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OIL/SPM INTERIMREPORT

INTRODUCTION

The obj-ective of the oil-droplet and 'suspended-particulate-matter·
interaction program is to quantify the reaction terms in the convection-
diffusion equation for oil droplets and dissolved-oil species. The
convective-diffusion equation ts derived by writing a mass balance for the
species of interest in a differential volume element. The results of writing
the mass balance yield the following partial differential equation fort;~e
concentration of species i:

This partial differential equation is a mass balance which when inte-
grated over time and space yields the concentration of species i. This equa-
tion appears in all branches of science and engineering whenever a mass
bal ance is writ~: In the above equation, the left-hand side, with the
exception of (a~)' represents 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
describing oil and suspended-particulate-matter interactions. in the water
column. All of the "tnteract lon" information is contained in the reaction
term Ri above. This reaction term is. a removal (output) or source (input)
term for the speci es t • Thus, for oil -SPM i nteracti ons , it is necessary to
describe what species are going to be identified and kept track of. It;s not
possible to quantify every single species in the system; there are simply too
many. Instead, experience seems to indicate that simplifying assumptions can
be made.

1

(1)
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The reaction for oi 1 droplets i n -the water column descri bes the rate

of collision and sticking' of an oil droplet with a suspended particulate,
i.e., a loss of- (free) oil droplet, and the settling (or rising) of an oil
droplet. The re-action term Ri for oil droplets.2!!ll. then is

( 2)

where KopCoCp is the rate of co~lision and sticking of an oil droplet and a
suspended part i cul ate to produce an oi 1-part icul ate agglomerate. The effect
of buoyancy of oi 1 dropl ets or oi l-SPM agglomerate appears in the ver-t.tcal
velocity term in the partial differential equation.

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 Ci• Thus, in order to predict the interaction of oil and
sediment for a specific location, a prediction of sediment transport is re-
quired a priori.

A complete list of the species of interest Jar oil-SPM interaction
prediction includes: oil droplets as a function of size, sediment size and
"type ," and finally oil-particulate agglomerates. Oil-particulate agglome-
rates refer to oil-particulate species where the particulate is composed of
one, two, three, ••• , individual particulate(s) and the agglomerate is 'the
result of one oil droplet scavenging more than one particulate. There are an
infinite number of species when these types of agglomerates' are considered.
Since it is not possible to keep track of all species even on the fastest
computer (nor worthwhile), some judgement based on existing results and exper-
imentation in progress 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 equa-

2
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-tion. 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 parameters to calculate where the oil and SPM are transported.
These parameters come from an ocean circulation model and if the ocean-
circulation model "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

simplifying 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, a

discussion of the results of the completed experiments is given along with

plans for the next series of experiments. A discussion on the utilization of
these results is then presented which detai 1s how the parameters are to be

used.

MODELDEVELOPMENT
Formal Description of Suspended Particulate Matter and Oil Interactions'

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

program is to descri be the fate of oi 1 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

dissolved 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.

3
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-An oil spill on the ocean surface moves as a function of environmen-
tal conditions such as wind speed, waves, and water currents. As the slick
weathers, dissolved species and droplets of oil are fluxed into the water
col umn. At the same time sediment transport occurs due (mainly) to a f1 ux of

~ .:

sediment to or -from the bottom dependi ng on wave conditions and currents.
Thus, the two speci es, oil and parti cu1ate, interact and are transported due
to the local velocity and dispersion vectors.

