraviolet (UV) spectroscopy or flame

ionization detector gas chromatography (FID-GC). It is worthy of note,

however, that with any of these techniques, extensive wet chemistry

manipulations (i.e., sample workup including gravimetric analysis, water

removal, solvent extraction and solvent concentration) are required before any

instrumental analysis (IR, W or FID-GC) can be initiated.

Both IR and W detection have major limitations that severely minimize

their usefulness for the ultimate purpose of current oil-SPM  model

development. For example, IR requires initial sample extraction with ultrapure

freon (CC12F2)

in the final

because IR uses

typical final

would preclude

or carbon tetrachloride (CC14) or exchange of all hydrocarbons

sample extract into a solvent such as freon. This is required

the C-H stretch to quantify hydrocarbons such that C-H bonds in

extract solvents (e.g., methylene chloride, hexane, toluene)

petroleum hydrocarbon analysis. Direct extraction of wet SpM

samples with freon or carbon tetrachloride (without prior methanol drying)

yields unacceptably poor hydrocarbon recoveries. uv suffers from the following

limitations: 1) it requires that the final sample extract be in ultrapure

spectrograde solvent (e.g., cyclohexane) to minimize background solvent

impurity contamination; and 2) it is affected by compound specific

oil-weathering losses (i.e., evaporation and/or aqueous dissolution during
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experiments) of particularly sensitive aromatic ring compounds from oil or

oiled-SPM. The latter weathering losses present a particular challenge for

selecting appropriate standard oil mixtures to quantify experimental sample oil

extracts by UV. Both IR and W also suffer from interferences due to

extraction of any natural background (e.g. , biogenic) hydrocarbons in final

sample extracts. However, perhaps the most severe shortcoming of both IR and

W for the stated purpose of this program regards their inabilities to provide

information on true boiling point (TBP) cuts in oil samples. Neither IR nor UV

provide any information about TBP content in samples.

In contrast to the preceding limitations, FID-GC can provide much of

the required information needed to quantify the content and composition of oil

in samples. Attractive properties of FID-GC include the following: 1) it is

compatible with a variety of final sample extract solvents (e.g. , methylene

chloride, hexane, toluene) ; 2) it allows for potential distinction between

analytical contaminants and valid sample hydrocarbons if the two occur at

different chromatographic retention times; 3) it allows for evaluation and any

necessary corrections to be made for compound specific weathering losses from

oil during the course of experiments; 4) it allows for evaluation and possible

correction for natural background (e.g. , biogenic) hydrocarbons in samples; and

5) it allows for direct estimation of TBP cut content in a given sample. The

latter information is derived from either an existing knowledge of FID-GC

elution profiles for specific TBP cuts in oil (e.g., Payne et al., 1984) or

similarly derived information for different oil types. Therefore, TBP cut as

well as individual compound concentration information for sample extracts can

be obtained with FID-GC. Although the following discussion of experimental

FID-GC data only deals with information for specific compound or total summed

compound concentrations, modifications are currently being incorporated into

the SAIC FID-GC data reduction code to yield direct information about specific

TBP cut concentrations in reduced sample extracts.

Using FID-GC procedures described in Payne et al., (1984) analyses

were performed on numerous samples from experiments with both the 4 and 28

liter systems.

determine total

of experiments to

Among other purposes, such measurements were utilized to

oil loadings in both the dispersed oil droplet and SPM phases

estimate kinetic rate constants for oil-SPM interactions. In
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addition to these oil “loading” estimates, however, the combination of the

membrane filter separation technique and the normal data reduction procedure

for FID chromatograms  of oil samples (Payne et al., 1984) allowed for detailed

analyses of component-specific hydrocarbon compositions in a variety of sample

types. Such samples included not only the previously described dispersed oil

droplet, SPM and dissolved phases of whole water samples but also oil samples

before and after “blending” to generate small oil droplets for oil-SPM kinetic

rate studies (in the 4-liter system) and samples of “sedimented” SPM that were

collected from the bottoms of both stirred and settling chamber studies.

Although this component specific information is not absolutely essen-

tial for kinetic or sedimentation rate estimates, it does have relevance for

potential biological implications that could derive from oil-SPM interactions

in aquatic environments. Specifically, the content of toxic compounds in oil

droplets associated with SPM could affect aquatic biota in at least two ways:

1) oiled SPM that remains suspended in the water column can impact pelagic and

epibenthic organisms that utilize filter feeding as a means of obtaining food

and 2) oiled SPM that is incorporated into sediments (i.e. , is “sedimented out”

of the water column) can impact benthic fauna that either live in association

with or ingest sedimentary material in their feeding process. Compounds of

particular interest for such considerations include various aromatic hydrocar-

bon components (e.g., mono- and dicyclic aromatics and naphtheno-aromatics)

that have been shown to be particularly toxic to impacted aquatic biota (e.g.,

Hyland and Schneider, 1976; Johnson, 1977; Patten, 1977). Because FID-GC anal-

yses are routinely performed anyway to estimate “oil loadings” in various sam-

ple phases for the kinetic and sedimentation rate experiments, it is reasonable

to include discussions of compound specific detailed chromatographic analyses

of oil samples. Beyond the immediate scope of this project to provide input

regarding oil-SPM kinetic rate estimates, such information should be of inter-

est to MMS’S long-term stated purpose of incorporating oil-SPM interaction rate

estimates into “biological effects” models.
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3 . 2 . 1 . Oil-SPM Sedimentation Rate Studies.

Experimental studies in the 4 liter system to determine kinetic rate

constants for oil droplet-suspended particulate matter (SPM) interactions have

been previously discussed in section 2.2. In one of these kinetics experi-

ments, an “add-on” study utilized the oil droplet-SPM solution generated in the

experiment to evaluate the effects of oil droplet-SPM  interactions on sedimen-

tation rates of the SPM. These results are discussed below.

Sedimentation rate experiments with oiled SPM were initiated by transfer-

ring approximately 1 liter of an oil droplet-SPM-seawater solution generated at

the end of an oil-SPM kinetics rate experiment to each of three vertical set-

tling chambers (i.e. , 1 liter graduated glass cylinders). Blended fresh Prud-

hoe Bay crude oil and 53 pm sieved Jakolof Bay sediment were used for the kine-

t ics rate experiment. After allowing the solutions to remain undisturbed in

the graduated cylinders, samples of known volume were withdrawn from a speci-

fied depth in the cylinders at time intervals of O, 15, 35, 60, and 110 min-

utes . The samples were vacuum filtered (<30 cm Hg) onto pre-weighed, 0.4 pm

pore size polyester membrane filters. Subsequent treatment of the filter sam-

ples for both SPM gravimetric analyses and FID-GC extraction and analyses are

described in section 3.1. above. For an experimental control, an identical

sedimentation experiment was performed with the same sieved Jakolof Bay sedi-

ment that had not been

The results

tling chambers for

exposed to a solution of blended oil droplets.

of the measured SPM concentrations over time in the set-

the experiments with and without the blended oil droplets

are illustrated in Figure 3-2. Because three identical settling chambers were

used in each experiment, the data points represent mean values with one stan-

dard deviation unit being indicated by vertical bars. As indicated in the fi-

gure, prior “oiling” of the SPM (i.e., during the preceding kinetics rate ex-

periment) did not seem to substantially affect the rate at which the SPM set-

tled out of the water column at the oil to SPM loading (ratio) considered.

This may not be the case at higher relative SPM concentrations or when

flocculation leading to larger oil/SPM agglomerates occurs. Additional work is

currently being completed with different oil/SPM  ratios, SPM types (and sizes)
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and oil types to investigate this sedimentation behavior further.

3.2.1.1. FID-GC Analyses of Oil Fractions in the Sedimentation Experiment

The compound specific composition of oil was investigated in a variety

of samples from the sedimentation rate experiment in section 3.2.1. Such sam-

ples included the initial unblended and blended oil solutions used for the par-

ent oil droplet-SPM  kinetic rate experiment, oil associated with the SPM that

accumulated on the floor of the sedimentation chamber after 110 minutes of set-

tling, and oil associated with the SPM that remained suspended in the water

column after 110 minutes of settling time. Individual compounds were consider-

ed in
-6

terms of 1) their absolute concentrations (e.g., 10 grams of compound

per gram dry weight of SPM) and 2) the ratio of their concentrations to that of

the n-alkane nC21 in the sample (i.e., compound/nC21 for both n-alkanes and

aromatics) . As discussed in the June 1986 quarterly progress report to MMS

(SAIC, 1986), the use of concentration ratios can assist in detecting compound

specific trends that might otherwise be obscured by either large absolute con-

centration differences between sample types (e.g., whole oil and oil associated

with SPM) and/or different concentration units (e.g., per gram dry weight of

sediment or per liter of seawater).

Prior to investigating compositional differences between oil contained

in the various sample fractions in the sedimentation experiment, an evaluation

was made of the changes in composition due to the effect of the preceding

blending effort (i.e., oil in seawater in a mechanical blender) that was used

to generate the dispersed oil droplets for the parent oil-SPM kinetics rate

experiment. Figure 3-3 presents concentration ratios for the various n-alkane

and aromatic compounds (relative to nC21) in the initial pre-blend Prudhoe Bay

crude oil and the blended seawater-oil solutions at 2 and 32 minute time points

in the kinetic rate experiment. Substantial losses of both n-alkanes below

nC17 and the measured aromatics appeared to occur as a result of the initial

mechanical blending process, but additional losses were minimal thereafter

(i.e., ratios at the 2 and 32 minute time points were very similar).

The “oiled” sedimentation rate experiment in section 3.2.1. used the
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seawater-oil-SPM solution generated at the end (32 minute time point) of one of

the 4-liter reaction vessel experiments described in Section 2.2 (i.e. , Table

2-2). After the sedimentation solution had remained stationary for 110 minutes

in the settling chambers, samples for FID-GC analyses were collected of 1) SPM

on the bottom of the chamber (i.e., SPM that had settled out of the water

column during this time interval) and 2) residual suspended SPM in the water

column (i.e., SPM that had remained in suspension). Figure 3-4 illustrates

absolute concentrations of n-alkanes and aromatic compounds in these two SPM

fractions. As indicated, the sediment on the bottom of the settling chamber

had higher oil “loadings” of both n-alkanes and aromatic compounds than that

remaining in suspension. Because the hydrocarbon concentrations for both the

“sedimented” and “residual suspended” SPM samples are reported per gram dry

weight of SPM, this indicates that higher oil loads were associated with SPM

particles that settled out of the water column. Furthermore, differences

between compound concentrations in the “sedimented” and “suspended” SPM

fractions were greater for compounds with lower molecular weights. Ratios for

the n- alkane and aromatic compounds relative to nC21 are presented in Figure

3-5. Information from this ratio eliminates any uncertainty in interpreting

chemical fractionation trends that might be obscured by differences in absolute

concentration values and illustrates that the chemical fractionation trends

evident in Figure 3-4 are still valid. Because oil droplets associated with

both the “sedimented” and “suspended” SPM fractions should be subject to

comparable tendencies for dissolution losses of compounds into the ambient

water, the enhanced retention of both the aromatic and lower molecular weight

n- alkane compounds in the “sedimented” SPM may

oil droplets associated with the SPM fraction

column (i.e., larger droplets will have smaller

will favor slower rates of compound dissolution

reflect the existence of larger

that “settled out” of the water

surface to volume ratios, which

into the adjacent water phase).

Similar trends in the compound specific fractionation of oil associat-

ed with “residual suspended” and “settled” SPM phases have been observed in

stirred chamber experiments with the larger 28 liter system (Section 3.2.2.3.

below) . Higher absolute concentrations of aliphatic and aromatic compounds

have been observed in SPM that has a tendency to sink out of the water column.

Furthermore, examination of compound/nC21 ratios indicates that compounds with
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higher water

n-alkanes) have

‘rsedimented” as

solubilities (e.g., aromatics and lower molecular weight

a greater relative enhancement in the oil fractions of the

opposed to “residual suspended” SPM. This higher absolute

“loading” and selective enhancement of more toxic hydrocarbon compounds (e.g. ,

various di- and tricyclic  aromatics) in “sedimenting” SPM phases can have im-

portant biological implications for bottom fauna. This would be particularly

true for organisms inhabiting areas where such “oiled” SPM might become concen-

trated in the surface sediments.

3.2.2. SPM Load and Hydrocarbon Information from Oil-SPM Interaction Studies
with the 28 Liter Stirred Chamber System.

One advantage of the larger 28 liter test chamber presented in section

2.4. (i.e., as opposed to the 4 liter chamber discussed in section 2.2.) is the

total volume of experimental solution available

tal solution volume allows for not only larger

at any one time but also multiple samples to be

time periods. While experiments in the 28 liter

experimental limitations (section 2.4.1.), it

to be sampled. The larger to-

sample volumes to be collected

collected over longer sampling

chamber do suffer from certain

has been determined that esti-

mates of oil-SPM interaction rate constants for fresh Prudhoe Bay crude oil and

53 pm sieved Jakolof Bay sediments can yield comparable values with both the 4

and 28 liter systems (section 2.4.2.1.).

As discussed in section 2.4., three experiments were performed in the

28 liter system with seawater, 53 micron sieved Jakolof Bay sediment and either

fresh, 2-day weathered or 12-day weathered Prudhoe Bay crude oil. As a con-

trol, a fourth experiment was conducted with the Jakolof sediment and seawater,

but without any addition of oil to the system. Sample collection and process-

ing protocols used in these experiments are discussed in section 3.1. Estima-

tion of rate constants for oil-SPM interactions from these experiments has al-

ready been presented in section 2.4. A further discussion regarding SPM load

and hydrocarbon measurements during the course of these experiments is present-

ed here.
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3.2.2.1. Effect of Prior Weathering History of Prudhoe Bay Crude Oil on SPM
Loads and Dispersion of Oil into the Water Column over Time.

Figure 3-6a illustrates SPM loads over time in the water column of the

four experiments in the 28 liter system. For the SPM type used and the turbu-

lence level provided to the system, there appeared to be little or no tendency

for the SPM load to decline in the absence of oil. In fact, the SPM load actu-

ally increased with time (after 60-80 hours) due to processes that appeared to

be related to activities of microorganisms that were observed with light

microscopy in the system. Although microscope facilities were not available

during the experiments with the three types of Prudhoe Bay crude oil, there was

no indication of microorganism-mediated processes affecting SPM loads in these

experiments. The presence of toxic hydrocarbon compounds derived from the oil

(e.g., dissolved aromatics) may have inhibited the growth of microorganisms in

the latter systems.

The levels of SPM declined over time in all three experiments with the

crude oil (Figure 3-6a). Because SPM was not observed to accumulate on the

floor or walls of the chamber during the experiments, the declining SPM loads

were indicative of incorporation of the SPM into the dispersed oil droplets

and/or the surface oil slick. In contrast to the system receiving fresh crude

oil, the rate of decline in the SPM load in the water column was much acceler-

ated in the presence of both the 2-day and 12-day weathered oils. Because the

abundance of polar compounds typically increases in weathered oils due to re-

actions such as photochemical and microbial oxidation (e.g., Payne and

Phillips, 1985 ; Karrick, 1977) , the more rapid declines in SPM loads with

weathered oil may have resulted from enhanced interactions between the SPM and

a weathered oil phase that was characterized by greater surface charge charac-

teristics than that of fresh crude oil. Certainly the oil/water interracial

surface tension was much lower with the weathered versus fresh oil (11 vs. 25

dynes/cm; see Table 2-10) and this did enhance oil droplet dispersion. In

fact, it is quite possible that the more rapid decline in SPM loads with the

weathered oils may be found in the relative dispersion rates for the three oils

into the water column. Levels of dispersed oil (as measured by concentrations
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of total resolved hydrocarbons) over time in the three experiments are

illustrated in Figure 3-6b. The maximum concentration for fresh oil was not

observed until approximately 170 hours after the initial spill event. In

contrast, maximum concentrations with the 2-day and 12-day weathered oils were

observed approximately 15-18 hours after the spill event. Consequently, the

higher levels of dispersed oil at early time points in the experiments with the

weathered oils may have been responsible for the more rapid disappearance of

SPM from the water column.

In the experiments with 2-day and 12-day weathered oil, concentrations

of dispersed oil began to decline when SPM loads in the water column fell below

approximately 25 mg dry weight per liter. Although at a much later time in the

experiment, a similar decline in dispersed oil levels also appeared to occur

with fresh oil when the SPM load reached approximately 25 mg dry weight per

liter. Huang and Elliot (1977) noted that the stability of oil-in-water emul-

sions can be dramatically affected by direct interactions between dispersed oil

droplets and SPM particles. Specifically, SPM particles can associate with (or

“coat”) the oil-water interfaces of oil droplets due to surface charge proper-

ties of both the SPM particles and the oil droplets. Such coatings of SPM can

then “armor the oil droplets against coalescence” , thus increasing the

stability of oil-in-water emulsions (i.e., dispersed oil droplets). This

increased stability imparted to dispersed oil droplets can be directly related

to absolute concentrations of SPM in a water column. For example, at SPM

concentrations either above or below some critical level, the stability of the

“SPM-coated” dispersed oil droplets declines. At SPM concentrations below this

critical level, the reservoir of SPM particles in the water column available to

interact with oil droplets is insufficient to adequately coat the oil droplets

to the degree necessary to enhance droplet stability. Under such circumstances

the dispersed oil droplets would rise to the surface and recoalesce into the

surface slick, rather than remain in the water column. This scenario could

explain the declines in dispersed oil concentrations observed in all three

experiments when SPM loads fell below approximately 25 mg dry weight per liter.

Although not pursued in our experiments, Huang and Elliott (1977) note that the

stability of dispersed oil droplet suspensions in the water column will also

decline at high SPM loads (e.g., >200 mg/liter). At these high SPM loads, the

specific gravity of oil-SPM agglomerates will be increased (due to greater SPM
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inclusions in the agglomerates) to the point that their specific gravity is

greater than that of the liquid medium. Thus, the oil-SPM agglomerates can

sink out of the water column and thereby lower dispersed oil concentrations in

the water column.

3.2.2.2. Distribution of Oil Between Dispersed, Dissolved and SPM Phases in Ex-
periments With Fresh, 2-day and 12-day Weathered Oil.

Concentrations of oil (measured as total resolved hydrocarbons) over

time in the dispersed oil, SPM and dissolved phases in the experiments with

fresh, 2-day and 12-day weathered oil are presented in Figure 3-7. In all

three experiments the majority of the oil in the whole water samples was always

contained in the dispersed oil phase. It must be noted, however, that the hy-

drocarbon composition in the dissolved phase was always radically different

from that in the dispersed oil and SPM phases. Aromatic compounds were the

only hydrocarbons ever detected in dissolved phase samples. In contrast, ali-

phatic compounds were consistently the most abundant hydrocarbons observed in

the dispersed oil and SPM phases of samples, although aromatic compounds were

also detected. As for relative concentration levels in those phases with a

similar predominance of aliphatic compounds (i.e., the dispersed oil and SPM

phases), it should be noted that total resolved hydrocarbon concentrations on a

per liter seawater basis were consistently greater in the dispersed oil phase.

It has been noted that only aromatic compounds were detected in the

dissolved phases of whole water samples, whereas aliphatic components were dom-

inant (although aromatics were present) in all samples of surface oil, dis-

persed oil , and SPM samples that had either “settled out” or remained suspend-

ed in the water column. The similar aliphatic  character of the latter sample

phases suggests that direct dispersed oil droplet-SPM interactions were the

primary route by which

particles.

3.2.2.3. FID-GC Analyses
of Experiments in

the oil hydrocarbons became associated with the SPM

of Oil Fractions in the SPM and Dispersed Oil Phases
the 28 Liter System.

In a

experiments,

manner analagous to that described in the preceding

compound specific differences were investigated in
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and SPM phases of samples collected during experiments in the 28 liter system.

Similar compound specific trends to those reported in section 3.2.1.1. were ob-

served. For example, Figure 3-8 illustrates absolute concentrations (per gram

dry weight) of individual n-alkanes and aromatic compounds in SPM that had

“settled out” of the water column as well as SPM that remained suspended at

73.5 hours after the spill event in the experiment with 2-day weathered crude

oil. Much higher concentrations of both the n-alkanes  and aromatics were ob-

served in the “sedimented” SPM. Furthermore, ratios of the specific compounds

to nC21 (Figure 3-9) indicate a distinct relative enhancement of both the low

molecular weight n-alkanes and the aromatic compounds in the SPM fraction that

had “settled out” of the water column.

In both the sedimentation and large volume stirred chamber experiments

(Sections 3.2.1. and 3.2.2., respectively), it is noteworthy that hydrocarbon

compositions in SPM that “settled out” of the water column had compound speci-

fic compositions that more closely resembled that in the dispersed oil as

opposed to the “residual suspended” SPM remaining at the end of the

sedimentation experiment. Because SPM that “settles out” originates from the

initial SPM in the water column, one might expect “settled” bottom sediment to

have a similar oil composition to that of the “residual suspended” SPM. Results

from both the sedimentation and large volume stirred chamber experiments

indicate, however, that “sedimented”  oil (i.e., that which could be transported

to bottom sediments in natural environments ) might be less subject to

dissolution losses of lower molecular weight compounds than would be expected

from hydrocarbon compositions in particulate phases that remain suspended.

Microscopic examination of sedimented oil/SPM agglomerates has suggested that

the larger floes of oiled SPM contain discrete 5-10 pm oil droplets that are

less subject to lower molecular weight compound dissolution (compared to thin

oil coatings on residual SPM) due to their lower surface to volume ratios.

This subject was not be pursued further due to limitations of funds and the

desire to pursue phenomena that could more readily be modeled. Although such

chemical partitioning has not been modeled to date, it may have particular

relevance for predictions of effects of oiled particulate phases on benthic

fauna.
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3 . 3 PARTITIONING OF
WATER

When a chemical

DISSOLVED PETROLEUM HYDROCARBONS BETWEEN SEDIMENT AND

compound becomes dissolved into water in the presence

of suspended particulate matter, a portion of the compound will adsorb onto the

particulate. The extent to which this adsorption takes place is typically de-

scribed by an adsorption isotherm, such as the Langmuir equation, the BET equa-

tion, or the Freundlich equation. In natural systems, however, the adsorptive

capacity of the solids is invariably orders of magnitude greater than the solid

phase concentration (0’Conner and Connoly, 1980). Under these (dilute) condi-

tions the equilibrium concentrations of the compound in the aqueous and solid

phases are related

c

Kp=#=
w

by,

solid phase concentration
aqueous phase concentration

where K is called the partition coefficient. The magnitude of this coeffi-
P

cient depends on the characteristics of the compound and the adsorbing solids.

The experiment

partition coefficient of

described below was performed in order to measure the

hydrocarbons present in Prudhoe Bay crude oil.

Experimental Procedure

“Oil accommodated seawater” was prepared by placing one liter of un-

weathered Prudhoe Bay crude oil and one liter of seawater into a separator

funne 1. The funnel was then allowed to equilibrate for several days,

The sediment utilized for the experiments was obtained from

intertidal zone of Jakolof Bay. This sediment was initially filtered

the upper

through a

54 pm geological sieve and then allowed to settle in a beaker for approxi-

mately 2 1/2 hours. The settled sediment was saved, the aqueous phase discard-

ed.

A 300 d aliquot of the “oil accommodated

through a 0.4 pm pore size polyester filter
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droplets. Approximately 1.02 grams of sediment was then added eo the water in

a separator funnel. The mixture was then allowed to equilibrate for 12 hours.

Occasionally, the separator funnel was agitated to resuspend the sediments.

After equilibration, the settled SPM (at the bottom of the separator

funnel) was carefully removed onto a polyester filter. The aqueous phase was

vacuum filtered through another filter and then extracted twice with 100 ml of

methylene chloride.

lowing solutions 1)

ride. These filtrates

100 ml of seawater,

methylene chloride.

The filters then received vacuum filtrations of the fol-

tapwater, 2) 10 ml methanol, and 3) 30 ml methanol chlo-

were collected in a separator funnel, partioned against

and the remaining aqueous phase extracted with 100 ml of

The resulting extract

reduced in volume and analyzed by

Experimental Results

(of the aqueous and particulate phases) were

FID-GC.

The results of partitioning experiment are presented in Table 3-2.

Additional compounds (not listed in Table 3-2) were detected in one phase but

not the other. This fact is due to the detection limits of the GC and to the

partitioning behavior of the hydrocarbons. The measured partition coefficients

range from 4.1 to 380.

Implications for Suspended Particulate

The results above can be used to calculate concentrations of aromatic

hydrocarbons in suspended sediment of the type used with the conditions

employed in the experiment. Additional studies with dissolved components from

different true boiling point (distillate) cuts of Prudhoe Bay crude oil and a

variety of other SPM types are being continued.
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Table 3-2 Partitioning Experiment Results.

Retention Time Water phase Sediment phase Partition
(rein) Compound I.D. concentration (~g/g) COmmration  @g/g) coefficient, K

—

4.88
7.84
8.17
9.10

10.79
22.24
26.99
27.68
31.95

ethyl benzene
m, pxylene
o-xylene

.-
naphthalene
2-nwhyl naphthalene
l-mxhyl naphthalene

--

.1
1.067
‘.21
.14
‘.004
1.026
‘.005
.016
.053

1:::
1 2 . 9

13::1
26.5

380.
87.5
12.6



4.0 MODELING OF PHYSICAL
DROPLETS AND SPM IN THE

4.1 WATER COLUMN PROCESSES

PROCESSES INVOLVED WITH THE INTERACTION OF OIL
WATER COLUMN

The modeling of the advection, mixing and interaction of oil droplets

and SPM in the water column requires the consideration of a number of inter-

acting physical processes. If the problem is reduced to predicting the dis-

tribution of oil and SPM concentrations, without considering interactions, then

only the inputs of material from oil spills at the surface and from resuspen-

s ion of sediment from the bottom need to be defined and modeled. The interior

water column advection and mixing are described by the three-dimensional mass

conservation equation which determines the concentrations as functions of space

and time. Oil and SPM occur in the water column with size-class distributions

with the smaller oil-droplet and sediment grain sizes predominating. This is

because fine-grain sands and silts are more likely than coarse sands to be

resuspended from the bottom under the action of bottom currents, and smaller

oil droplets seem to be more readily dispersed into the water column from sur-

face oil slicks (Bouwmeester and Wallace, 1986). Even if there is no inter-

action between particles, the non-linear form of the mass-conservation equation

and the dependence of the sinking (rising) velocity on the particle size and

density (buoyancy) means that each size class requires a separate equation.

This is illustrated by the one-dimensional mass conservation equation (i.e.

neglecting horizontal advection and mixing) for the concentration of SPM, C,,
L

with mean diameter d. ;
1

aci aci

— + (w +W ) —a t fi az
.&(vt5:)=o

where w = is the vertical fluid velocity,

diffusivity, Wfi is the fall velocity of the

Law

tion

lets

tion

(equation 5-11), and z is the vertical

(4-1)

Vts is the vertical turbulent eddy

particle, usually given by Stoke’s

coordinate, + upwards. This equa-

(4-1) is applied separately to each size class of particles and oil drop-

present in the water column. If the particles interact through coagula-

and flocculation then an interaction term, Ri, must be included on the
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right hand side of equation 4-1. This term, Ri, represents the source of

particles due to the coagulation of particles of different smaller sizes to

produce a particle of effective diameter di and the break-up of larger particle

conglomerates by turbulence to produce particles of size class, i. It also

represents s inks due to coagulation of particles of size class i with other

particles and the break up of particles which remove them from size class i.

The interaction of particles is usually approximately modeled by kinetic rela-

tionships similar to those discussed in Sections 1 and 2. Thus, if even only a

few size classes, i, are modeled, the deterministic bookkeeping on particle

concentrations in each size class becomes quite complex. In recent years a

stochastic approach to modeling the transport of interacting particles of mul-

tiple size classes has been proposed and used successfully to model coagulation

processes (Mercier, 1985) and turbulent reacting flows (pope, 1979; 1981;

1982) . This method is discussed in more detail below.

A schematic of the processes acting in the water column is shown in Figure

4-1. In simplest terms SPM is input from the sea bed by the bottom boundary

dynamics (or riverine sources which are not explicitly discussed here) and oil

droplets are input from the oil slick by surface layer processes. Both input

conditions i n v o l v e surface waves

layer are quite well understood

Madsen (1979, 1982) and involve

oscillatory currents with steady or

and wind. The physics of bottom boundary

due to the theoretical models of Grant and

the non-linear interaction of surface wave

low-frequency currents (i.e. tidal or wind

forced) in the bottom boundary layer. The entrainment of oil by the action of

waves and the wind driven surface turbulent boundary layer is not well under-

stood. Most of the evidence comes from wind tunnel and flume experiments

(Bouwmeester and Wallace; 1985; 1986) where there are problems of consistent

scaling for the turbulence and the waves compared with the ocean. However,

there is indication that the turbulence introduced by breaking waves facili-

tates the production of small oil-droplets beneath a slick. There have been

some attempts to model the formation and depth of penetration of oil droplets

due to breaking waves (Aravamudan et al., 1982; Mackay et al.  , 1982) but the

development of a solid theory is limited by the lack of knowledge and quantifi-

cation of turbulence generated by breaking waves.
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4.2 BOUNDARY CONDITIONS

As far as the model of advection and mixing of oil and SPM in the water

column is concerned, the boundary submodels provide the flux of material to the

water column. This is expressed as

ac=Fatz=z
‘ts az T

(4 -2 )

where F is the vertical flux, usually expressed as a vertical velocity multi-

plied by a concentration, and z~ is a level just below the surface or just

above the bottom. The concentrations; C, and the turbulent diffusivity of the

interior and boundary layer models should match at z = z
T“

In addition for the

bottom boundary layer model the current velocity, u, and the turbulent viscos-

ity, Ut, should also match the interior circulation model at z = zT (see

Section 5 for details). Equation 4-2 provides the boundary conditions for

equation 4-1 or its 3-D ’equivalent assuming a level bottom.

The physical processes that resuspend sediment are as follows: the near

bottom oscillatory currents generated by surface waves combine with the low

frequency currents in the bottom wave-current boundary layer to enhance bottom

friction above that felt by a steady current alone. The enhanced bottom

friction has two effects: the first is to increase the skin friction on the

bed so that sediment grains are more readily placed in suspension, and the

second is to increase the turbulence and hence the eddy viscosity and diffusiv-

ity in the boundary layer.

If the shear stress on the bed initiates sediment motion, then this moving

bed under the action waves and steady currents has the effect of further

enhancing the effective bottom friction. The initiation of sediment movement

is dependant on the grain size of the sediments. Thus, smaller particles are

more readily moved than larger particles. Once in motion particles can be

mixed upwards by the turbulence in the boundary layer. Boundary layer turbulent

mixing is proportional to the bottom shear stress velocity. This, in turn is a
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function not only of the skin friction but of friction due to the larger scale

bedforms such as ripples or bed formations due to biological activity. Sediment

in motion near the bed which is not mixed up into the boundary layer is known

as bedload transport, and its presence introduces density stratification very

close to the bottom which has the effect of suppressing the mixing. Thus ,

there are a number of competing effects in the calculation of sediment trans-

port and vertical SPM flux to the water column. These account for the complex-

ity of the iteration procedures used to calculate the initiation of sediment

motion, bottom boundary layer turbulent coefficients and SPM flux in the Grant,

Madsen and Glenn model described in Section 5. The major limitation of this

theory is that it only applies to non-cohesive sediments such as sand. There

is currently no equivalent theory for cohesive sediments, and thus this bottom

boundary layer model should be used with care when even small amounts of clays

are present in the bottom sediment. A review of bottom boundary layer dynamics

and models is given by Grant and Madsen, (1986).

Surface boundary layer turbulence and mixing under the combined effects of

wind, waves and background currents is not well understood. Surface waves

which are not breaking are not turbulent since the wave velocity field is

irrotational. In the bottom boundary-layer it is the interaction of the wave

currents with the bottom in the wave boundary layer that generates turbulence.

Thus breaking waves are required to inject oil and turbulent energy below the

surface. Most of the studies on this problem have been done in wind-wave

flumes where incompatibilities of the scaling of wave motion (by Froude Number)

and turbulence (by Reynolds Number) make application to the ocean surface

uncertain. The principal result of the laboratory studies of Bouwmeester and

Wallace (1985, 1986) was that small oil droplets (25pIn diameter) predominate in

the water column due to dispersal from a surface oil slick by breaking waves.

Larger droplets tend to return to the surface due to buoyancy. There do not

seem to be any systematic studies of oil entrainment rates as functions of

sea-state, composition and age of the oil. Clearly the rate of breaking of the

steepest waves will determine the rate of input of oil droplets to the surface

layer. This can be estimated from wave spectra (Longuet-Higgins, 1969). This

implies a certain intermittence in both space and time by the entrainment mech-

anisms. Note that breaking waves are in the short period part of the spectrum
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( i . e . wind-waves ), whereas waves that

long waves (i.e. swell) that have

depth. Thus, both sea and swell (i.e.

generate bottom turbulence correspond to

wavelengths greater than half the water

the complete wave spectrum) are required

to generate input data for both top and bottom boundary conditions. There are

no current formulations which satisfactorily describe the flux of oil droplets

from a surface slick to the water column due to wind and wave accion. As a

result, further laboratory experiments on this problem are being conducted by

Delft Hydraulics Laboratory under a separate MMS contract. A literature review

by Delvigne et al., (1986) discusses some possible formulations for calculating

dissipation rates and eddy viscosities due to intermittently breaking waves.

4.3 WATER COLUMN

The mixture

PROCESSES

of oil droplets and SPM in the water column is acted upon by

the advection and turbulence of the fluid, and it undergoes transformations due

to coagulation. The. simplest possible model of oil and SPM transport would

consist of three equations similar to 4-1, one for oil droplets of similar

diameter, one for SPM of a single size class and one for oil-SPM agglomerates.

Only disimilar particles could interact. Thus, the coagulation of oil droplets

to form larger droplets or the coagulation of SPM particles or oiled-SPM  par-

ticles would be prohibited. This, of course, does not happen in natural envi-

ronments, so such an approach is only likely to be approximately true for very

low concentrations of oil droplets with SPM containing no clays or organic

matter (i.e. fine sand grains) so that SPM particles are unlikely to stick

together even if they collide. As noted, this is not very realistic, and if

reactions are allowed to occur, then different ranges of size classes for oil

droplets, SPM and oiled-SPM are required. Solving a large number of equations

of type 4-1 with complex source and sink terms for each particle class quickly

becomes prohibitive in computer costs (Pope, 1981). Alternative methods using

Monte Carlo techniques to solve the transport equation for the joint probabil-

ity density function (pdf) for particle concentrations has proved effective for

reacting constituents in a turbulent fluid (Pope, 1979; 1981). Mercier (1985)

applied Pope’s methods to modeling the transport and dispersion of sewage

sludge from an outfall including coagulation of the particles and settling,
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It is not the purpose of this section to present the theory and solution

methods for the pdf transport equation, but rather to indicate that

conventional finite difference or element methods are impractical if the

reactions (coagulation) between different particle size classes and different

particle-types are to be treated in a reasonable manner. The details of the

pdf transport equation, coagulation formulations, and the Monte Carlo solution

method, which should be readily adaptable to the oil-SPM problem, are given by

Mercier (1985). However, brief descriptions of the concepts behind the sto-

chastic pdf transport model and the mechanisms that promote coagulation in a

turbulent fluid, are presented in the following paragraphs.

The control volume of a finite difference transport model has horizontal

dimensions of the order of a few kilometers and depth of a few meters. The

turbulence length scale which is the Kolmogorov length scale, ~(approximately

1 mm to 1 cm) defines the smallest volume element that is completely mixed.

The joint pdf for a particular control volume is represented by an ensemble of

N elements, each of which “contains” separate representative concentrations of

each constituent. Elements can be considered as approximately equal-sized,

completely mixed, lumps

given by the turbulence

ensemble of elements so as

pdf which is governed by

of fluid, with characteristic length and time scales

scales. The Monte Carlo method manipulates the

to simulate the corresponding evolution of the joint

the pdf transport equation. Thus, the statistics of

the ensemble are equivalent to the statistics of the pdf. The result is that

the mean concentration of a constituent over N elements is equivalent to the

mean concentration of that constituent in the control volume such as might be

determined by a conventional equation 4-1. Each control volume is spatially

uniform or equivalently homogeneous from a statistical perspective. Therefore,

the element volumes have no relative position within the volume. The element

set represents typical constituent concentrations that one would obtain if N

samples, with volumes of order~3 were taken at random points throughout the

assumed homogeneous control volume.