The mathematics which describe the water column interactions are the
cont i nufty equati ons for the various sped es.ln general, this equat i on is

acl, a a a a aCi I ac; ac· . -at + t-'VxCi) + t'<VyCi) + t'<VzC;) :2 ax(k:<ax) + ~y(ky ay> + ~z(kz a~). + Ri_(3)

where Ci is the concentration of the ith species of interest, t is time, \/i
are the velocity components, kis are the dispersion components, and Ri is the
reaction term. This equation can only be solved if the velocity and disper-
sion components are known. Furthermore, when this equation applies to dilute
species, it is not coupled back to the hydrodynamic equations. In other word'S
if the presence of Ci does not affect the bulk density of the fluid, the
(bulk) vi scosity of the fl ui d , or any other phys i cal 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 coupl ed" assumption is applied because the species
are very di 1ute , This is apparently not the case for sediment at the bot tom
boundary. The cont i nuity equation can be so 1ved when v and k are gi ven or
specified as a function of x, y, z and time. If a circulation model is avail-
able 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 contin-
uity equation for uncoupl ed speci es such as oil has to be integrated after a
circulation model is run, then a considerable amount of work must be done to
"writ e" an integration routine, parameterize the location of the boundary, and

IIplot" the results.

4
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Consider now the reaction term for oil droplets. Oil droplets leave

(change their id~ntity) the water column by colliding with and sticking to
suspended particulate. The rate expression for the Ilreaction"is postulated
to be

-.:' .: .

(4 )

where Co is the oil-droplet concentration, Cp is the total p,articu1ate concen-
trat ion, and Kop is the rate constant for th is IIreact ion. II Kop is a funct ion
of turbulence or energy dissipation rate and is discussed in detail in the
following section.

This interaction will result in a decrease in oil droplet concentra-
tion, i.e., a Cil at will decrease, so KopCoCp is subtracted from the right
hand side of the continuity equation for oil droplets.

When oil-droplet bouyancy is considered the continuity equation is
further modified by the "rising" velocity according to

v = VI + WY Y Y ( 5)

where Vy is the y-component of the current velocity obtai ned from a (the)
circulation model and Wy is the "rf s tnq" velocity. The above expression for
Vy is to be used directly in the continuity equation for oil droplets.

The objecti ve of the experimental program ri ght now is to measure,
verify, and gain insight on KopCoCp• This work is being conducted in a
stirred-tank "reactor."

Now consider the suspended particulate matter in the water column.
There are two types (at least) to consider: uno1led particulate, Cpu' and
oiled particulate, Cpo. The continuity equation for unoi1ed particulate also

5
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contains a loss term due to collision with and adherence to ail droplets.
Thus, the reaction term for unoiled particles is

(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 Vy term for particulate only. Denoting the particle settling

velocity as Uy' the y-velocity component becomes

.. (-7)

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

bottom) •

At this point in the discussion, it is becoming apparent that keeping
tr-ack of all kinds of species may well be impossible, especially if particu-
late size fractions are to be considered. However, it is only necessary to
keep track of those "things" which behave differently. An example of impor-
tance which now should be considered is oiled versus unoiledparticles. If
the settling velocity of these two species is not appreciably different, then
there is no need to consider them as separate species. The important consi-
deration then is "appreciably different" when considered in the ocean envi-
ronment. Since settling velocity is the "comparison," information on differ-
ential settling must be obtained by examining ~ ocean sediment to determine
how sediments are size fractionated to the bottom. If it turns out that,.

sediments with a sett 1i ng velocity range of say ±10% are uniformly deposited
and experiments in the laboratory show that oiled versus unoiled particulate
fall in this range, then there is no need to consider separate particle
species. However, this comparison must be made. Observation appears, in a
prel imi nary sense, to bear out the above postul ate based on 1aboratory data
only, Le., the observed settling rates differ very little (see Section 6.1.

Payne et a l , 1984).

6
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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 "f l ux" 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/dy = 0 at the bottom, t ,e ,; no transport across the

bottom; or Co = 0, i.e., the oil drops stick to the bottom. If sediment is

being "lifted" from the bottom due to wave action, dCo/dy = 0 would (probably)

be satisfactory.

The concentration of suspended sediment in the water column canvbe

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

resuspension from the bottom. The former is part of the full three dimen-

sional 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 conditions for the suspended sediment continuity equation and bottom
friction coefficients for the sea bed to the bottom boundary layer or suspen-

ded sediment concentrations in the boundary layer resulting from resuspension.