The Monte Carlo technique simulates the effects of that physical processes

of advection, turbulent mixing and settling have on the ensemble of elements in

each control volume as well as the effects on the ensemble of
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reactions in “composition” space. One of the advantages of this pdf approach

is that the source and sink term, Ri, does not have to be specifically modeled

(i.e. it appears in the equation in closed form Mercier, 1985; Pope 1979;—

1981) . The distribution of particle sizes in natural waters is approximated

by:

g(d) = Ad‘ 4 (2pm< d< 100pm) (4 -3 )

where g(d) is the number of particles per unit fluid volume of diameter d and A

is a constant (Mercier, 1985). Therefore particles at the lowest end of the

size range tend to predominate. The coagulation of particles depends upon

their collision rate. Mechanisms which cause particles to collide are Brownian

motion, fluid shear and differential sedimentation. Collision rates, derived

by assuming rectilinear motion of particles, are modified by fluid shear gener-

ated by the motions and short range attractive van der Waals forces and repul-

sive electrostatic double-layer forces. These are taken into account by colli-

sion efficiency functions which modify the collision rates for the various

mechanisms. Mercier (1985) discusses the formulation for the collision fre-

quencies due to the three mechanisms and solves the equations numerically. He

shows that coagulation by all three mechanisms is dominated by particles of the

smallest size. Thus, larger particles are more likely to collide with smaller

particles than with particles of similar size. The coagulation equations can

be incorporated into the source terms of the pdf transport equation and solved

using Monte Carlo techniques for transport through composition space (i.e.

changes in number density of particle size classes due to coagulation).

This section is very brief introduction to the complexities of modeling

reactive transport of suspended particles. The reader is referred to Mercier’s

Thesis for a more complete and rigorous discussion.

4.4 COMPONENT MODELS OF OIL-SPM TRANSPORT AND FATE

The previous sections have discussed surface and

water column processes affecting the modeling of the

bottom boundary layer and

interaction and transport

of oil and SPM. However, to construct a model of oil-SPM transport, hori-
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zontal spatially varying processes need

sketch in Fi~re 4-2. Thus a coastal

which deep ocean conditions need to be

ification of salinity, temperature and

to be considered as is indicated by the

sea model will have open boundaries for

prescribed. This includes tides, spec-

SPM concentrations at minimum. A fully

three dimensional circulation model is required to

which advects the constituents in the 3-D transport

and winds will move and disperse the oil slick at

include rive r sources of brackish water and SPM,

predict the velocity field

model. Current velocities

the surface. Other inputs

and SPM input from coastal

erosion. Finally the surface wave field including deep water swells as well as

wind seas for input to the bottom boundary layer sediment resuspension model

and the surface wave-breaking mixing model will be required.

The model components of a complete 3-D oil-SPM transport model are

represented by the box diagram in Figure 4-3. The space dimensionality (1, 2

or 3-D) and physical basis of each model component are indicated. Thus , “mass

conservation” indicates that the major equations of this component are derived

from the law of mass conservation (i.e. equation 4-1) and “dynamical” means

that momentum conservation equations (i.e. the prediction of current veloc-

ities) are required. All models and external inputs are assumed to be time

dependent. The arrows indicate the transfers of information between model

components .

It can be seen that the 3-D circulation model is the central component in

that it supplies velocities and mixing coefficients to most of the other

components which in turn supply boundary conditions. There is a requirement

that surface and bottom velocities as well as turbulent coefficients match at

appropriate levels within the boundary layers. Thus, the interactions between

the boundary sub-models and the circulation model are essentially non-linear.

The 3-D circulation model will usually predict salinity and temperature fields

because horizontal density gradients modify wind-forced currents and vertical

density gradients (stratification) suppress the turbulent mixing processes.

Since the surface wave model needs to calculate low frequency (i.e. swell)

waves for the bottom boundary layer model, it

any given coastal circulation model.
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would probably require a wave prediction model that includes the deep water of

the Bering Sea. An example of a parametric wave prediction model is given by

Gunther et al., (1979) and a recent review of wind-wave prediction models is

given by Sobey (1986). If the oil-SPM model is used in a hindcast mode then

wave spectra, preferably directional, could be obtained from offshore wave-

rider buoys and (with assumptions on uniformity) directly input into the

boundary layer models.

As a result of these analyses, it now appears that it may be more appropriate

to use the pdf formulation of the transport equation (solved by Monte Carlo

methods discussed above) for the oil-SPM transport model. This would espe-

cially to be case if the model is to include representative size classes of oil

droplets and SPM as well as different coagulation mechanisms. For this reason

as well as the complexity of the boundary conditions, the Oil-SPM transport

model should probably be a separate model from the circulation model even

though the circulation model provides the 3-D velocity and turbulence fields to

drive this model.

The complete oil-SPM transport model as represented by Figure 4-3 does not

exist and not all components have satisfactory models at present. Even though

the bottom-boundary layer model, described in detail in the next section, is

now well established it has not yet been incorporated into continental shelf

circulation models. The stochastic transport model for reactive particles is a

completely new technique for oceanography. Formulations for surface layer

mixing due to wave breaking and Langmuir circulations are not well established.

Therefore it is recommended that the development of the model proceed in

stages. Possible development scenarios are as follows:

1. Incorporate Grant/Madsen bottom boundary layer model for bottom fric-
tion into 3-D circulation model. Determine effects on wind-driven
flow for storm conditions. Spectra from wave-rider buoys could be
used as input.

2. Attempt application of parametric wind-wave/swell models to areas of
interest. When possible, use hindcast wave conditions for specific
storm events to evaluate modeled wave spectra using wave-rider data.
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3. Develop stochastic oil-SPM reactive transport model based on Mercier
(1985) in simple 1-D form and apply to Kasitsna Bay Laboratory experi-
ments to test the realism of the coagulation formulations.

4 . Formulate, and devise laboratory tests for a model of the generation
of oil droplets (including size distribution) from an oil slick by
wind and breaking waves.

5. Develop projects 3 and 4 along with the bottom boundary layer/sediment
resuspension model for a 1-D (depth) model of the water column under
an oil slick. Horizontal uniformity of depth, current velocity, wave
fields and bottom characteristics would be assumed and motion would be
relative to the oil slick (i.e. the coordinate system would be fixed
in the oil slick.) Surface wave data could be obtained from project 2
or from wave-rider. This model would in effect be a 1-D version of
the complete oil-SPM transport model (Figure 4-3). It would allow the
interactions of the component models to be properly incorporated and
experimented upon, without being prohibitive in computer costs. The
limitations and approximations due to the 1-D assumption should not be
unduly restrictive.

6. Develop 5 into complete 3-D model incorporating the 3-D circulation
model and expanding the stochastic transport model to 3-D. This model
may require extensive super computer resources even for a relatively
small area such as Norton Sound.
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5.0 APPLICATION OF THE GRANT-MADSEN BOUNDARY LAYER MODEL TO A MODEL OF
SUSPENDED PARTICULATE TRANSPORT

5.1 INTRODUCTION

The Grant-Madsen-Glenn boundary layer model provides a method for es-

timating bottom stress in the presence of waves and currents, including treat-

ments of movable bed roughness, initiation of sediment motion, sediment suspen-

sion, and stratification by suspended sediments. The foundation of the work is

the treatment of waves in the presence of a steady current, presented by Grant

and Madsen (1979). The theory divides the near-bottom boundary layer into two

regions: 1) a thin layer, typically two to twenty centimeters thick, in which

the energy of the eddies is controlled by the wave motion, and 2) a broader re-

gion, with a thickness on the order of meters, where the eddy energy is related

only t o the non-oscillatory part of the current. Using this assumption, the

bottom shear stress is calculated, and eddy viscosities are determined for the

two regions. These are used to predict near-bottom velocity profiles under

combined wave and current flows.

Another component of the present model is the movable bed

model of Grant and Madsen (1982). It predicts the physical boundary

roughness

roughness

due to bedforms and moving sediment, which depend on the skin friction shear

stress generated by the flow. The bed roughness model contributes to the esti-

mate of total shear stress by modifying the effective drag coefficient of the

bed.

The

was performed

Grant-Madsen

bed roughness

application of the Grant and Madsen model to sediment transport

by Glenn (1983) and Grant and Glenn (1983a). This model uses the

(1979) wave-current interaction model and the Grant-Madsen (1982)

model, in combination with empirically derived relations for ini-

tiation of sediment motion and semi-empirical models of near-bed suspended sed-

iment concentration, to represent the vertical distribution and transport of

suspended sediment in conditions representative of the continental shelf. The

model includes the damping influence of stable stratification by suspended sed-

iment on turbulence in the boundary layer, with consequent reduction of mean

boundary shear stress under certain conditions. They also developed a full
Ekman layer model under waves and currents. The near-bottom model is currently
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being applied explicitly to sediment transport problems by a student of Grant

and Madsen, Margaret Goud. She has added a bedload transport estimate and an

estimate of load and transport in the outer Ekman layer, and has investigated

the uncertainties in sediment load and transport predictions based on the as-

sumptions in the model.

The fundamental advance by Grant and Madsen was the treatment of waves

as they affect boundary layer flow, which is critical for prediction of sedi-

ment transport on the continental shelf. The Grant-Madsen-Glenn sediment

transport model (hereafter referred to as GMG) combines this representation of

wave-current interaction with a combined theoretical and empirical represent-

ation of the sediment dynamics to yield a relatively simple but powerful pre-

dictive model of sediment transport. However, it should be emphasized that the

GMG model is only applicable where the effects of breaking waves (e.g., the

surf zone) do not penetrate to the bottom boundary layer. The GMG model would

have to be modified to be useful when water depths are less than approximately

3-4 wave heights (i.e., the depth at which breaking waves “penetrate” to the

bottom).

The following discussion will provide a brief synopsis of the elements

of the Grant-Madsen-Glenn model, with emphasis on the application of the model

as the boundary condition to a circulation-transport model. The discussion is

by no means comprehensive, and the reader is referred to the three technical

reports prepared by Grant and Glenn (1983a, 1983b,1983c) for a complete treat-

ment of the derivation of the theory, discussion of the assumptions and uncer-

tainties, and the solution procedure, including Fortran code.

In Section 5.2, the relevant fluid and sediment dynamics will be dis-

cussed, followed in Section 5.3 by a flow chart of the model, with examples of

results. Section 5.4 will be a discussion of the model’s uses and limitations

as an element of a numerical model of continental shelf sediment transport.

5.2 MODEL ELEMENTS

5.2.1 Boundary Layer Hydrodynamics
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The bottom boundary layer is the region of the flow that is signifi-

cantly influenced by bottom stress, which may be limited to a small fraction of

the water column, depending on the water depth, the strength of the flow, and

the time scales of motion. A boundary layer can be described most effectively

by a length scale, 6 which represents the height of the boundary layer, and a

velocity scale, u*. The so-called friction velocity u* is defined by:

‘* “
+, v2

where

mentum

where

which

‘o is the bottom stress and p is the fluid density. By scaling the mo-

equation, it can be shown that

‘ *
d= 0(;)

O means “on the order of” and u is the dominant frequency of motion,

may be the orbital frequency of waves, the tidal frequency, or the

Coriolis frequency, f, depending on the flow.

Because surface gravity waves have frequencies far higher than tides

or geostrophic currents, the boundary layers associated with them are orders of

magnitude thinner. In environments where there are significant currents as

well as surface waves, it is convenient to divide the boundary layer into two

regions, a narrow region that is strongly influenced by the waves and relative-

ly weakly by the current, and a broad region that is influenced only by the

current. The length and velocity scales of the “wave-current” boundary layer

are designated 6CW and U*CW and those of the “current” boundary layer are de-

noted 6= and u*C “

The turbulence in the wave boundary layer will thus tend to be more

intense than that in the current boundary layer, principally because of the

strong vertical velocity gradients associtaed  with the small vertical length

scale of the wave boundary layer. Thus the velocity scale U*CW will often be

much larger than U*C. It should be pointed out, however, that U*CW is associ-
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ated with an oscillatory stress, and the mean stress, reflected in the value of

U*C is essentially constant across the wave-current boundary layer.

It has long been recognized that the turbulent flux of momentum can be

represented effectively in the turbulent boundary layers by coefficients of ed-

dy viscosity Vt of the form

‘t
= K U * Z

where % is von Karman’s constant (n = 0.41) and z is the vertical distance from

the bed. This formulation leads to the familiar logarithmic velocity profile

in the vicinity of the bed. The Grant-Madsen (1979) formulation assumes this

form for the eddy viscosity in order to solve for the flow in the wave-current

and current boundary layers. Although the details of the oscillatory boundary

layer flow are not of interest in a model of the low-frequency currents, the

wave motions largely determine the value of u*CW and a solution for the oscil-

latory boundary layer”motion  is required to establish the value of U*CW given

the wave and current parameters. Based on arguments about the nature of turbu-

lence production in boundary layers, Grant and Madsen (1979) define

T r
=IJ+ w,max, 1/ 2

u-*CW ‘P P ‘

where r and r
c w

each of which

are stress components due to the mean and the wave components,

includes the interaction

waves.

The expression for r is obtained
w

locity,  and using the closure relation

terms between the currents and the

by solving for the oscillatory ve-

&T
w = ‘U*CWZ a=

for 7 in terms of uw *CW and the wave parameters. Anto obtain an expression

expression for ~ is obtained by defining a friction factor fcw using a qua-C
dratic drag law:
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‘o - ;Pfcwlulu

where
‘o

is the mean bottom shear stress and u is a representative velocity in

the wave-current boundary layer, time-averaged over the wave period. r. and
L

‘*CW are each written in terms of the mean and wave-induced currents and the

friction factor. These expressions are combined to yield an implicit expres-

sion for f which is then used to solve for u
Cw ‘ *CW and u*C “

The derivation of the solution for the friction factor, and therefore

the shear velocities, is more involved than this discussion warrants; it is de-

tailed in Grant and Madsen (1979). The solutions for the wave velocity and the

friction factor are included in a short appendix to this report. It should be

pointed out here that u*C and u*CW depend on the orbital velocity of the domi-

nant waves, the wave frequency, the mean current velocity in the boundary lay-

er, the relative angle between the waves and currents, and the bottom roughness

(see appendix for formula). The mean velocity in the boundary layer, repre-

sented by the symbol Ua, is used as an iteration parameter, starting from an

initial estimate or guess, with the iterations ending when the velocity at a

reference level z~ above the wave boundary layer matches the value determined

from the model of the overlying flow.

The mean velocity profiles in the wave-current and current boundary

layers are solved by assuming steady flow and constant stress, so that:

au
(Q) =‘t,cw az IU*CIU*C

(% =“t,c az IU*CIU*C

‘o <Z<6CW

6 <Z<zr
Cw

(5-1)

( 5 - 2 )

where

v
t,cw

- /cu*CWZ (5-3)
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‘t, c
-  KU*CZ

and

Ku*&w
6 = 2—
Cw u

The solutions to these

Z>6
Cw

equations are simply:

(5-4)

( 5 - 5 )

(5-6)

u(z) == ~*clnA
‘Oc

where
‘o

is the roughness

2>6
Cw

(5-7)

length, the calculation of which is discussed below,

and zOc is the apparent roughness

‘*C
(1-1~

‘Oc
*J)—= (*)

‘o

length of the outer flow, defined by

(5-8)

which is obtained by matching the solutions at 6CW. Note that the effect of

the wave on the flow above the wave boundary layer is an increase in

ness length Zoc; U*C is greater in the presence of waves because

current “feels” a rougher boundary.

5.2.2 Initiation of Sediment Motion

the rough-

the steady

Sediment motion is initiated when the combined wave and current bound-

ary shear stress felt by the seafloor is greater than the critical shear stress

for moving sediment. The boundary shear stress To defines the effects of tur-

bulence on the flow in the boundary layer; this stress results from the viscous

interaction of the fluid with the solid boundary and from the turbulence gener-

ated due

These two

to pressure gradients introduced by roughness elements on the bottom.

components of the boundary shear stress are referred to as skin fric-
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tion and form drag. The medium sand and smaller grains which are of primary

interest in suspended sediment transport are not set in motion by the pressure

gradients which make up the form drag component. For the purposes of this mod-

el, initial sediment motion is considered to result from the skin friction com-

ponent, denoted by the symbol r’O, whereas turbulent transport of mass and mo-

mentum in the boundary layer is governed by the total boundary shear stress.

A sediment grain responds essentially instantaneously to turbulent

fluctuations. Therefore, critical shear stress for initiation of motion might

be expected to be related to the skin friction component of the maximum bound-

ary shear stress
70CW” In controlled lab settings initiation of motion and

bedload transport in oscillatory flow were found to be quite successfully pre-

dicted using the maximum shear stress (Madsen and Grant, 1976, pp 18-28,

40-45) . In those cases, the bed was flat, so the maximum shear stress was

equal to the skin friction shear stress. In the model, the skin friction com-

ponent of the maximum combined boundary shear stress is used for all initiation

of motion and bedload transport predictions.

A commonly used empirical criterion for

stress for initiation of motion of non-cohesive

meter, which is defined:

*=(5
“ o
- l)pgd

determining the critical shear

sediments is the Shields para-

(5-9)

The numerator represents the force trying to move the particle and the denomi-

nator represents the gravitational force (per unit area) on the particle, which

resists motion (s = psed/pF psed == grain density, g = gravity, and d = grain

diameter). When the critical value of Shields parameter for the grains in the

bed is exceeded by the flow, sediment is put into motion. The critical value

is designated tic.

Critical values for the Shields parameter have been determined

tally in a series of laboratory experiments, beginning with those used

crate the original Shields Diagram (Shields, 1936). That original

empiri-

to gen-

diagram
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plotted @c vs the boundary Reynolds number R* - u*d/v; this was reformulated by

Madsen and Grant (1976) to make the independent variable a function of sediment

and fluid properties only. The modified Shields Diagram plots + vs a non-

dimensional sediment parameter S* where

S* = ~J(s - l)gd (5-lo)

The original flume experiments on which the diagram was based were performed

using only large grain size material, corresponding to grain diameters of medi-

um sand or larger (R* > 1 and Sx > 1). Later investigators did experiments

with grains as d = .0016 cm (medium silt) (White, 1970) and extended the

Shields Diagram from R* = 1.0 to R* = 0.05. These results have been adapted to

the S* formulation; the result is Figure 5-1. This figure shows the initiation

of motion criterion which is used in this model. The initiation of motion cri-

terion can be increased by biological adhesion of sediment grains (Grant, Boyer

and Sanford, 1982) or plastic cohesion, due to the presence of clays in even

small quantities. This is especially true for silt-sized grains, so interpre-

tation of sediment load and transport results must be made with this uncertain-

ty in mind.

5.2.3 Sediment Suspension

Once sediments are dislodged from the seabed,

transport upward by turbulent eddies. As described

these eddies governs the mixing of mass and momentum in

they are available for

above, the strength of

the boundary layer and

is determined by the boundary shear stress, r
o“

Mixing occurs because vertical

eddies are transporting high-concentration fluid up and low-concentration fluid

down, so that there is a net upward flux of sediment based on the concentration

gradient. This flux is balanced by the tendency of the sediment to fall out of

suspension due to gravitational force.

The tendency of the sediment to fall is measured

velocity Wf and is determined to first order by balancing

by the particle fall

the submerged parti-

cle weight with the fluid drag on the particle. For grains smaller than fine
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Madsen aud Grant, 1976)
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sand (diameter of 0.012 cm), Stokes drag law holds and the fall velocity is

given by:

‘f
- ;S*

[(S -l)gd]l/2
(5-11)

the particle. The fall velocity of a particle in the field, however, can be

affected by flocculation or biological aggregation.

The distribution of sediment in the water column is governed by the

conservation of mass equation for sediment:

ac
E-

~)+~
‘f ‘az

<c’w”> = o (5-12)

where C is volumetric sediment concentration
n

and <C’nw’> represents the

Reynolds averaged turbulent fluctuation of sediment. Analogous to the eddy

viscosity representation for turbulent stress, turbulent mixing of sediment

can likewise be modeled using an eddy diffusivity, so that

<c’w’> - (%‘ts az (5-13)

Experimental evidence indicates that the eddy diffusivity and viscosity have

similar forms in boundary layer, and Vts can be written as

(5-14)

where 7 is an empirical parameter, assumed to be 0.74, based on Businger and

Arya (1974). The GMG model assumes steady state conditions, with a balance be-

tween upward turbulent diffusion and fall velocity, thus Equation 5-12 simpli-

fies to

(5-15)
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which is satisfied by

vf
-—

c(z) = co(:) ‘U*CW
o

Wf
z -—

c ( z )  = C$cw(p ‘U*C
Cw

where
co ‘s

a reference sediment

the concentration at the top of

from Equation 5-16.

Note that the GMG model

‘o <Z<6CW

z > 6CW

(5-16)

(5-17)

concentration, discussed below, and C$cw is

the wave-current boundary layer, determined

assumes zero net vertical flux of sediment,

since the fall velocity exactly balances the turbulent flux. This constraint

is not valid for application of the GMG model as a boundary condition to a

time-dependent transport model, and a slight modification is required to gener-

alize the model to conditions of non-zero vertical flux. This is discussed in

Section 5.4.

5.2.4 Reference Sediment Concentration

The reference concentration Co is calculated using the form suggested

by Smith and McLean(1977):

co =

‘here Cbed ‘s
concentration

‘YOs

Cbed(l + YOS)
(5-18)

the bed concentration of the grain. -yO is an empirical reference
-3

parameter of order 10 . S is the normalized excess skin friction

s= “o-rc=~
7
c #c

The primes refer to the

stress. The skin friction

skin friction component of the total boundary shear

component is determined by calculating the combined
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wave/current friction factor fCW using the dominant grain size as the bottom

roughness scale rather than the physical boundary roughness which includes the

effect of ripples and sediment in motion. To handle the presence of waves in

this model, the instantaneous normalized excess shear stress is used to calcu-

late instantaneous reference concentrations which are then averaged over a wave

period to find the mean reference concentration.

The reference concentration is directly dependent on the critical

shear stress, as determined by the Shields parameter. However, the Shields pa-

rameter is an empirical value based on laboratory flume experiments on single

grain-size sands. Mixed grain sizes and biological binding or mixing, as found

in field situations, may affect the critical shear stress.

5.2.5 Suspended Sediment Stratification Effects

The

fication in

lence and a

vertical gradient of suspended sediment results in stable strati-

the boundary layer, which causes a partial suppression of turbu-

reduction in the eddy viscosity and diffusivity. The GMG model

uses the form developed by Businger and Arya (1974) for stable stratification

in the atmospheric boundary layer, in which turbulence was related to the

Monin-Obukov lenth, which in the case of suspended sediment can be approximat-

ed:

[U*13
L = Kg(s - l)wfc(z)

where s is the specific gravity of

represents the total concentration

The sediment concentration

file through modification of the eddy

effect of stratification on turbulent

/cu*z
u=
t 1+/3:

the suspended sediment and the

for all grain sizes considered

profile is coupled with the

(5-19)

concentration

velocity pro-

viscosity and diffusivity to reflect the

energy:

(5 -20 )
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KU*Z

‘ts =
(5-21)

7+/9:

where f? is an empirical stratification parameter, assumed to be 4.7 (Businger

and Arya, 1974) . The Monin-Obukov length L becomes smaller as the suspended

sediment stratification increases, which causes a reduction in the viscosity

and diffusivity. The dependence of the eddy coefficients on stratification

c a u s e s the vertical profiles of velocity and suspended sediement to vary with

increasing stratification. The solution for velocity and suspended sediment

must therefore be approached iteratively, with corrected values of v t
and v

t s
coming from extimates of the concentration distribution C(z).

The solutions for the velocity and suspended sediment profiles, with

the inclusion of the stratification correction are as follows:

/

z

u(z) = ~*c[ln”A + ~dz ]
‘Oc 6CW

z > 6CW (5 -22 )

7wf
.6JJf

/

z-—

c ( z )  = C6CW(:)  ‘U*C exp - {— ~dz ) 2>6
Cw KU*C ~ Cw

Cw

(5 -23 )

The effects of stratification are shown in the second term on the right hand

side of Equation 5-22 and in the exponential term in Equation 5-23. Because

the high energy of the eddies in the wave boundary layer is expected to keep

that region well mixed, the stratification correction is not included in the

calculation of the velocity below 6CW. The velocity and concentration profiles

inside the wave boundary layer are therefore given by the neutral solutions,

Equations 5-6 and 5-16.

5.2.6 Bedload and Suspended Sediment Transport

Transport of sediment in the near-bottom layer is calculated by numer-

ically integrating the product of the predicted concentration and velocity pro-

files:

5-13



/

z
q= C u d
s , Sus

‘o
(5 -24 )

For sediment larger than medium-coarse silt, most transport is expected to be

confined to the near-bottom layer.

Bedload is not expected to be a significant portion of the total load

i n the wave-dominated shelf flows over beds of sand and silt on which this

Study focuses. It is estimated using a semi-empirical bedload formula as out-

lined in the following paragraphs; this estimate is sufficiently accurate for

the purposes of this model. Since the bedload is assumed to travel in the di-

rection of the wave-current shear stress, however, and the suspended load di-

rection is controlled by the current, the bedload could be a major contributor

for some size classes in the direction of the wave.

The bedload is

mulation, an empirical

ments :

calculated using the Meyer-Peter and

formula based on an extensive set of

‘s,bed
= 8[~(s -l)gd](~’-@c)3/2

Muller (1948) for-

laboratory experi-

(5-25)

where the Shields parameter is calculated using the skin friction value of the

shear stress. We want to apply this equation, which was formulated for steady,

unidirectional flow, to the combined wave/current flow. For this, we assume,

as we do for the reference concentration calculation, that the response time

for the sediment is small relative to the unsteady time scale (as demonstrated

in Madsen and Grant, 1976) and that the maximum shear stress in each direction

dominates the boundary shear stress. This estimate will be larger than the

actual bedload, but will provide a reasonable scale for comparison with the

suspended load to see if the bedload is significant.

Since we assume that the maximum boundary shear stress in the direc-

tion of the current is equal to the sum of the wave shear stress and current

shear stress, we likewise assume that the maximum boundary shear stress in the
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opposite direction (r CW neg) can be calculated by subtracting the current shear

stress from the wave ~hear stress (r - r
cw,neg w,max - r=). (Codirectionality

has again been assumed for ease of discussion.) If we assume that the maximum

shear stress in each direction occurs for 1/2 the wave period, we overestimate

the bedload transport in each direction; however, to ‘time average’ the trans-

port we subtract the value in the negative direction from that in the positive

direction, canceling most of the error. To calculate total bedload transport,

we determine for each grain size class n the following:

‘s,bed,n
- ?bC n)3/2)= 8[dn~(s -l)gdn]((ti’  - tic n)3’2 - (til , (5-26)

9

where +: is the Shields parameter in the negative direction, based on r Cw- “

5 . 2 . 7 Bottom Roughness

The calculation of the velocity profile inside the wave boundary layer (Equa-

tion 5-6), depends explicitly on the physical bottom roughness length ZO. This

length is also necessary for the calculation of the friction factor f onCw
which the calculation of the shear velocities depends. Its value is therefore

of fundamental importance.

A model for movable bed roughness under a combined wave and current

flow was developed by Grant and Madsen (1982), and that work will be described

briefly here. Their model is used in GMG.

The physical roughness felt by the near-bottom flow is the sum of the

three components: 1) the roughness due to the individual grain diameters in

the bed (skin friction); 2) the roughness due to ripples and mounds on the sea-

floor (form drag); and 3) a roughness associated with dissipation due to sedi-

ment in motion in the near-bed layer. The effect of these elements will be pa-

rameterized in terms of a Nikuradse equivalent sand grain roughness, As used

here, the roughness height is expressed in terms of the three elements listed

above so that the total roughness height is:

~ =  ~,gr +  ~,rip +  ~,s.t.
5-(27)
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where the three terms on the right hand side represent the roughness

grains, ripples, and sediment transport, respectively.

The grain roughness, ~,gr is represented by the grain diameter

due to

d. For

a flat bed, the grain roughne~s is the only roughness element, and the skin

friction is the total roughness. In most continental shelf situations, how-

eve r, there are either hydrodynamically or biologically generated roughness

elements at least an order of magnitude greater than the grain size, so that

this element can be neglected. It should be noted, however, that the sand

grain size is the appropriate roughness length for the skin friction component

of the total boundary shear stress, on which initiation of motion and bedload

calculations

The

of eddies in

depend.

form drag component of shear stress is generated by the formation

the wake of the roughness element and the reattachment of the flow

between elements. The”roughness is dependent on the shape and distribution of

the elements. Grant and Madsen (1982) derive an expression for roughness asso-

ciated with a two-dimensional wave-generated ripple with height equal approxi-

mately to its length:

(5-28)

where q and A are ripple height and length.

The dimensions of the ripple are best determined from direct observa-

tion of the seafloor in the region in question. When this is impossible, or

when the roughness is in transition, empirical bedform formulas can be used.

The model used in this work, since the cases of interest are wave-dominated, is

a mode 1 of wave-generated ripples discussed in Grant and Madsen (1982). For

boundary shear stress only slightly greater than that needed to initiate mo-

tion, Grant and Madsen found that ripples change only slightly with changing

shear stress, in what they refer to as ‘equilibrium range’. At higher shear

stresses, ripples grow smaller rapidly as they are washed out. The shear

stress where this process begins is designated by a breakoff Shields parameter:
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(5-29)

where S* is a non-dimensional grain diameter (Equation 5-10) and ~ is the
c

critical Shields parameter for initiation of motion. The empirical relation-

ships for ripple geometry under waves given by Grant and Madsen are:

0.2+-0”16
t= c

!2=
A

01+-0”04
cand

k = 0.48S~”8($j-1”5
c

These values are used in Equation 5-28 to calculate ripple roughness in the

model.

The roughness associated with sediment transport is based on arguments

advanced by Owen (1964) that the wake structure around sediment grains in the

near-bed transport layer cause the flow to feel a roughness proportional to the

thickness of the layer. This concept was applied by Smith and McLean (1977) to

steady flow in the Columbia River and by Grant and Madsen (1982) to oscillatory

flow . Grant and Madsen derive an expression for the layer thickness by balanc-

ing the initial kinetic energy of a particle put into motion with the potential

energy at its highest elevation. The roughness length they derive, using data

from Carstens, et al, 1969) is expressed:

kbs t = 11.1(s + Cm)d$c[(f)1/2-
. .

c
where C = 0.5 is the coefficient of added

m

The roughness length Z. in fully

(5-30)0 . 7 ]2

mass of a sphere.

turbulent flows as considered in the

model is equal to k / 3 0 . The expression used for the roughness length is
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therefore given:

- (n ‘) +  5 . 3 ( s  +  Cm )d#@#’2- 0.7]2+~‘o rip~
rip

(5-31)

The three terms on the right hand side represent, respectively, ripple rough-

ness (Zo,rip), sediment transport roughness (z. s ~ ), and grain size rough-
?..

ness.

5.3 RUNNING THE GMG MODEL

The interconnections of these disparate elements, and the generation

of the results, might be better understood by using a step-by-step examination

of how the boundary layer model works. The computational procedure, as

discussed in the preceding sections and applied here, is traced in Figure 5-2.

Each line in the flow chart is labelled, and those labels are referred to in

this discussion.

There are three inputs (Line 1) to the model at each point: (1) cur-

rent velocity (ur) at some height within the current boundary layer and above

the wave boundary layer, (2) wave climate, consisting of maximum wave bottom

velocity (~) and wave excursion amplitude (~) (or, equivalently, wave height

(H) and period (T) and water depth (h)), and (3) sediment size (d), density and

texture. (For simplicity, co-directional wave and current and a single grain

size bed are assumed in this discussion.) The example presented is a moderate

storm wave, with a 26 cm/sec current measured one meter above the bottom, which

is composed of coarse silt. The model input parameters are as follows:

~: 40~ ~: 96cm.

H : 2.6 meter T : 15 seconds

h : 50 meters

ur: 26 ~ z : 1.0 meter
r

d : 0.006 CU1. Ps 2.655
cm
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Figure 5-2. Flow chart tracing computational procedure for boundary layer model. LabeIs
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The first step in the model is to make a guess at the current contri-

bution to boundary shear stress on the bottom (Line 2a). This is represented

as ua/“b’
where u represents

a
the mean velocity at some unspecified height

within the wave boundary layer. The model makes an initial guess that ua/~ =

ur/~ .

This shear stress estimate is used with the grain roughness (d) in the

equation for the friction factor (found in Section 5.5) to calculate the skin

friction component of the friction factor (few sf; Line 2b). That friction9
factor is necessary to test for initiation of sediment motion. It is used to

calculate the skin friction component of the maximum bottom shear stress 7 ‘o
and, from that, the Shields parameter for the flow (Equation 5-9). If the

Shields parameter is less than the critical value for the sediment on the sea-

floor, no sediment moves (Lines 2C - 2e). In that case, the skin friction

shear stress is the same as the total shear stress. If sediment is moving,

however, and no bed roughness was specified as input, the boundary roughness

due to ripples and sediment transport is calculated according to Equation 5-31,

and that roughness is used in the friction factor equation to calculate the to-

tal friction factor f (Line 2f). The total fcwCw
is used to calculate the mean

and maximum shear velocities (see Section 5.5). From these, the first guess at

the predicted reference velocity is calculated using Equations 5-6 and 5-7

(Line 2h). If the predicted velocity is not acceptably close to the given ref-

erence velocity (as it will certainly not be on the initial try), the model

chooses another value of Ua/~, and proceeds again through the steps just de-

scribed. If the predicted value was too low, the value of ua/~ is multiplied

by a factor of 2.05; if too low, the parameter is halved. Iterations continue

until the predicted and given currents match. At that point,the neutral veloc-

ity profile is calculated using Equations 5-6 and 5-7 (Line 2j).

If sediment was put in motion, the sediment concentration profile is

calculated, first without including stratification corrections to either veloc-

ity or concentration profiles. The particle fall velocity is determined and the

sediment reference concentration is determined from Equation 5-18. These are

used in Equations 5-16 and 5-17 (neglecting the

to calculate the sediment concentration profile

5-20
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Finally, the velocity and concentration profiles are integrated to de-

termine the neutral load and transport predictions. The estimated bedload is

calculated using Equation 5-26.

The neutral results for the wave case described above are shown in Ta-

ble 5-1. Note that the value of Ua drops by a factor of three from the first

guess. Most of the roughness is generated by ripples (compare z
O,rip ‘s”

‘O,s.t?’
and the additional roughness increases the friction factor signifi-

cantly (compare fcw sf vs. few). The wave-current shear velocity is more than

twice the current ~hear velocity. The predicted bedload transport is insigni-

ficant compared with the suspended transport. The predicted neutral velocity

and concentration profiles are shown in Figures 5-3 (a) and (b).

The stratified calculation begins, as does the neutral one, with a

guess o f u /
a h“

Initially, the value which produced the neutral case solution

is used. This results in a prediction of reference velocity which is higher

than the given reference velocity, since stratification increases velocities

above the wave boundary layer. The same steps as for the neutral case are fol-

lowed through calculation of the shear velocities at Line 3f. At this stage,

the calculation of the stratification-corrected concentration profile begins.

First, the concentration profile without the stratification correction

is calculated, as for the neutral case. That profile is used to determine

Monin-Obukov Length (Equation 5-19), which is substituted into Equation 5-23 to

get a revised estimate of the concentration profile (lines 3g and 3h). This

provides a revised estimate of the integrated Monin-Obukov Length (Lines

3i-3j). If the difference between the old and new integrated M-O Length values

is greater than the allowable error, the new value is used to calculate another

revised concentration profile. These iterations (Lines 3i-3k) continue until

the integrated M-O Length values converge.

Once the concentration profile is determined for this ua/~ value, the
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1

Neutral results for sample run

% .203 fclwi 4.745 x 10-s

i 0.5657 +. 0.1226

a 8.837 X lo-scrn Z),np 6.226 X 10-Z  Cm

*,e 1.432 Cm *,*.t. 2.591 X 10-2crn

fcm 2.907 X 1 0-2

U.e 2.46 cm/sec u.- 5.802 cm/sec

&w 11.13 cm &
6

16.41 m

sup. load .6294 ~

su9p. t ran  22.65cms/cm/aec bedload  .0663cms/cm/8ec

Table 5-1. 3ome rwults for neutral, near-bottom model run for a moderate storm wave on the

continental shelf, as described in text. Lgad and transport are calculated for near-bottom

layer, daignated  z < ~
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104
10’

~ 102

: 10

ZJ
m.-
+ 10-’

10-2

1 O-s

104
10’

~ 102

: 10

=1
a.-
$’ 10-’

10-2

10-3

Mod.storm  wave,silt 13–apr–.8’7
Neutrat  V e l o c i t y  P r o f i l e

+ +t

o 25 50 75
Velocity U (cm/s)

Neutral Concentration
I , ,

1 O-s 10-’ 10-3 10-2 10-’
C o n c e n t r a t i o n

Stratified Velocity Profile

t,, ,,1, ,,, l,,,,}

o 25 50 75
Velocity U (cm/s)

Stratified Concentration

+ t

10-5 10-’ 10-3 10-2 10-’
Concentration

Figure 5-3. Predicted neutral and etratihd  velocity and concentration proiilee  to a height

z = $ for a moderate storm wave with a reference current of 26 cm/sec
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new reference velocity prediction including stratification effects can be cal-

culated using Equation 5-22. As in the neutral case, if the predicted and giv-

en values are outside acceptable error limits, iterations of Lines 3a-3m begin

again with a revised ua/~ value. Once the velocity values converge, the final

stratified velocity and concentration profiles and the transport and load pre-

dictions are calculated.