The incorporation of this bottom boundary condition into the 3-0 circulation

model can necessarily only be performed by the circulation model.

The suspended sediment, bottom boundary layer sub-model will be 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 boundary layers. The calculated bottom shear stress from this
model (which includes moveable bed and stratification effects) is then related

to sediment resuspensi on and transport through the Shi el ds 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 necessarily the most significant wave; low frequency swells
resuspend sediment more easily than a steep choppy sea.)

7
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2. Low frequency current and density profil es (from the 3-0 ci rcu-

lati on model). There is feedback from the boundary 1ayer sub-
model to the current profiles and eddy viscosity parameters.

3. Bottom sediment characteristics, including size distribution and
bed-form characteri st tcs ,

Detailed Discussion of Oi1-SPM Kinetics

The rate of oil and SPM interaction, whi ch appears as Ri in the
continuity equations, is written as

. {8)

This equation is based on numerous research papers that have been published on

the general topic of 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 to a turbulent medium.

In order for oil droplets and SPM to interact, they must collide.
Once they have collided, they can "s t ick" to form an oil-SPM agglomerate or

rebound to remain the same as before the collision. Therefore, the first step

in describing the oil-SPM interaction is to describe the 'collision frequency

of (suspended) particles in a turbulent medium.

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

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

nar 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 f1 owi ng f1 ui d. If the sphere was not transparent, then the flow of f1 ui d

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

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

8
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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 1oca 1 velocity. This concept can be vi sua 1i zed by
examining Figure ""1~: Note that the velocity is zero on or near the x-axts and- "

the proj ected area of the sphere in the regi on of the x axis is re 1at i ve1y
large. Thus," there are relatively few collisions on the x-axf s because the
flow is small in this region. As the position of a flowing particle is moved
off the x-axf s , its fluid velocity toward the target sphere goes up and since
the projected area of the target sphere is finite, col lf s tons 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 part tcles
flowing th~ough this position, but the projected area of the target sphere ii

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:: {sine (a sine d~)} [sf ne (a de)} (9 )

or

( 10)

any position y can be expressed as a function of a, e and ~ as

s > a sine cos e (11 )

Therefore, the number of particle centers passing through a sphere of radius
"a" about the origin is

df( e ,4» = nudA

= n{G·a.sinecos~}{a2sin2esin~ded4>}

= nGa3sin3esin4>cos4>ded~ (12)

9
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Figure 1. "Coll f s icnv Bpher-e of Radius a, which denotes the collision
geometry for monodispersed spheres of diameter a. Note that
a "collision" sphere is the center-to-center di~tance 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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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
the single particle at the origin. Integrating a and ~ both through 0 to

'IT/2 for the ypp:er octant and multiplying by 4 to get the entire "tace"
exposed to the moving fluid yields

(13)

The above expression is the collision frequency' for the particles in the fluid
with the 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 lIa" per unit volume in laminar shear at G sec-1 is

(14 )

This equation is rear-rarrqed by taking into account of the volume concentration
of solids, which is

4 a 3
c = 3' IT(I) n (15)

which when substituted into the collision-frequency equation yields

4F = - ncG'IT (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 011-oi1
droplet and particle-parti~le interactions to a first approximation.

11
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In order to apply the collision frequency equation to oil-particle

interactions, the identity of two different particles must be taken into con-

sideration. The collision frequency of two different particles is

( 17)

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

. that the shear appears inexact ly the same manner as it does for the colli sian

frequency of monodispersed particles.

The materi alba 1ance, or popu 1at ion balance, for oi 1 and suspended

particulate can now be written using the above collision frequency equat ion,
For oil droplets, the differential material balance is

( 18)

where a is introduced as the "s tabt l i ty II constant. Thi s 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 = 0; at the other

extreme is a = 1. The above equation is applied to the (free) oil droplet

concentration as

(19)

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

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

expressions 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 agglome-

rate. In order to apply the above equation to oil droplets, suspended parti-

culate matter and the resulting agglomerate, at least three species are iden-

tified here. Because the material balances that are actually used in calcu-

lations involve concentrations of mass rather than populations, the differen-

tial material balances are rewritten as

12
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(20 )

where k lumps all unknowns for the reaction.....••.. .,: .