The stratified results for the wave case described above are shown in

Table 5-2 and Figures 5-3 (c) and (d). Compare these with the neutral case

results shown in Table 5-1 and Figure 5-3 (a) and (b). The sharp drop in con-

centration and increase in velocity above the wave boundary layer can be seen

by comparing the neutral and stratified profiles in Figure 5-3.

The largest changes from the neutral case result from the reduced cur-

rent shear velocity: U*C is approximately one-half the neutral value. For this

reason, 6c/6 drops to 9.4 m in the stratified case from 16.4 m, and the sus-

pended load and transport drop by an order of magnitude or more.

Parameters which reflect only wave boundary layer conditions change

much less: The wave-current shear velocity U*CW and wave boundary layer height

6 are essentially the same; the roughness prediction rises slightly in the
Cw
stratified case because the ripples are left intact by the smaller current

shear stress; the sediment transport roughness drops somewhat. Bedload trans-

port drops by only 25%, but is still insignificant compared with suspended

transport.

5 . 4 APPLICATION TO A SUSPENDED PARTICULATE FLUX MODEL

While the GMG model solves for steady-state distribution of velocity

and suspended sediment, it can be applied to time-dependent problems if the

vertical scale of the boundary layer is small enough that the vertical flux di-

vergence terms are much larger than the time-dependence of the currents and

suspended sediments within the boundary layer. This condition is satisfied if

the GMG model extends over a small fraction of the total boundary layer height,
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Stratified results for sample  run

fcv,d 4.861 X 10-$ ~ .0539

w. 0.4448 +. 0.1226

* 1.31? x m-lcm %,?ip 1.135 x 10-1 cm

4),8 3.646 Cm a,s.t. 1.7937 x 10-2cm

f- 3.659 X 10-Z

U*e 1.4 Ukrr@c U*CU 5.702 cm/sec

6= 10.95 cm + 9.45 m

Susp. load 0.0373 *

susp.  tran 0.7430 cms/cmjsec bedload  .0482cms/cm/sec

Predicted u,, with & = 0.203: 39.0 cm/sec

Table 5-2. Some results for strat&d near-bottom model run for a moderate storm wave,

strong current, and a eilt bed on the continental shelf. LA and transport are calculated

for near-bottom layer, dtignated  z < ~. Predicted velocity on bottom line is the result

for the & currmt shear strae
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for instance:

‘J*C
Zr < 0.1 ~

For practical application, Zr can be as little as a few meters, thus

the errors due to neglecting time-dependence in the boundary layer.

minimizing

The GMG model can provide an estimate of the bottom stress and the

near-bed suspended load, based on the input of the directional wave data, sedi-

ment size and texture in the bed, and the velocity at the matching level. From

the standpoint of a circulation model, it can be thought of as a black box mod-

el of the effective bottom drag coefficient. However, in order for the model

to be used for prediction of vertical flux of suspended sediment into the do-

main of the overlying model, a minor modification must be made of the equation

for suspended sediment distribution.

The modification is made

is zero vertical flux of sediment,

ing on the concentration at the

as follows: Rather than assuming that there

the vertical flux is allowed to vary depend-

matching level zr between the boundary layer

mode 1 and the outer flow model. At that level, the concentration of suspended

sediment is specified, based on conditions in the overlying model, which in

turn is subject to the vertical flux condition of the GMG boundary layer model.

Considering for simplicity a simple current boundary layer without stratifica-

tion, the solution for a steady-state sediment distribution is

7wf

c(z) = c1 + C2 (;)- ~
o

where Cl and C2 are constants. When the vertical flux is zero, Cl is zero and

the solution is the same as in GMG. For application to a suspended particulate

flux model, Cl is not zero, but rather it is adjusted to satisfy the condition

at the top of

The

2=2
o“

This

the boundary layer.

bottom boundary condition will remain the same, so that C = Co at

gives
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Vf
-—

c(z) = cl+ (co- Cl)(:) KU*C
o

Satisfying the boundary condition that c- Cr at z - Zr, where Cr is specified

by the overlying model, gives

Wf
-—

Cr -  co(:) KU*C
o

c1 - WC

Generalizing the result to the case of a wave-current boundary layer and a cur-

rent boundary layer, we have to match the solutions at $ obtaining
Cw ‘

Cr -
cOUs”r

c 1 = 1 - Usur

where

Wf
-—

0 .
s (:) ‘“*CW

and

Ywf
-— Pwf

D (:) ‘“*c exp . — ‘1.
r ~dz

Cw “$U*C ~
Cw

This solution will have to be iterated several times, since the stratification

correction will change, depending on the value of Cl. The Monin-Obukov length L

will not depend on the total concentration, but only on the z-dependent part,

so

L=
IU*13

Kg(s - l)wf(c(z)  -cl)
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The vertical

simply equal

negative, the

With

flux of sediment

‘ 0 -Clwf”
If Cl

flux is upward.

is constant across the boundary layer, and it is

is positive, the flux is downward, and if Cl is

this modification of the GMG model, the suspended sediment flux

as well as the stress are determined at the top of the boundary layer, based on

matching the velocity and the concentration at z Suspended sediment of mul-
r“

tiple size classes or a single size class can be considered with equal facili-

ty, depending on the needs of the model.

5.4.1 Interfacing With a Wave Prediction Model

The GMG model requires the orbital velocity and frequency of wave mo-

tion near the bottom. This may not be the spectral peak, because shorter waves

will be attenuated with depth according to the short wave particle excursion

relation:

(5 -32 )

where H = trough-to-crest wave height, k is wave number and h is water depth.

It is a straightforward matter to integrate a model-derived wave spectrum to

determine the peak near-bottom oscillatory current as a function of sea state.

5 . 4 . 2 Problems

The single most difficult problem with the GMG model is the estimation

of near-bottom sediment concentration C
o“

This quantity has only been arrived

at empirically; there is no theoretical basis for its estimation. The problem

is far worse in the case of cohesive sediments than non-cohesive sediments,

since the threshold for resuspension is not well known, and resuspension is

strongly dependent on biological processes. For particles finer than sandy

silt, the properties of suspended sediment become very difficult to quantify.

Another problem area is the question of stratification-induced stabil-
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i t y . While the concept is well-documented for thermal stratification in atmo-

spheric boundary layers, there is still some uncertainty in application to

suspended sediment. The matching zone between the wave-current and current

boundary layers appears to be particularly sensitive to stratification effects,

and more research is required to ascertain the proper means of representing the

stabilizing influence of stratification.

As a final difficulty, it should be noted that the GMG model is not

readily compatible with the open ocean oil weathering code. Therefore, ele-

ments of the GMG model are unlikely to be incorporated into the oil weathering

code at this time.

5.5 APPENDIX: FRICTION FACTOR, SHEAR STRESS AND SHEAR VELOCITY SOLUTIONS

The characteristic boundary shear stresses and shear velocities are

calculated from the instantaneous boundary shear stress. The instantaneous

boundary shear stress is defined in GMG using a quadratic drag law:

‘o = @w(u2 + V*)[
~u2 +:2)1/2’ (U2 +vv2)l/21

(5-33)

where u, v are the x, y components of a combined wave and current reference

locity close to the bottom (though we are, for the moment, assuming that

wave and near-bottom current are collinear in the x-direction). fcw is

ve -

the

the

combined wave and current friction factor. The characteristic shear stress in

the wave boundary layer (~Ocw - p U2* CW is defined as the maximum value of

Equation 5-33. For the current boundary layer, roc (= p U2*C) is calculated by

time averaging equation 5-33. The solutions for the shear velocities are:

u*CW = [; fcwa(%2,] 1/*%
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‘*C = [+fwv2(~) ] 1’2~ (5-35)

where # is the angle between the wave and current directions, a and V2 are

functions of the maximum and time-averaged velocities, respectively, in the

wave-current boundary layer. Ua is a representation of the velocity of the

mean flow in the wave boundary layer, so ua/~ is a representation of the rela-

t ive strength of the mean versus the maximum oscillatory flow in the wave

boundary layer. The value of f~w is determined using these definitions and the

wave velocity profile. The value of f is calculated implicitly with the
Cw ‘

equation:

where a and V
2

are functions

boundary layer, respectively.

wave, defined:

%?
.—

of the maximum and

~ is the bottom

mean velocities in the wave

excursion amplitude for the

(5-37)

and K is derived from the equation for the wave velocity, defined below, and is

defined:

K -
1 1

2C0
1’ 2 (ker22~o

1’ 2 + kei22~o
1/2)1/2

The solution for the wave momentum equation inside the wave boundary layer is

not explicitly of interest for

the calculation of the boundary

the present problem, though it is necessary for

shear stress. The solution is:

In& + 1.154 + L;

u = ~[1 +
L Wt

w
1’2+ kei2<o

l/2n e 1
ker2fo

(5-38)
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where < - X/6cw and &O = XO/6cw. Ker and kei are Bessel Functions: tabulated

solutions to a particular form of differential equation. The derivation and

background for the wave velocity profile and friction factor equation are cov-

ered in some detail in Grant and Madsen, 1979.
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6.0 EXECUTIVE SUMMARY

The objective of this study was to characterize the nature of oil/sus-

pended particulate material (SPM) interactions such that predictive mathemati-

cal formulations could be derived and (ultimately) incorporated into an open-

ocean oil spill trajectory and circulation model. Dispersed oil droplet/

suspended particulate material (SPM) interactions provide a potential mechanism

for transport of spilled oil to benthic marine environments. Section 1 of this

report contains a detailed review of previous field and laboratory studies and

our knowledge of the mechanisms involved (including uncertainties on oil drop-

let dispersion, turbulence requirements, sediment flux, and oil/SPM interaction

kinetics).

Oil and SPM interactions occur through two primary mechanisms: 1) oil

droplets colliding with suspended particulate material and 2) molecular sorp-

tion of dissolved species. Chromatographic profiles presented in Section 1

(Figure l-l) illustra~ the selective partitioning of intermediate and higher

molecular weight aliphatic  (Fig. 1-1A) and polynuclear aromatic (Fig. 1-ID) hy-

drocarbons onto suspended particulate material. The chromatograms also demon-

strate the concomitant selective lower molecular weight (one ring) aromatic hy-

drocarbon dissolution (Fig. 1-lG) into the water column.

The parameters and/or conditions that might influence the rate of “re-

action” between dispersed oil droplets and SPM are numerous and include: con-

centrations of dispersed oil and SPM, size distributions of the oil droplets

and SPM, composition of the oil and SPM, the extent of previous weathering and

dissolution of individual components from the dispersed oil droplets, and the

turbulence required for mixing. Data from field and laboratory studies suggest

that SPM sorption of truly dissolved components is not important to the overall

mass balance of oil from a spill; however, such adsorption may be important for

biological considerations.

As initially envisioned, this program was initiated to examine the

rate of oil/SPM interactions for the purpose of developing a mathematical model

to predict the potential for sedimentation of components of spilled crude oil
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and refined petroleum products. The development of a model for this interac-

tion was intended as an “add on” calculation (or sub-routine) to a general cir-

culation model that addresses both vertical and horizontal transport. All cir-

culation models are essentially solutions to momentum transport equations, and

sediment transport depends on ocean circulation for modeling purposes.

An appropriate three dimensional mass balance equation for the concen-

tration of a given species i yields the following partial differential.

aci

T Gc.)==+ ~(vxc~) + 
*(vyci)  + az( z I

(6 -1 )

This equation allows for calculation of a mass balance that yields the

concentration of species i when integrated over time and space. This equation

appears in numerous branches of science and engineering when mass balance con-

siderations are encountered. In the equation, the left-hand side, with the ex-

ception of aCi/at, represents advection through

that is fixed in space. The right-hand side,

scribes horizontal and vertical dispersion. This

a differential volume element

with the exception of Ri, de-

partial differential equation

is the basis for discussing and describing oil and suspended particulate mate-

rial interactions in the water column. All of the “interaction” information is

contained in the reaction term R.. This reaction term can be either a removal
1

(output) or source (input) term for the species i. Thus, for oil/SPM interac-

tions, it is necessary to describe what species are going to be identified and

kept track of. It is not possible to quantify every single species in the sys-

tem; there are simply too many, Instead, experience seems to indicate that

simplifying assumptions can be made.

When these equations are applied with specific boundary conditions

(e.g., bottom topography, shoreline, and weather), a specific 3-D circulation
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model is obtained. These models are “huge” because the large number of equa-

tions and the form of the boundary conditions make it impossible to “simplify”

the mathematics. In essence, every differential element of the model affects

eve ry other differential element. Integrating an existing circulation model

with the inputs of oil at the air-sea interface and sediment from the bottom

and shoreline (including rivers) will yield a description of oil and SPM trans-

port and the interaction of these two additional “species”. These species will

not affect general circulation in any way because their presence does not sig-

nificantly affect momentum transport. Thus, the fate of oil and SPM depends on

circulation (and weather), but circulation does not depend on oil and SPM. The

defining equations for oil and SPM are thus decoupled and essentially “ride

along” as the momentum equations are solved.

The reaction for oil droplets in the water column describes the rate

of collision and sticking of an oil droplet with a suspended particulate (i.e.,

a loss of a “free” oil droplet) and the settling (or rising) of an oil droplet.

The reaction term Ri for” oil droplets can then be described by

R = K C C
Op Op Op p

where K C C is the rate of collision and sticking of an oil
Op Op p

suspended particulate to produce an oil-particulate agglomerate.

(6 -2 )

droplet and a

The effect of

buoyancy of oil droplets or oil-SPM agglomerates appears in the vertical

velocity term in equation 6-1.

Details of the complete derivation of the mathematics required to gen-

erate the rate equation for oil droplet/SPM interactions are presented in

Sections 1.2 and 1.3. From these derivations the collision frequency for

dilute suspensions of particle (SPM and oil) interactions can be expressed as

R = 1.3 (~)1’2 (ri+rj)3n n
ij

(6 -3 )

when R is the collision frequency, c is the energy dissipation per unit mass

(of fluid) per unit time (cm2/sec3), v is the kinematic viscosity (cm2/see), ri

is the radius of particles i present at a number density of ni, and likewise
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for particles j. This equation describes only the collision frequency. Noth-

ing is implied about the “sticking” of particles. Essentially, the interac-

tions are modeled on a particle/particle basis where number densities for both

species (discrete oil droplets and suspended particulate) are required. That

is, the “concentrations” or number densities of the two reactants are related

to the rate of interaction (collision and sticking) as described in equation

6-3.

Clearly, the above equation cannot be applied directly to oil droplets

and (or) SPM. The obvious problem is that a distribution of particle sizes ex-

ists in any real situation, and the above equation is written for a specific

size class only. Therefore, in order to apply the equation to the measured ki-

netics of oil/SPM interactions it is necessary to assume that oil droplets in a

narrow size range will behave as a mono-sized population, and that SPM in a

narrow size range will likewise behave as a mono-sized population. The ratio-

nale for these assumptions and their impact on the mathematics of model devel-

opment are considered in detail in Section 2. If these assumptions are valid,

then the rate equation can be rewritten as

R = 1.3 (~)1’2 kn.n.
~J

(6-4)

where k now “lumps” the unknown information about the particle sizes.

Experimental application of the oil/SPM kinetic equation can be car-

ried out in any vessel or flow situation where the independent variables can be

controlled. The experimental methods found to work satisfactorily in this pro-

gram utilized well stirred vessels (with no inflow or outflow) with a known

power input through a propeller. By introducing oil droplets of a narrow size

range and SPM of a narrow size range into the stirred vessel and measuring the

free oil droplet counts versus time, it was possible to generate rate constant

data for the oil/SPM interaction. Under the experimental conditions chosen to

comply with the modeling (mathematical) requirements, the concentration of SPM
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remained constant (i.e., its

change of free oil droplets,

d Co
—--kCo
dt

1/2k ~where k = 1.3 (6/v)
a P’

c
in — = - k t

c:

where C: is the initial oil

tal data, which are the

number density did not change). ‘l%us, the rate of

co, could be defined as

(6 -5 )

Integration of equation 6-5 yields

(6 -6 )

droplet concentration at time = O. The experimen-

free oil droplet counts normalized to the initial

count, should fall on a straight line on a semi-log plot versus time if the as-

sumptions are correct.

Sections 2.2 through 2.4 contain results and discussions of experimen-

tal data on the interaction of fresh and weathered Prudhoe Bay crude oil with

representative SPM types. Figure 6-1 is representative of the linear regres-

sion analysis of free oil droplet disappearance for the interaction of fresh

Prudhoe Bay crude oil and Grewingk Glacier till. These data were derived from

photomicroscopic  analysis (i.e., counting) of declines in free oil droplet num-

bers over time (e.g., see Figure 6-2). Concomitantly, the formation of multi-

ple oil/SPM agglomerates and their settling due to density increases could be

documented as a function of time (e.g., see oil-SPM agglomerates in the photo-

graph in Figure 6-3). Using photomicroscopy to obtain rate data on the forma-

tion of oil/SPM agglomerates is a much more difficult task (compared to moni-

toring disappearance of free oil droplets) because of depth of field focusing

problems with the microscope and the complex distributions

oil droplets within the oil/SPM floes or agglomerates.

Much more detailed experimental results with fresh

of SPM and discrete

and weathered Prud-

hoe Bay crude oil and a representative suspended particulate material are pre-

sented in sections 2.2 and 2.4. For these more extensive experiments, the
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suspended particulate material was selected to represent observed grain size

distributions (1 to 53 #m) and relatively high total organic carbon (TOG) bur-

dens characteristic of Alaskan Outer Continental Shelf (OCS) waters (Baker,

1983) . Because of the difficulty in collecting large (kg) quantities of “natu-

ral” SPM in the open ocean, _< 53 pm sieved-fractions of selected intertidal

sediments from lower Cook Inlet were used for most of the studies. The “SPM”

so obtained was characterized by X-ray diffraction (for mineralogy), total or-

ganic carbon (TOC) loading, grain size distributions and background compound-

specific organic composition by flame ionization detector gas chromatography

(FID-GC). These SPM characterizations are presented in Tables 1-2A and 1-2B in

Section 1.1.