The above equation relates the collision frequency to the (laminar)

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

collision frequency in turbulent shear which results in

G = (~) 1/2
\) (2l)

where €: is the (turbulent) energy dissipation per unit mass per unit time
and \) is the kinematic viscosity.

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

due to collisions and sticking with the j-th particle is

dn; c 1/2
- = -k(-) n.n.dt v 1 J (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 equation is to be applied are not spheres. Furthermore, the particles are

. distributed over a range of sizes. However, the basic form of the above

equation has been shown to be applicable in many situations and will be used

and verified in the experimental program.

Dispersion of Oil Droplets

The dispersion of oil droplets from a slick into the water column is
not a well understood process. The dispersion of oil droplets forms an oil-

in-water emulsion, the properties of which are fairly well known. In order to
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provide a source of oil droplets for the oi1-SPM collision process, this emul-

sion must be relatively stable.

As dis~~~sed in the following sections, turbulence alone cannot

account for the ~bserved oil droplet sizes. The thermodynamics of the oi1-in-
water interaction may be the chief driving force for the production of the
majority of drop1 ets, with turbu1 ence and the presence of suspended parti cu-

late material affecting oi1-SPM interaction rates.

Turbulence

The most convnon models of oil dispersion are based on the turbulent
breakup of the oil where the turbulent energy is supp1 ied by breaking waves

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

into the water column where a fraction of the "f njected" oil remains as dis-

persed droplets and the rest returns to the surface slick.

Models have been developed relating turbulent energy dissipation

rates (e) to sea state, especially wind speed. Sea state is a parameter also

used to calculate the oil concentration in the water column. A review of

these models is contained in the.First Quarterly Report dated January 16,

1985. Difficulties encountered with this method of modelling oil droplet size

and production rate using turbulence alone include the lack of data on ob-

served energy dissipation rates and the lack of correlation of theoretical oil

concentrations and droplet sizes with observed values.

Table 1 lists energy dissipation rates measured in the ocean. Empha-
sis has primarily been on deep ocean measurements and not at the 'surface (0-2

m) or ocean floor. The ocean surface has been estimated to have turbul ent

energy dissipation rates of 30 cm2/sec3 or higher in the top 6 cm with winds

of 10 m/sec (Lin, 1978). Raj (l977) 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.

14
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Table 1. Observed Energy Dissipation Rates

Depth ( m) e:(ergs/cm3/sec) References
1 ~ .: 6.4 E-2 liu (1985)

1-2 3.0 E-2 Stewart & Grant (1962)
15 3.0 E-2 Stewart & Grant (1962)
15 2.5 E-2 Grant 'et a1. (l968)
15 1.0 E-2 Liu (l985)
27 5.2 E-3 Grant et al , (1968)
36 1.5 E-1 Belyaev (l975)*
40 2.65 E-3 Liu (1985)
43 3.0 E-3 Grant et al. (l968)
58 4.8 E-3 Grant et ale (1968)
73 1.9 E-3 Grant et ale (1968)
89 3.4 E-4 Grant et ale (1968)
90 3.1 E-4 Grant et al. (1968)

100 6.25 E-4 Liu (1985)
140 3.7 E-2 Belyaev (1975)*

*In Raj (1977).
Unit Conversions
1 erg/em3see = 1 ~2/see3 water= 10 7 watts/kg3water

= 10- watts/em

15
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The ai r--sea boundary and sea-bottom boundary are expected to be the

regions of greatest energy dissipation based on velocity profile considera-
tions. Oi1-drop.-let concentrations will be highest near the surface (near the
slick) and sediment concentrations will be highest near the bottom (in resus-
pensi on cases). Theregi on of greatest oi 1-SPM interaction may then be the
middle region of lowest energy dt s s f pat ton , with source terms of oil-droplet
and sediment input described by the boundary regions (surface and bottom) of
hi gher ene~gy dissi pati on rates. Turbulent energy dissi pation rates, when
known, can be readily dup1i cated in the 1aboratory as discussedi n the section
on experi mental procedures, though only with seri ous scali ng uncertai nt i es..•-

The prediction of oil droplet size from turbulence-only models gener-
'ally uses the Weber number approach. Milgram (1978) predicted that the small-
est droplet possible is approximately SOll (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. Observa-
tionsaround an oil spill support this inverse relationship but the minimum
observed droplet size was approximately 1ll (Shaw, 1977). The use of the Weber
number approach also requires the prediction of oil viscosity and oil-water
interfacial surface tension 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) gene-
rates small-scale f1ui d shear whien control s the suspended parti c l e vol ume
removal rate and second, di sperses the di scharged parti c1e suspensi on wh1en
decrease the particle concentration -and lowers collision and removal rat es ,"
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Emulsions

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

emulsifying ageAt"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 pol ar-nonpol ar structure

(surfactants); 2) compounds which form a protective barrier at the liquid-

liquid interface (hydrophilic colloids, i.e., gelatins and gums); and 3)

finely divided powders or insoluble particles (Huang and Elliot, 1977;

Overbeek, 1952). The use of agitation (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 (Le., 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 com-

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

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

zing agent have droplet sizes on the order of 0.1lJ11 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 .sf ze range as measured by filtration (Shaw,

1977) •

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

its surface tension decreases, it is possible to hypothesize that polar prod-

ucts are formed in oil as it weathers (Baldwin and Daniel, 1953). This would
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lead to the increased possibility of spontaneous emulsion formation and/or

stabilized emulsion formation. The exact mechanism of oil-droplet formation

probably involves the combined effects of turbulence, spontaneous emulsifica-

t i on and increased stabil i zat i on due to polar compound production and the
presence of fine-particles of suspended materials.

General Discussion of Experimental Procedure

The experimental procedure for determining the oil-droplet and sus-
pended-particulate interaction is based on the continuity equation in which

the rate tenn is identified. This rate tenn for the interaction kinetics· 1s

first order with respect to oil-droplet concentration and first order with
respect to suspended-particle concentration. The rate expression is propor-

tional to the energy dissipation rate to the one-half power. In this program,
the rate-determining experiments are conducted in a 28 liter stirred vessel.

Thus, the conditions of the contents of the ~essel must duplicate or be scaled
to the ocean water column conditions. The scaling parameter for the kinetics

expres~ions is (:)1/2 which is called the turbulent shear rate. It is im-
\)

portant to recognize that conditions in the 28 liter vessel cannot be made to

match exactly the conditions in the ocean water column. The main reason for

thi s mismatch is the fact that the wall s (or boundary) of the vessel are
always close to the water (movement). It has been stated that "no one has yet
suggested a quantitative relationship between laboratory mixing and the mixing

that occurs at seal! (Shaw, 1977). However, in order to proceed with these

experiments, the energy dissipation rate, e , is considered the major sca1.ing

parameter. Energy is put into the contents of the vessel by stirring. In

order to cal cul ate the energy di ssi pati on rate for an experiment, the power

input can be calculated from

P = wT

where w -is the angular velocity of the stirrer (radians/sec) and T is the
measured torque (dyne-em) which yields the power delivered to the contents of
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the vessel (dyne-em/sec}, Because all of the power del ivered to the sti rrer
is dissipated in the entire fluid mass of the vessel, the, rate of energy
dissipation per unit mass of fluid is

-c' .: .