Rates of oil/SPM interactions under carefully controlled conditions of

turbulence were obtained for fresh Prudhoe Bay crude oil and SPM derived from

Jakolof Bay using two completely independent analytical techniques. Both the

rate of disappearance of “free” oil droplets (as measured by light microscopy;

see Section 2.2) and the” formation of oil-SPM agglomerates (quantified by phys-

ical separation, solvent extraction and FID-GC; see Section 2.4) yielded oil/

SPM interaction rate constants that agreed reasonably well (k = 0.67 x 10-7 to

1.8 X 10-7 l/mg) with the different experimental approaches. For these experi-

ments the turbulence (as measured by the energy dissipation rate) was approxi-
3

mately 260 ergs/cm sec.

Section 3 contains the results of detailed chemical compositional

analyses of dispersed oil droplets, dissolved components, oiled SPM and sedi-

mented oil/SPM agglomerates. Quite clearly, selected oil weathering patterns

due to evaporation, dissolution and compound specific adsorption are observed.

The FID-GC data that are presented can ultimately be used to compare computer-

predicted oil weathering behavior from the Open Ocean Oil Weathering Code

(Payne, et al., 1984) with observed oil-weathering behavior from the stirred

chamber experiments. The chromatograms and reduced data illustrate that the

1-10 Pm sized oil droplets used in the experiments undergo very rapid

evaporation/dissolution weathering (even during the blending/oil droplet gener-

ation process). Substantial losses were observed for all components in boiling

point ranges of 107° to 393° F (distillate cuts 1 through 11 as described by
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Payne et al., 1984). Those compounds remaining (after droplet generation) also

showed selective partitioning behavior, and enrichment or enhancement of both

intermediate and higher molecular weight aliphatics and aromatics was observed

in the sedimented particle agglomerates as opposed to residual (less than 1 pm)

suspended phases remaining in the water column following the cessation of stir-

ring ( i .e . , turbulence) in the experimental sptem (i.e., settling column stud-

ies) . Interestingly, little or no enhancement in settling velocities of the

oil-SPM agglomerates was noted using fresh Prudhoe Bay crude oil and Jakolof

Bay-SPM under the conditions examined. Additional work is currently under way

to further investigate sedimentation rates at varying oil/SPM ratios with dif-

ferent oil and SPM types.

Section 4 contains a discussion of the potential computer requirements

(and limitations) for modeling oil/SPM interactions within the context of a

full three-dimensional open-ocean circulation model. As discussed, there are

several possible approaches including finite element circulation models based

on conservation of mass and energy as well as probability distribution func-

tions (PDFs) that might be used to approximate the problem. Finally, Section 5

presents an overview of the late Dr. William Grant’s contribution to modeling

of the bottom boundary layer and sediment resuspension/transport as controlled

by non-linear wave and current interactions.

It is significant that several important program elements (e.g. wave

and current induced sediment resuspension and transport, breaking wave induced

oil droplet dispersion, and turbulent energy dissipation rate predictions for

the open ocean) are all areas of on going Ph.D. -level research at major univer-

sities , oceanographic institutions and private laboratories. As a result,

there are still many gaps in our knowledge, and at this time it appears to be

premature to believe that a fully operational three-dimensional ocean circula-

tion model that incorporates all of the desired interaction terms (e.g., oil

droplet dispersion, sediment resuspension for all size classes of sediment,

oil/SPM collisions as a function of oil and SPM loadings and turbulence, etc.)

is possible in the very near future. In any case, extensive computer capabili-

ties and resources may be required to ultimately develop predictive models that

incorporate all of the variables and stochastic processes involved.
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Therefore, a more pragmatic approach may be the development of a one-

dimensional model that would be more useful in providing information which to a

first approximation could be used to assess the potential impact of a hypothet-

ical oil spill in SPM-rich  waters. In the conceptualization and development of

such a model, one must eventually ask, “What will this model ultimately be used

for, and by whom? How can an environmental studies manager use the results of

this Study and the model to assess and predict environmental damage and re-

sponse to a near-shore oil spill? In other words, what is the logical end

product for this research?”

In the course of answering these questions, it has become apparent

that it may not be appropriate (or even possible) to directly couple the oil/SPM

interaction model with a fully developed three-dimensional circulation model.

Instead, as research and model development progressed, the need for a

stand-alone one-dimensional code that could run on a Personal Computer became

more apparent. If such a stand alone program were to be developed, what should

it contain?

Ideally, the model should be not only very user friendly but also ca-

pable of accepting user input that includes at least the following:

o anticipated sea state

o oil type and time from initiation of spill

o weather conditions

o anticipated suspended particulate loads and types

The model would then request a wind speed to which (to the best of our

ability and what is currently attainable through the open literature) near-

surface energy dissipation rates might be assigned or correlated. Ideally, it

would be nice to estimate the relation between wind- induced sea-surface turbu-

lence (potentially represented by Beaufort Sea Scales for which the user has

some intuitive feel) and near surface and mid-depth energy dissipation rates.

Then, based on the user specified sea-state, an energy dissipation rate could

be selected from available published data (representative values are presented
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in section 1.2.1). This energy dissipation rate would then be matched to mea-

sured oil/SPM interaction rate constants from the current (i.e. , Section 2) and

ongoing laboratory studies.

An accounting of the dispersion of discrete oil droplets from a sur-

face oil slick (i.e., by droplet size, number density, interracial surface ten-

sion, specific gravity, etc.) has yet to be successfully accomplished. This is

still an area of active research being pursued by other investigators. As an

initial starting point, however, a dispersed oil flux into a water column must

be assumed (or assigned) to provide material for SPM interactions. This topic

is currently being investigated by Delft under contract to MMS.

For the purposes of an oil-SPM interaction model, potentially impor-

tant user-defined properties of SPM that would be desirable may include:

o total organic carbon (TOC) content

o microscopic size” fractionation

o mineralogical composition

o general surface morphology

o electron microscopic characterization of the 553 pm size fraction

(Payne et al., 1984).

In designing a mathematical model and experiments to provide data for

its verification and implementation, it quickly becomes apparent that there are

more variables to consider than can be reasonably accounted for. For example,

Section 2 deals just with the mathematics necessary to generate rate constants

for the interaction of single sized oil droplets and one size of SPM particles.

Obviously, simplifying assumptions are required to model a mixture of varying

oil droplet and SPM sizes. There are also inherent experimental difficulties

in trying to complete measurements of oil and suspended particulate material

interactions. For example, should only one size of oil droplets be examined?

How are the oil droplets to be generated, and can that process be related to

environmental conditions? Furthermore, can the interaction rate constants be

correlated with open ocean conditions (which are also the subject of intense

ongoing research) to develop adequate descriptive mathematical models.
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In summary, model development to adequately describe and predict oil-

SPM interaction phenomena and their relation to contributing environmental

variables is a complex undertaking from both conceptual and experimental stand-

points. While all of the difficulties entailed in such an effort have not been

resolved, it is felt that the results of the present program provide much use-

ful information and a good foundation toward further model development. As a

simpler and more realistic point of departure, an experimentaly verifiable one-

dimensional model (with certain simplifying assumptions) now appears to be

achievable. Further laboratory and modeling efforts are being directed at its

development and implementation in a PC-based form which will have more immedi-

ate utilily for environmental studies management needs.
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APPENDIX A

COMPOUND SPECIFIC HYDROCARBON CONCENTRATIONS
FROM 28 LITER STIRRED CHAMBER EXPERIMENTS
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ax?m.9 11(EO.8 62759.8 .L97113.2 1X41.6 6t58.5 1%5 113.5 37.0 13.8

12 iM3 Waitbtd  PIU31LE  i%y  Cn& 031 ~ .ld!niof @ *iM?lltB

imFlme

II ~.ssolwd Flme-mffmd Hydmmfm Ihmntratiam(W dry
H@rocartm  LISKB.

(@g dry !mMt) (%/uter)
ut./l)  uX+Tot.&.  f231 ‘lM.&. Trx.n-u3Jc. UX+TIX.7@S.  fJJ4 7w.7en.

52.9 39.2 0.0 38.2 7.1
50.1 0.0 0.0 0,0 0.0
53.0 I [60.7 989.2 171.5 98.2
47.7 M M M m
51.3 IC435.3 917.7 167.6 99.5
n.i ml A 776.4 125.0 W.7
53.8 3229.6 26$3.7 51.2.9 314.4
48.2 72%.0 fJJ16.o im.o 710.2
44.4 121Y3.7 1037?.0 1773.7 1633.2
!0.4 1.9535,3 14671.6 3763.7 2513.1
43.8 4m.7 X.581.3  8Ka.4 4%1 .0
35.9 I 123%.5 92721.5 1%15.0 11110.0
2%.7 45244.9 335YJ.5 14794.4 9494.8
2s.0 m.o 22372.o 17523.0
29.5

114a3.o
50310.2 3523?.3 14772.9 9742.4

23.0 XCLVJ.4 33? 13.0 22317 A 14717.4

0.0 0.0 0.0
25.6 0.0 25.6
67.2 0.0 67.2

16M 0.0 V4.4
532.0 144.6  407.6
1%4.o 0.0 664.0

1707.9 334.5 13n.4
iN4.4 273.9 IWO.5
1%5.3 P32.O 1073.3

— 299.3 m
— 518.9 m

1362.9 725.9 6%.0
1217.6 612.5 W2i.1
M!27.7  957.9 342.8
1705.2 1225.8 439A
x335.6 1633.8 401.8

mim?ale
!z?lbnd Ify2mcartm  Cmlmtratimn
(W dty (wig  dry t+ht)

9 1 2 . / l )  u3wmt.f&S.  f3J3 TOt.FeS. 3M.1-r93k.

51.6 3%.3 2m.5 95.7 49.2
49.3 &l .5 705.1 156.4 97.0

367.0 31O.L3 %.3 42.5
::: 879.1 715.6 163.5 116.9
43.0 M&o 13%.2 292.8 153.0

~lwd ~
~ -.

(Wflm.?r)
f33t+’i&  J&. ml ‘O&lka.

Mm m
7WN4 I@.

43.5 0.0 40.5
126. I 0.0 126.1
Mm M

34:1 57S3.1 4815.2 WA.8  tUJ,2 123.5 0.0 123.5
41.0 6412.2 5392.7 1019.5 1316.5 449.2 a33.4 245.8
a3.2 iYMLM i6m3.O 3247.5 2454.8 4’$%4 133.1 325.3
2%.6 1W7.O 127?0.3 3666.7 2103.8 581.9 325.4 2%.5
25.0 58572.0 Wi?8.o UlE4,0 M&l 583.7 271.8 113.9
3.6 23323.0 2Z944.4 5?S3.6 3115.5 64o.9 3X3.6

33597.4 Zwi8.b
310.3

3.8 9728.9 36?3.1 6227.3 335.9 292.4
247373.0 X72YS0 44028.8 24933.1

(R;ai

Tim ~am ofl— ~~ ~ Snnw.? ~kd ~

flml Hydrmarton thu2ntratiam Eydradm cuc9-dratlLTs

ncan (WA! Of 011)

fMrm=hn  GN=ltrat lam Smbni

(@3iter  ~ r.nter)
17ydrc.xirm @lL-Hitt’atIcm l&dmc@nn~

(Ig/iiter  m Wter) (W dry
(h=) UnwOt .&s. m Tot .Res. Tot .n-dk. mfwbt .*S.  m ‘fbt.lt?a.  Tot.nnlk.

(w/g dry *i@t)
fM+Tct.Res. UN Tot .%s. Tot .n-alk. ut.11) l!J2WTot.2M. U34 TM .f@s. Tot .wdk. l?lt+Tot J&9. (KM

Oso

Tot .*9.

11 K932. I 91197.9 22%?4.2 1X32.4 225.9 195.4 ‘33.5 23.2 !0.8 44.4 6.5 4.6 48.0 IW!3.8 924.0 135.8 %.5 h

0.25 m15.6 5627.7 13a7.9 m3.6 27.1 19.0 8. I 4.9
7x3.2  .34.8

43.9 616.2 432.3 183.8 112.3 1-72.2 51.5 Z7

0.50 27352.0 21522.2 58?7.8 3432.9 39.0 29.4 73.6 4.3 48.s 778.5 602.7 175.8 80.7 75.8 23.6 52.2

1 .(I3 H154.2  14631.9 4022.3 2533.11 34.6 25.9 73.7 ‘i.5 46.4 745.0 558.(7 187.1 117.5 153.3 65.6 *.7

2.03 57322.7 41277.5 V4M5.2 1W61 .8 51.5 M.9 16.6 9.6 46.4 1103.5 752.6 3%.9 207.0 186.7 71.8 i 16.9

4.03 -.9 fQlf17.2 18455.7 11423.7 166.5 134.8 31.7 16.3 45.5 %59.3 2962.6 6%,7 358.9

8.W

2X3.6  167.6 123.0

103237.6 7&f0.9 2%926.7 1M91 .8 %.7 72.6 24.1 14.7 37.2 259d.4 1951.6 646.8 373.8

12.fF3

554.4 401.6 157.8

143-A-M!  ICW329 .0 33277.8 21281.4 m w M %.5 m f43 m N4 245..9 W3.4 42.4

18.03 i52f!46.3 367693.0 64153.3 207m.2 12~5 92.4 31.1 1%5 27.2 4w3.o 3390.1 1141.9 717.6

3M37

333.9 3%?3.9 45.0

87698.0 63252,1 24435.9 17033.0 % 4 47.1 13.2 %0 11.2 5391.1 42TY3.9 1182.1 712.9 453.7 357.8 95.9

40.W 136798.8 105W.O 31210.U 20357.9 547.3 4%.6 ‘?2.7 65.1 2(.9 24W3.9 .20758 .(3 4232,9 2974.3 3w.4 2W.6 TM

72.(T7 43177.5 21025.7 22151.8 15%%2 134.1 m5.5 2S.6 IL, 6.8 197Z3.6 15514.7 4m5.9 21cd.5
%.(33

534.6 444.5 1 !0.1

83?79.9 -.2 16933.7 10123.7 31TNL2 0.0 312Q3.2 23495.9 98.3 76.9 21.4 !1. 5.4 18207.4 14240.7 Y7W.7 a733.o 610.4 4311 18n.3
w .M. 6@3.8 53Ki.8 1023.0 672.6

(96.0 hr)
~— —~



Hnm VJufm mmmnm m mm awm tm+mms

HI- (ti10 thruq?h  rc32), ptlmm+  ml  phytime

S32Jm o~tmticm per grm of oil

-thxed Ru2ne My Crude CM ml Jtilof 2!ny W1-ts -tkd Pnx5we @ w oil d  J#.OlOf my 2edM=tE

‘3’2m?
fm
start
(hrn)

0.03
0.25
O.xl
1.03
2.(I7
4 .m
8.m

12.m
m.rn
24.m
.5&m
72.m
%.m

m3.m
mm
216.m
—

FIo’a m
Vimni

Pke ‘rllm A3k.!iu

m AM-85 CII,C13

KB J.IF735 C14

L3 I&r-lx C13
u nn436 C13

dale  oil %rftn?  021
13ydrccal%m  ml=lltmtim

(W/g of total oil)
Mmltal ~tlatim

(lgtg of t-l Uil)
rtixo ICI  I *12  IIC13 IC14 *15 IC16 IIC17 prism IC18 #ry’tim t#x91c213uz2i  K22K23 tG?h K251Q6M727rc28  @91=o~i@2

2969.6 2914.0 2976.5 29x3.2 2324.0 3333.7 19%1 i61’3.i M 1307.5 403.6 1162.6 933.6 972.3 953.1 nM.5 792.4 624.9 ii27.3 548.2 337.9 236.6 l’? Tr R

2390.7 2813.8 3J2K.O 2911.1 2465.8 2210.6 2hm.7 1772.8 W 1373.8 571.0 1234.4 1125.2 1161.9 i iW.6 910.7 lL3ZI.8 U3.O 023.7 772.4 443.7 4%.2 W ‘m m

983.7 1576.9 14m.7  1527.4 1159.2 ii@3.8 1037.3 831.8 413.1 837.6 3%.6 726.5 fim.o +3.5 547.0 501.8 473.4 421.7  350.2 252.7 231.1 am.o im.7 137.9 95.2
%6.8 1720.0 1616.0 1746.2 1303.9 132! .5 1169.6 97s.3 542.0 912.5 %7.5 757.4 6Y3.2 5%.2 515.6 4%,0 411.4 333.5 310.3 aB.5 Ins u3.3 129,3 129.1 82.6

22hVueati-ered  PNdKe3av  Moil d2dUlof  tf.lP9MlMltS 2&tiE&helcd  PNdmefwcNdcmi  and MOkfB.lVwdJEntO

Tim?
fm
start
(hKS)

o.m
0.25
0.30
I .m
2 .m
4.m
8.33

12.W
15.23
24 .m
48.m
73.50

—

FiD.mmm
Vi9ua2

PL9ce me A2k.&x

u  M CII-C14

5.7 3U+% cil+Ti3

~. 021 alrface  oil
R@U!m6M atBYltmtlam

(W/g of taal .11)
13fdltx.91-6m ClmYmtatzam

(It#g of tti oil)
IC1O !?721 ml 2 Icl 3 IK24 IC15 ti16 IC17 pri8tMt? Ic17JF6Ytme Ici91nzofiI IC321C231Q4m51Q6 I=71@JIQ9~~i ~z

.911.5 1022.6 1047.0 9 7 1 . 5  1(X1.5 S47.0 343.5 7%.3 493.3 642.2 275.4 531.1  4m.5 461.4 669.5 413.5  3m.4 322.1 278.5 182.9 121.7 118.7 93.1 i17.3 72.2

678.4 9Z2.7 102I .5 953.3 (375.2 924.3 s32.6 760.!3 4n3.5 651.3 2s1.2 570.0 455.6 415.0  m.3 337.0 310.0 246.6 222.2 132.6 92.9 m.5 47.9 42.1 29.2

t20WkiSatkd MSlm?m3cmieoild MDi0ff@Srd6mlM 1201y UeUthemd  ~MYclUie oil dJdrnlOfw  SSM=ltO

I-i93 , sn-fm! ml
fl’ul

Wrfm 021
F32Mxm If@mmrlul (2xxmmatim Hydnxarlml  -trati.

start 4
Om)

(@g of td.d oil) (WA @f tti oil)
Pk T216? A2kh tio &l i *12 Ml 3 <14 *15 -16 nci7 Pries W03 - e19rC20til~2al d4&5ti6mZ7rC2L7 IC29a@lflz

0.U3
0.25
O.m
I .m
z.m
4 .m
K.w

12.m
m.rn
36.m
48.a3
72.m
%.m

—

m Fe6_& C13

RB F* c13-C24

244.8 7m.2 I 101.4 IW5.6  BI 957.2 lC@lLO 8X2.6 527.7 7%.3 419.2 76n.1 m7.s 641.9 699.4 610.2 644.6 525.4 420.8 239.8 281.7 241.8 ‘h’ -it 7Y

64.7 401.4 775.4 m3.6 22 R?R3.7 878.4 6X).2 % 5 . 3  646.1 ml .2 511.0 411.8 482.9  4m.o 462.1 42s.5 W4.o 319.7 262.3 197.2 1!/3.2 1S3.8 lm.9 72.’!