P-
c = VP

where V is the actual volume of fluid in the vessel and p is the fluid den-
sity. Therefore, the working equation is

e 1.: P )~G = (-) a = (-. -.'J VP'J (23)

Initi al experi ments were conducted with oil added as a slick and th'e
production of oil-in-water droplets allowed to proceed. This method of adding
oil is somewhat difficult to quantify on this relatively small scale. There-
fore, experiments were conducted to determine if oil droplets coul~ be made by
agitating an aliquot of oil in approximately one liter of water to produce a
relatively stable emulsion. These exper-Iments were successful for the purpose
of produci ng a "charge" of oil droplets in water that can then be added to the
water and SPM in the stirred -vesse l • The problem then is to describe mathe-
matically the progress of the oil-droplet and SPM·interaction and predict
observable quantities which can be measured in the laboratory.

Consider a fluid being stirred at a rate quantified by (£/\/)1/2 with
a volume V and an initial SPMload of cg mass per unit volume. At the begin-
ning of the experiment an aliquot of oil droplets in water is added to the
vessel that yields an 011 concentration (as droplets) of cg mass per unit
volume. The material balance for the oil droplets is

v dCdtO= -Vk (.£) 1/2 C C =
o \/ 0 P (24 )

The reason this equation is written in this very specific manner rather than
in terms of populations (i.e., No and Np) is that No can be converted to Co as
previously described in the discussion on collision frequency. While this
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conversion is exact only for single-sized droplets, it is applied here to a

narrow size range. The constant ko "lumps" not only this conversion for No to
Co but also the collision effi~iency factor which denotes the formation of the
oil-particle aggiomerate. This differential material balance denotes the loss
of oil droplets -in the vessel. The constant k1 is denoted only for the pur-

pose of deriving a solution. Likewise, the material balance for the SPM is

dC
V d-tP= -V kp (~) 1/2 C C = k C C Vv 0 p 2 0 p ( 25)

In thi s express i on, the rate constant kp is not the same as ko for oil drop-

lets. The reason is that the change in mass per unit volume will not be- -the

same for oil and particles simply because an oil drop and particle will not

(almost always) have the same mass. Again, k2 is a "lump" constant. The
material balance for the oil-particle agglomerate is

(26)

where ka accounts for the mass per unit volume of the agglomerate relative to

the oil droplet. Also, note that

~= ~ dCo
(ff k1 dt ( 27)

and (1 is defined as the ratio k2/kl. This equation states that a change
(i.e., a decrease) in the oil-droplet concentration results in a proportionate

change in the SPM concentration, i.e., (1. In order to solve the differential

equations and, hence, provide a prediction of observables in the experiment,

it ts necessary to write the equation for dCo/dt in terms of Co alone. Thus,
the stoichiometry of the oil-droplet and SPM reaction must be examf ned.

Consider a change in the oil-droplet concentration from t = 0 as

(28)
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where Co(t) is the concentration of oil droplets at some time t , There will
also be a corresponding change in the particle (SPM) concentration

s = CO _ C (t) (29)P -p.: P

The stoi chi ometry of the II react i on II relates the change in mass concentrat ion

of one species to the other. For this reaction, the stoichiometry is quanti-

fied as

(30 )

and this equation takes into account the changes in mass per unit volume when

oil and SPM react to form the agglomerate.

Therefore, solving for Cp(t) and sUbstituting into the expression for

dCo/dt yields

dCo C [k (aC° _Co)dt = 0 lop (31 )

which is Bernoulli's differential equation. Solving this equation subject to

the initial condition that Co = cg at t = 0 yields

1.... = _ kb + ~1.... + ka le-kat (32)

Co ka ~ C~ kb f
where ka is defi ned as k1 (aCg - cg) and kb is - ak1• Thus, three parameters

are unknown: ko' kp' and a. The results of an experiment then provide plots

of Co and Cp versus time from which a is determined directly. The shape of

the Co(t) and Cp(t) curves determine k1 and k2 from the best fit of the data

to the equation above. These parameters are then used in the continuity equa-

tions for the three species of oil droplets, SPM, and the resulting agglome-

rate. This deriva.tion il l ustr-ates how "tank " data are to be analyzed to
determine rate constants when a Ilchargell (step change) of oil droplets are put
into the tank.
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EXPERIMENTALRESULTS: OIL/SPM PROGRAM

During the past year, work has been conducted on not only refinements

in sample co 11ec-t ton and process i ng methodology but also outdoor wave tank and
laboratory stirr-ed chamber experiments regarding interactions between oil and

suspended particulate matter (SPM). AJthough the ana lyses for all of these
efforts are still being completed, the following summarizes the status of the
information available to date for these efforts.