- . . . . . . . . . . . . . . ,mm  .,LW, “-x  rxYrxlMm3

MIIkmH  (tilo Lhmq?Jl  nc32) , pl-lstlma, d @r@am

Dmmsm 00. mk~tcatlw %.  liter of w water

16ueatfk?md Pm&e  f!w Cnx7e  ON d Jefmlof LIw 3edfuentE fkueatherad P@x3xm  Bay CN6e oil 4 .wDlof  &y S?&Dmts

T3Dle
flm

ffbpecd  021
F20-a  mllx

~med 021 k
lf@mwlOn  Onmltmticm

start 9f.mlaf

0m3)

(ug/2 of am kmter)

-b GBvntrattam

(I@ of a inter)
P& me  AlkJex *IO  al *12  m13 rc14 M25 IC16 617 pllstm! ran  @yLm? nC191QOIC21tC221Q3  IC24m5f161Q7~8  ~~flIs

OJJJ ml.hm—135— 0.0 0.0 0.0 0.0 0.0
0.25

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.lf 0.0 0.0 0.() fJ.cJ  0.0 lJ~ OJJ 0.(3
KE JIn-85 c16 R m m 1.0 2.3

O.xl
2.8 3.3 3.2 1.6

KB .kII+35  c16
2.3 2.3 2.3 1.7

0.9 1.0 1.5 2.9 4.9 5.0 5.7 5.4 2.7 ;:; ;:; t; 3.4 3.8 4.o 3.o
1.8 1.4 1.4 1.1 m m * ‘m 0.0

1 So F21 .hr+35  c16 1.7
3.5 2.9 2.7 2.3 1.4 1.5 w

1.7 2.1 2.8 3.7 3.5 5.2 4.1 3.9 3.7 2.1 3.2 2.4 z.5 2.5 I.IJ  2. I I*7
m ‘w

2 .fzi KB .hm-65  C15,C16 2.9 4.3 7.7 11.7 13.3 14.8 16.1 12.5 6.7 11.1 5.2
1.2 0.9 0.9 ?r ‘3Y

10.7 6.3 6.5 4.5 6.0 4.9 ;:: 5.0 2.4 2.2 1.3 E
*

4.03 m .hn-03  C15,C16 7.3 13.1 22.2 29.7 24.4 31.9 28.7 a3.3  7.5 18.7 6.2 M
Zt

8.f33 KB .kseo5 C14 19.4 29.9 @3.5  48.3
15.5 12.9 11.1 9.4

41.3 W.6 44.4 30.6 7.2 26.8 8.7
11.7 7.9 8.2 7.1 4.1 3.8 ‘it Tf ‘m

12.W
21.3 21.7

225 .7UH35 C13,C14
18.8 19.7

XLo %.4 73.3 81.7 71.0 71.5 73.7
14.1 16.5 13.8 13.9

57.9 24.6 49.7 BI
12.6 7.7 7.2 5.4 ‘2k m

!8.03 u - C13,C15 N+ w m m
39.1 %.1

714
15.9 31.5 33.1 7S.0

m w 85.2
17.7

42.1 75.6 30.4 68.5 w.9  %.3
21.4 ?.3 8.9 9..9 5.o 3Y ‘m

24.m mf H (cl 3)
53.4 49.9 45.3 X.9

Ia3.9 167.0 188.0 1%.9 134.2
31.7 W.o

142.9
13.0

118.0 m.6 23.2
12.1 ‘ft n’

31.6 ‘23.8 B2 26.5 33. I 29.4
0.0

48.IJ3 ml r- C13 2217.7 375.9
24.4 20.4

433.2 4t3.7
14.3 12.1 13.1

413.1 443.8  322.4 193.0 mz.s
10.1 4.4 ‘R

131.4
?? R

72.o3
255.6 244.4  2&3.3 214.6 ZU3.6  21M.6

ml .Am-65  (cl 3) 327.7 626.3 683.0 643.6 4m?5 465.5
182.8 lf4.2

466.7 334.5 148.8 275.9 94.7 22
105.0 95.1 7!3.8 51.4 m 0.0

%.m
95.8

Lfwc33 203.8 332.5 376.8 452.0
139.4 178.2

392.7 33.9
133.8 172.2 123.6 [10.1

133.6 311.7 M .6
155.0 58.8 w ‘3k

2f2.9 110.1
m m

I.m.co
221.8 166.6

L3w-mc33 328.2 422.5 4KI.4 347.9
M.1

475.8 4!JL2 .W9.7
155.5 133.9 119.6 103.0  7YJ.3 60.7 40.3 m

374.2 232.8 317.0 133.9
* ‘m 0.0

160.CQ
275.7

m M-m C13
, 254.4 211.0 199.1

1310.3 1714.8 1923.2  1763.5 m
162.2 138.1 105.0 93.0 !i3.8 h

1710.6 1747.2 1337.1
R

625..9 I 175.3
Tr 0.0

216.CQ 2.7 ml-m  (C13) 348.1
YJ2.1  1032.O  ffw.1 ma.9 0324.4 752.5

623.6  tuf.9 674.4 523.1
078.4 537.8 626.4 455.9

571.9  W.3 414.6
531.9

252.8 433.7 MM 313.8
341.7 m:4 w It

267.8 244.0 218.3 188.1 166.8 134.0 119.5 n.5 66.3 64.9 47.2 47.2 27.1

Ffoa 7b:
V&a

P2ace TflE A2k.fk

KBFe6+J—

m Fet-m C15
m F&I-m cf4 *cl’
la Fe&m C14
m Fkb-m C13
m Fe2n36  C13
m FeH C12
m F.+%  c33
EJl Feb+Mc13
n Febm C13
KE Fe= C13

2Llv Ueathemd 7mr3E2@y  CMIe Cilm3  Jdmlofi3ay SedfmrIta 2ti-red PNdme. MYcNdEoll  d.7drDlaf  7MywiElt.Y

‘f3E
fm
Stwt
(hm)

O.m
0.25
O.KI
I .13J
2.(JJ
4.03
8.XI

12.a3
15.25
24JXI
48.U3
73.50

~- Ofl ~ H&...
If@mxhm  Qmceotmtimm R@mnrbm  $2eIuras-#

(It#2c#tHu9ter) ((g/l of Ota ater)
I’cfo ml @f2 nc13 *14  nc25 tK16 d17 prism WX9Pl13WEllCf9~IQl  IC221Q31C241Q51Q6 @71c381c39~Ic31  @32

0.0
M
3.4
3.9
7.1

136.2
733.5
813.0

1181.1
633.9
512.0
284.s

0.0 0.0
M N+
5.1 6.7
6.1 8.2

11.0 15.2
2M.3 285.5
969.8 1129.4

10923.5 1252.2
1631.4 1878.8
033.6 1M3.I
726.4 693.1
426.4 521.2

0.0 0.0
w m

20
Em

16.6 B(
254.2  02
%0.8 m

IOE9.4 2!2
1632.5 BI
931.2 22
753.3 M
465.7 m

0.0
U4
9,2

10.7
19,6

2m.3
S%.o

mm.8
1723.2
957.4
733.0
490.5

0.0
w

1?5
21.2

2m.3
m2.2

1137.4
1761.1
%7.8
767.o
514.3

0.0
fJA
7.9
8.4

15.0
211.0
654.4
K&9

1349.4
732,1
578.3
359.1

0.0
MA
5.2
5.2

10.3
lfQ.6
3m.1
472.6
033.8
479.0
343.8
246.6

0.0
2t4
7.5
7.9

15.8
m3.5
587.5
742.1

12%.8
f65.2
517.7
357.8

0.0
m
3.4
4.1
8.5

103.9
I-5.9
4m.2
527.6
326.2
233.2
182.1

0.0
w
6.6
6.9

12.0
1S5.3
593.4
736.5

lIlw.9
544.9
475.8
315.7

0.0
WA
6.7
6.7

13.2
1%.9
4m.9
641.8

1029.7
4m.9
4m.o
317.6

0.0
m
5.0
5.8

10.7
147.3
484.0
672.2
St33.tz
466JJ
402.6
321.8

0.0
W
4.9
5.5
9.6

150.0
h78.2
627.5
936.7
426.1
622.4
2m.8

0.0
w

4.7
4.4
8.5

141.3
474.5
mE.9
933.6
YJ3.8
475.0
257.1

0.0
NA
4.5
4.5
7.8

Iw.z
453.3
691.1
918.3
.9X4.8
431.1
243.0

T
W
3.7
3.9
6.5

111.0
355.1
545.7
K13.o
233.0
347.3
235.4

0.0
m
3A
3.5
3.2

116.4
320.4
4m.4
727.4
u7.4
311.6
215.2

T
m
2.2
2.4
3.5

87.5
244.1
316.8
49J.8
94.4
m.?
145.0

12 my Wafkd Rldl@ fq Cnx4?  021 d Jz6D10f  My !whMltB 12mweathxed~ f15yfllA?oil  dJdcO1Of nYf2dim91t0

,,

Tim?
fm
start
(hrn)

0.00
0.25
0.S3
1.03
2S0
4.m3
f3.tKl

12.03
M3.al
36.00
.4E.W
72.Q3
%.m

0.0
m
1.9
2.1
3.3

70.4
142.3
ml .0
dM..4
76.7

172.2
122.7

m
m
1.8
1.9
1.7

64.5
1%.4

36:1
m

151.6
lW.2

0,0
M
0.9
1.3
m

40.6
m
‘N

232.8
0.0

W.9
61.6

0.0
M
R
TI
n

43.2
m

w .5
‘m
0.0
m

54.8

T
M
0.0
0.0
0.0
n
Tr
‘R
m
0 . 0
0.0
Tr

fn8peraEi 021 Fll
Ffwxlfum Imh&rhm Qnmm-atfam

.r962021*

(u@ of 894 -ter)
HW2Ux=M llmaltratialn

(qq/1  of H inter)
P2ace 3YMB  Afk.Mx *IO till ncf2 I-cl 3 ldH4 rc15  nc26 *I7 plinm nc18 phyhE IC19K201C21rf22~3  I@4ti5f161Q7f18  rc290nC311C32

2E Fe6+36  c16 T? 0.4 0.8 1.2 1.7 2.0 2.3 2.1 1.3 2.1 0.9 1.8 1.6 1.4 1,4 1.2 ,.2 ,., ,., o.~ m R m w ‘rT
2B ?.+% cf3,c14 12.0 42.5 iQ.8 71.9 22 7%2 75.9 55.6 34.5 55.9 25.5
m Fet-96 c13 65.9 2113.6 323.8 337.6 m

45.8 39.6 %.5 30.4
ml .3

33.0 31.0 n.s 18.6 15.1 24.1 10.1 w
3iU.6 225.8 1?3.6

8.5 ‘W
218.3 83.8 lm.5

KB Fet-% c 1 3 43.8 141 A 217.6
164.9 164.5 126.8

217.0 m 192.5 223.3
148.9 MM 107.3 92.5 61.0 42.5 W

159.6 104.0
‘m 0.0

1>3.0 64.4 138.0 2.;
7 . 3  Iw+36 C13 216.2
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5.3 m

6.8 5.3 4.4 2.8 2.7 4.8 7,5
‘n’ m n ‘m m ‘It ‘m

:::
10.0 11.0 5.7 11.6 5.5

Tr
11.1

0.0 0.0

43.0
10.0 8.9 8.0 7.2 >,9 4.8 3.5 w

4.9 2.5 2.6 7.1 7.4 9.9 9.3
R ‘N TT 0.0

12:
8.1

‘n’

4 .m YI.1
10.1 7.2

15.0 12.1 17.9
10.4 9.4 8.7 8.3 8.1 7.7 7.4 6.4 6.6 5.5 8.2 3k

i6.2 40.1 45.9 53.2 m.o %.7
9.8 m

21.1 54.0 %.7
8.50 41.0 29.0

47.9 45.2 67.0
31.1 3L7 39.2 m 59.2 57.9 57.2 33.4

45.0 W,7 37.2 28,6 T? Tr ‘m
62.4 28.0 60.3 57.3 %.2

Tr 0.0

t2.m m.2 %.1 4i.5
53.5 49.1

43.3 n.7  m
45.3 39,0 32.1 23.3 Tr

157.5 222.4
* m

211.1 141.4 226,1
n m

15.23 26,4 38.3
112.7 W2.4 175.2 W3.9 155.1 148.8

43.2 64.0 8.4 82
136.9 116.3 %.1

132.9 181.4 1(A1 110.0
6S.0 52.7 46.0 w w

176.2 89.0
T?

24.03 25.0 55.4
148.3

107.9
140.2 135.2

283.5 3MJ m
129.7 122.6 I 19.5 9.9 91.2 51.0 47.9 ?-r

513.s 6i2.5 4%,6
TT

326.3 483.8
W

40.WJ 3.6 im.1 119.0
273.3 427.9 3i9.5  498.8 % 5 . 3  .WO.7 337.3 229.9 2 % . 0  22.?

41.0 243.1 m 174.2
167.9

23? .3  2%2.4 191.2 355.6
163.5 w 8S.2 m

Im.1 323.6 %5.3 270.1  233.B
73.50 3.8 183.4 128.6

177.2
53.7 %.4 m 138.3

135.0 %.0 69.3 n m ‘n
218.7

m
212.1 145.8

m’
267.1

0.0
153.3 274.0 232.7 2%.9 237.1 227.0 222.1 195.4 IIE3.7

(73.50) Z02.sed.

133.7 138.1 131.3 ‘l-r 73.9 w

1172.0 1827.2 2244.1 20JJ.7 B2
( q % )

3X.9.6 2018.2 1575,4 9Y3.6 1372.b 73$.3 1 2 4 3 . 3  1029.4 OM1.9 1111.5 %3.5 879.4 8543.5 %9.6 574.0 3t31.6 373.3 W n’ ‘w

12wfwEtlmrx55’N13mt8 !Iycnld?ou61d  .7Ekd0f  llTf Sedtmlt9 121BylkdtxedPtw3mef@  yCmdpml  .dJdtAof@8edtmntn

*
frm
start
m)

nmr
0.25
0.%
I.m
2.fQ
4.m
8.(XI

Iz.m
18.02

2:
72.M
%.m

48.0
43.9
48.8
46.4
46.4
45.5
37.2
%.5
27.2
11.2
21.9
6.8
5.4

m
-1’tal mlcOltrmiam HYdmabm  ChKz?lltratlam

1.0 1.5 2.3 5.6 13.5 15.6 16.0 13.8 8.2 11.3 5.4 8.1 5.7 4.0 3.0 2.2 m
3.5 2.7 1.9 3.7 10.1 13.6 16.5 16.5 10.0 14.8 7.1

w w m n m 0.0 0.0

3.2 2.4 m
11.6 8.3 5.6 3.9 2.B 2.0 ‘m

2.1 4.6 7.1 9.4 10.5 5.3
% It’ R ‘n

10.9 4.9 10.1 9.1 7.6 6. I 4.6
u 0.0 0.0

4.1 ‘).2 2.1 3.3 6.9 10.2 13.7 12.8 6.9
3.2 m

12.6
‘m m

11.4 [0.1
‘m m m m Tr

6.5 5.4 3.9 5.2 20 13.9 19.2
9.0 7.9 6.0 4.7 3. I m

16.7 12.6 17.0 z
m

13.6
Tr

13.1
m ‘m

12.0
0.0 0.0

9.4 1.0 5.7 8.5 83 19.7 33.0 26.2
12.1 11.0

21.2 27.5 15.9
10,6 9.2 8.1

27.3 27.4 22.4 a3.4  z3.4
6.7 5.2 5.7 m 5.1 m

11.1 8.1 6.7
19.5 17.8

15.1 20 6.1  fO.8 37.7 69.’3 23.2
16.0 12.7 11.1 10.9 ‘h’

51.0 37.1 28.4 2%8 m
9.0 m

11.3 8.3 M 744 U4 M
R4 W

t24 m
N4

M M
!6!

U4
84 M M m m m

10.0 8.5 7.0 35.2 93.3 6y4
N6

7?0
M

13.0
N4 W

49.2 .%.9 m!3
M M

52.8 69.3 %.9 63.7 Y+.6
m m W M m

32.4 23.9 14.4 25.2 m 58.6 n.2 71.7 49.1
35.1 20.1 24.7 17.2 15.3 15.8

76.9 WI.Z
73.0

71.4 59.5 m
87.3

13.1 m

135.1
m w

174.2 W 227.9 273. I 235.0
w M u4K4r412N4u4

147.4 2’33.0 lfYJ.7
102.3 75.2

1%.9 178.9
33.9 54.4 m

161.9
157.8

14?9 141.6
215.6 179.3 116.8 176.3

137.2
77J3

119.2 112.5 77.\ 66.8 63.1 w
153.1

Tr h

103.2 75.5 37.4
126.6 121.9 119.1

76.7 BI 193.2 262.1
110.9 lm.6

226.9 153.6 2%.6
85.7

IV$.7
77.7 32.6 49.8 47.2 m m n

192.2 151.9 m M m W N4 N+ m m 744 m w m

w.m) W.W. 4.07 21.72 42.63 45.95 F.2 48.31 51.97
(W/g)

‘W.31 22.8> 43.88 22.54 343.32 42.63 38.48 41.49 35.98 34.95 33.72 29.45 16.87 15.41 13.18 11.27 m TT



fran
s t a r t

(hrs)

F-ma Rlll:

Place h
II

0.03 m .llm+95
0.25
0.50
1.03
2.a3
4.03
8.@3

L2.aJ
18.00
24.03
48.m
72.@
%.00

120.U3
168.00
216.CO
~

KB .hlH5

LTMSP%
LlMsF86

233.1 1087.6 737.9 Tr 276.2 T-r Tr u

190.1 1101.1 659.4 Tr 261.4 Tr Tr w

N!4 542.2 BI 323.2 269*9 129.8 110.0 118.9
210.2 581.1 EI 393.2 288.8 130.6 94.4 135.7

Tine
frul
Stsrt

(hm)

0.00
0.25
0.50
1 .0)
2.00
&.a)
8,X)

12.00
15.25
24.03
48.00
73.50

~

Hydrocarbm  Gxk2extratiom
(Ug/g of total  oil)

Nsph His?& 1+’wa 2,6+fI’Ma I,3+f&?&  1,2-diM& 2,3,6-trif#s  ~

2 1 3 . 1  3 8 $ . 6 235.2 387.8 295.6 145.5 155.2 Tr

170.8 350.2 219.3 307.9 268.6 lW.6 132.0 Tr

120ay  Wattemd  PmdlOe EaYCm&oll dblofwwlllenm

ml-e
fmn
Stsrt

(hrs)

0.00
0.25
0.50
1.00
2.03
4.Cn
8.00

12.CU
18.00
%.03
48.00
72.C13
% . 0 0

~sos oil
F’LMx RIm

l—

CumeIltratiam
(d of t- oil)

Place’rinl? N@ M 1* 2,6—&MW 1,~ 1,2+M&I  2,3,6+~ R==th

I(B Feb-86 132.0 366.9 284.9 BI 266.2 89.1 130.0 70.6

I@ F- 18.3 217.3 199.5 B2 211.6 - 68.2 95.7 39.2



me
Enm
stem

o-m)
0.00
0.25
O.m
1 .m
2 a )
La)
MO

12.IYJ
mm
26.m
48.CO
72.00
% ● l

120.00
168.UI
216JII

~~-
FnMc Rlm Hy&oc&m Oxcerltrstlma

(Ug/lofseeweter)
P* W N@ - la 2,6+iMs& l,3+fM?s  l,2%i?4&s  2,3,6-MM?s  -th

KB.krl-85 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K8Jlrl-85 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
m- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KB.m-85 0.0 0.0 0.0 0.0 Tr 0.0 Tr 0.0
KB.WF85 0.0 1.1 0.8 ‘I!r 0.8 0.0 0.6 1.2
KBJln-85 1.4 6.1 .4.5 1.1 2.2 0.8 1.1 0.8
K8JUF85 m 14.4 8.2 l’r 4.1 Tr 2.0 0.0
K8JUA5 4.1 28.6 17.9 ‘rr 7.4 ‘l-T Tr 3.9
JJ- Tr w 8X 24.5 18.9 7.9 10.8 8.5
K8JUF85 21.8 74.0 49.1 3.8 11.0 5.9 5.7 8.9
K8 Feb-86 62.0 142.7 115.4 BI 101.8 38.0 49.5 Tr
K8JUF85 76.1 282.6 181.2 Tr 58.0 15.9 ‘& 32.1
L J - 57.5 122.8 BI 125.3 104.9 51.1 %.9 33.0
u- 75.5 149.0 82 147.0 IW.5 64.0 71.6 36.3
KB Few YM.5 573.9 477.2 81 418.3 138.7 1%.2 66.0
LJMP86 81.3 186.7 RI 137.0 113.7 50.6 41.4 41.7

2mpweethmdP  N&10e8syCmdeOfla Kl Jekolof8ay8edhmte

Tine
frm
Stert

fhs)

O.UJ
0.25
O.m
1 .Cu
2.m
4.CQ
8.%

12.00
15.25
24.m
48.CO
73.50

FIo%c Rn’x

Plea3 m

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
N4 NA NA u w NA m w
Tr 1.4 0.7 81 1.3 0.4 1.1 m
0.4 1.7 1.1 ,81 1.6 0.6 1.1 1-r

,Tr 1.7 2.5 M 3.6 1.2 2.8 0.6
13.2 79.6 67.8 m 67.9 25.4 36.8 14.3
81.5 322.5 276.8 m 2W.6 78.5 118.4 44.0
81.3 384.5 326.6 82 276.4 104.3 136.9 M*7

145.4 584.5 479.8 81 440.6 154.9 218.6 122.3
121 ● 4 351.2 286.9 m 254.2 79.4 122.9 42.6
87.8 272.3 223.1 BI 192.6 67.7 94.6 45.9
65.6 171.3 140.1 22 126.2 43.8 62.2 22.4

1209yweathemd  Pr@lce IkycN&oi2  ari JauYlof2agsedh=ms

T4ne ~~1-
fmu FIDa  Rux Hydmcdm  CmtMltratiam
s t a r t (t@ of - water)
(hrs) PlaoelYne &ph 2Hkus HkNs 2,6AiI@Ns  1,~ l, Hi?kNe 2,3,6-trOMS ~h

o.m KB Fe&86 0.0 0.0 0.0 0.0 m 0.0 ‘h 0.0
0.25 KB FelA6
0.50 ~ F-
1.00 ~ Fe-
2.03 lJI%r-86
4.00 uMr-86
S.m U?431+

12.m LJ MU-86
18.m Uw
36.m IJM+36
48.m IJl!ar+
72.U) LJ Ha&6
%.CO lJAm+6

7.7
35.2
20.2
62.7
67.2

119.0
66.9
w
‘&
‘m
0.0
m

23.5 -  1 8 . 6
IIX.6 62.0 -

89.7 51.6
366.1 22
415.9 81
663.4 H
759.1 m

N4 NA
499.9 82
673.9 81
425.8 8X
461.1 82

m
m

24!7
287.0
475.0
550.4

m
M.1
510.0
341.6
510.2

17.7
75.0
50.2

202.1
222.1
367.4
427.2
839.4
240.0
419.6
302.2
?87.5

6.4
2S.8
17.0
90.8

UB.3
185.9
198.0
207.3
245.1
369.4
233.3

lY

8.8
37.9
25.6
73.5
87.8

153.9
160.5
415.9
107.2
154.2
98.0

210.0

4.6
16.3
14.7

lm*8
Irx.o
173.4
2?0.5

‘rT
187.2
197.6
159.3
177.2



mm
fm
etart

SM?aii
(%! *

Tit./l)

mirll 52.9
0.25 50.1
0.33 53.0
1.00 47.7
2.00 51.3
4Jm Wol
8.(D 53.8

12.00 48.2
18.CD U.4
24.00 W.4
48.(I3 43.8
72.00 35.9
%.m 28.7

120.00 25.0
M&al
21603 ;::

FIDa RJm

Pl&2e TYle!

U& t-w
mJ4m-85
Uoct+
RBJIXH35
u  ckt-85
IJ &t-m
Ll&t+E
u  0s-85
KB.M-85
m.hxP85
RB.M-85
K8JUF85
lJt4a-86
LJrhl+x
IJM’-86
lJMr-86

-
~~

(Ug/lofeeuueter)
@h H4Ne l-Mte 2,HilkEJ  i,3dMRe l,2+f3Me  2,3,&rQMW ~

0.C?3 0.00 O.m O.al 0.00 O.al 0.U3 0.03
O.al 0.00 Oao 0.00 0.00 0.03 0.00 O.co
‘& 0.06 % w TT 0.03 Tr ‘&
Na PA M w NA NA M

o.(x) m ‘m 81 ‘m o% ‘& 0.05
O.al ‘m 82 ‘E 0.00 TT
m 0:1 0.20 82 0.24 0.06 038 O.M
* 038 0.40 EI 0.46 0.14 0.39 0.13

0.00 0.65 ‘R 81 0.42 Tr 0.37 ‘k
Tr 3J32 1.93 82 1.21 ‘k ‘R 0.77

1.23 7.90 b.77 m 2.b7 0.52 1.25 137
2.7b 15.48 10.58 m 4.25 m 2.85 2.75
1.07 5.68 82 4.23 b.38 1.% 1.83 2*C8
1.57 7.04 m 536 5.23 2.01 2.11
1.17 6054 81 5.21 5.08 ;:: 1.90 2.29
‘m 5.83 Ex 5.32 5.b9 2.19 2.16 2.27

start (%*
oun) Wt.n)

O.al 51.6
0.25 49.3
0.50 46.4
1 .m 46.8
2.CO b3.O
4.a3 34.1
8.W 41.0

12.00 20.2
15.25 26.4
24.00 25.0
48.a3 3.6
73.50 3.8

(73950) BC&seXL

Rme3c
~@===f==

(Ug/lofaeaueter)
m p h  Z-!&w I+kra 2,6—ak?ia l,%lf14Ne 1,2-dlIWe  2,3,*riM?e B=II=@I

‘m Tr m m m O.coo O.000 O.m
m ‘lY m 82 Tr O.cco O.OYI  m
% ‘m m EI ‘m O.CUJ O.a)o ‘m
Tr W Tr Ex ‘m O.am Tr m
‘R ‘m ‘ 0.051 EiI ‘m O.alo ‘cc m

O.all ‘n! w BI ‘E O.mo ‘m O.oco
0.UY3 ‘& O.zw BI 0.484 Tr ‘m ‘m
O.m ‘E 0.278 m 0.426 ‘k m ‘h
0.CCU3 TT 0.438 KI 0.619 m 0.372 W
O.000 1.553 1*726 2X 2.448 0.823 1.799 ‘R
0.193 0.410 O.ax m 0.191 ‘k 0.109 h
0.255 0.385 0.229 EI 0.181 * 0.088 m

mm!
fm
s t a r t

(him)

O.al
0.25
O.m
1.00
2.aJ
b.00
8.CO

12.al
18.00
36J20
48.Cl)
72.CU
%.a)

(%.00)

S14ehsee
mfbnd Pmaw ~@f=—@=
Cfs W (Ug/1 af aee  U3ter)

Wt.fl) Place w r+eph  Z-MFSI H%+& 2,HfM@ze 1,~ l,z+4M#@ 2,3,6+rlI=sI  ~h

48.0 KB Few O.m Tr Tr m Tr O.m ‘m O.m
43.9 RI! Fe&% O.om .’lk Tr BI Tr (?.mo It ‘k
48.8 KB Feb% O.om m Tr 82 * O.cm ‘& *
46.4 I(B FeH O.WO 0.070 BI ‘k O.OCO ‘& TT
46.4 KB Feb% ‘E 0.2C0 0.:5 BI 0.134 W O.O76 0.112
45.5 ~ Feb-% 0.247 0.191 BI 0.241 0.090 0.152 0.235
37.2 K8 FM o.& 0.195 O.lm m 0.299 Tr 0.176 0.=
26.5 KB F* O.a)o M w m- tw w W
27.2 KB Feb-86 O.oco Tr ‘It BI Tr - -  0.% It l’r
11.2 kZl Feb-86 Tr ‘m 0.061 Et 0.129 m 0.074 0.078
21.9 = FeH36 m ‘Ik 0.375 m 0.831 ‘m 0.361 m
6.8 KB Feb+?5 ‘cc ‘Ik ‘m !31 0.119 ‘lY Tr ‘m
5.4 m= ‘m 0.221 0.131 EI -o.m5-’rs 0.122 m

Bot.&Ii. I la Feba
I



tmuYxlm axxzmwIm I%M8rm0)  awmmfmmmmas

l.dmtiflable  srumti=

SM~tnitlcrsperp  dry wdghtafeednmt

Ulath?!red  macelkyc rlldecmmdwak)f Ilsy.sedimnul

Tine
frma
s t a r t

(b)

0.00
0.25
0.50
1.00
2.CO
4.03
8.U)

12.00
18.(XI
2’4.W
48.IY3
72.00
%.m

120.CM3
168.(3I
216.00
~

Wfbd
h W

Wall)

52.9
Y3.1
53.0
.47.7
51.3
50.1
53.8
48.2
44.4
5Q.4
43.8
35.9
28.7
25.0
29.5
23.0

WPh9se
Hydmarbcl  &mawstimbs

(W/g dry W48ht)
@il MMS 1* 2,6#HS l,3dfMe?& l,2_iM& 2,3,6-triMSS  %msnth

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
‘R 1*1 ‘m BI ‘m 0.0 R *
NA w NA M M w N4 m
0.0 Tr Tr BI ‘m 0.0 l’? 0.9
0.0 ‘& Tr BI ‘It 0.0 Tr n
n 4.0 3.6 BI 4.4 1.1 3.3 1.4
‘k 7.9 !3.2 BI 9.6 2.9 8.2 2.6
0.0 14.5 ‘m BI 9.5 Tr 8.4 Tr
‘m 60.0 ?8.2 KS 24.1 ‘k m 15.3

28.2 180.3 10.0 u %.3 11.8 “28.5 31.3
?6.3 431.1 294.8 M 118.3 ‘k 79.4 76.5
37.3 197.8 BI 147.4 152.7 &?.& 62.5 72.5
62.7 281.8 BI 214.5 ~.4 63.4 m.3 84.5
39.5 221.6 82 176.8 172.1 131.0 64*2 77.7
‘k 252.2 BI 231.1 233.5 95.2 93.9 98.6

2oRyueathEti  PrUdlWs  &rJcnldsoilald  .kkDlofEsy~

‘rflm!!
fml
stsLt

m=)

0.03
0.25
0.50
1.00
2.00
4.00
8.%

12.00
15.25
24.00
48.C83
73.50

(73.50)

8WIJA
(W3 ‘&

wt./l)

51.6
49.3
46.4
46.8
43.0
34.1
41.0
W.2
26.4
25.0
3.6
3.8

Based.

Sums&
Hydmcdm Ckm?iltlatims

6X3L.?  * =@’@=)
Nsph M l+M& 2,6+lMENa l,3+iFkNa  1,2-di&M  2,3,tAri?WW  Ilxnmth

Tr n- ‘N BI m 0.0 0.0 0.0
m m Ti- BI Tr 0.0 0.0 Tr
h ‘m ‘rr BI ‘E 0.0 0.0 Tr
‘m Tt ‘k 91 Tr 0.0 * TT
‘I” R ‘m 1.2 BI R 0.0 ‘k ‘N
0.0 ‘k ‘& 91 ‘m 0.0 ‘m 0.0
0.0 m 7.1 BI 11.8 ‘m ‘m IY
0.0 Tr 13.7 Bl 21.1 Tr ‘m ‘It
0.0 ‘R 16.6 BI 23.6 % 14.1 ‘k
0.0 62.1 69.0 m 97.9 32.9 72.0 Tr

53.6 113.8 57.3 BI 53.1 Tr 30.2 ‘R
67.1 101.3 60.4 BI 47.7 m 23.1 Tr

223.4 674.6 587.6 BI 545.2 162.0 232.5 51.8

t2m W@lstedPrl  xkJsk9timl  ald.kkOlof  My&EUIHts

Tint? m4-
frcxs mud HydMWbOrl Ckx!lltratiam
Stsrt @ w (W/g  dry  W48ht)

*) ut./l) WF41  2-f4sM I* 2,6-WEfJa  1,3-W’=a l,2404eNa  2,3,6+- Renmth

m 48.0 0.0 ‘m ‘rT BI Tr 0.0 It 0.0
0.25 43.9 0.0 ‘m Tr 9X m 0.0 ‘k Tr
0.9 48.8 0.0 ‘& m m., ‘Ik 0.0 ‘h ‘m
1.00 46.4 0.0 1.5 Tr “ BI Tr 0.0 h TT
2.CK) 46.4 ‘R 4.3 2.5 M 2.9 ‘m 1.6 2.4
4.CQ 45.5 ‘k 5.4 4.2 BI 5.3 2.0
8.CU

3.3 5.2
37.2 0.0 5.2 5.1 B2 8.0 ‘& 4.7 8.1

12.IY3 26.5 0.0 M IA Ef Nh KS K4 M
18.00 27.2 0.0 Tr ‘k BI Ts 0.0 ‘It ‘It
36.CO 11.2 .Tr ‘1Y 5.5 82 11.5 B - 6.6 7.0
48.IY3 21.9 ‘m Tr 17.1 m 37.9 TT 25.6 ~
72.~ 6.8 ‘k m 17.5 % ‘& Tr
%.al 5.4 ‘r? @:9 2Z2 Ex 38.0 ‘IY 22.6 Tr

(%.m) BCC.8ed. ‘k Tr 2.39 BI . 4.41 - 1.01 3.14 Tr



–_ —. . . . . ,“.,  ,..U  ...,.

Fclmti fiable ammtica (Note: NI ohserwd at2ph8tlcs)

DIWIJFJJ FIWZ-+rcmtratim9  wr  Uter Of 539 ater

Olue8th?red Flu&s &y C* oil d J*1OF * ?ealmW

mm!
flm
start
@m)

m
0.25
0.%
1 .Ln

i%
8.03

12.at
18.03
24.113
48.03
72.00
%.(J3

120.(B3
Ifs.lm
216.C21
—

FuHx Falm

Pk.? w

Kn J,xl-135
~.m+x
UB.MH5
Lf @-m
K71JJW.35
Imm
m.fm-85
KB km-05
K2.4m-m
RB.6m+35
KB.7ul-m
22.@n-a5
KB FeE+%
m Fe+rw
m Fs+86
K2Feb-06

Wlm9rbm  amentmtlm
(@ of - wter)

w3mcartu”&mntratim
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Table of Mathematical
Expressions

DEFINITION

partition coefficient

concentration of oil on SPM

concentration of oil in water

shear stress exerted in the z-direction on a fluid surface
of constant y by the region of lesser y

viscosity

energy dissipation rate

concentration of species i

velocity component in the x- (or y- or z-) direction

dispersion component in the x- (or y- or z-) direction

reaction term for species i

reaction rate for oiled particles

oil-SPM interaction rate constant

concentration

concentration

rise velocity

of oil droplets

of SPM

particle settling velocity

fluid velocity in the
x-direction

turbulent shear

number density of particles
of species i
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APPENDIX B

SYMBOL

a

r
i

a

v

ka

t

P

mgh

k~

Table of Mathematical
Expressions

DEFINITION

radius of a “collision” sphere

radius of particles of species i

stability constant or “sticking” factor

kinematic viscosity

lumped parameter for “sticking” and including the effects
of particle radius

t i m e

power

change in potential energy in a gravity field

rate of SPM - SPM interaction

B-2