Refinements inSamp 1i ng Methodology

In previous experiments in our oil/SP~' program for MMSand previous--
ly, NOAA, hydrocarbon analyses have been performed on two fractions from whole

water samples: 1) a "dissolved" fraction consisting of the filtrate from a

whole water sample .that is vacuum filtered through glass fiber filter of 1 1J11

nominal pore size and 2) a "particulate" fraction-consisting of all material
retained on the filter. Unfortunately, this "particulate" fraction consists

of SPM and dispersed oil droplets because both are retained on the filter.
Hence, discrete quantities of hydrocarbons in the SPM and dispersed oil frac-

tions cannot be distinguished with this filtration approach.

Separation 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, the following change in sampling method-

ology has been adopted. A sUb-surface whole water sample is collected from an

experimental chamber (i.e., outdoor wave tank or stirred reaction vessel) in a

glass separatory funnel that is completely filled with solution. The sample

in the separatory funnel is maintained in a stationary position for a suffi-
cient period of time to allow for inherent density differences between dis-

, .
persed oil droplets and SPM to produce a physical separation between the two

fractions (f ,e ,; oil droplets rise and SPM sinks in the separatory funnel).

Losses of specific hydrocarbons due to volatilization of lighter fractions
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into an overlying air space are minimized because the separatory funnel is

completely filled with sample. This sampling protocol subsequently allows for
three reasonably discrete "phases" to be collected from the separatory funnel:

1) an "SPM phase-'l·that is comprised of SPM accumulating at the bottom of the

separatory funnel, 2) a "dissolved phase" that is comprised of the water in
the separatory funnel (excluding the upper oil layer) and 3) a "dtsper-sed oil

phase" that is compri sed of the 011 layer at the top of the separatory fun-

nel. The "SPM" and "dissolved phases" are extracted with methylene chloride
to recover hydrocarbons. The "dispersed 011 phase" is recovered with sol vent
rinses following removal of the "SPM" and "dissolved phases" from the separa-

tory funnel •

A1though th is separatory funnel approach yields three di screte sam-

ples, a limitation in'the general application of this procedure became appar-

ent dud ng experiments in oil-SPM-water systems. For di st t ncti onsbetween
hydrocarbon quantities contained in the "dissolved" and "SPM phases" to be

accurate, all of the SPM in a water sample must collect at the bottom of the

separatory funnel. Observations during experiments indicated that a portion

of the SPM often adhered to the st des of the funnel rather than st nki ng to the

bottom. Furthermore, this trend was more pronounced when SPM particles became

more "oiled". This adherence of SPM particles to the separatory funnel walls

would result in the following limitations: 1) an underestimation of the total

amount of hydrocarbons contained in the "SPM phase" of a sample (due to not

on 1y i ncomp1ete recovery of a 11 of the SPM in the water phase but also the

possible loss of more heavily "oiled" particles that preferentially adhere to

the funnel walls) and 2) an overestimation of hydrocarbon quantities in the

"di ssol ved phase" due to inc1 usi on of SPM adheri ng to the separatory funnel

walls. The latter "dissolved phase" could be further mf s l eadf nq since it

would likely' contain the relatively insoluble aliphatic compounds (specifi-

cally 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 "dt s sol ved- phase" of a

sample.
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Utilization of polyester membrane filters to separate IIdissolvedll and IISPM
phases" of samples.

To ach1e~e the desired separation between IIdissolvedll and IISPMII

phases, the foll~wing general approach was adopted. After IIdifferential phase

set t l tnq" in a separatory funnel, the aqueous portion of a sample (i .e ,,
containing both SPM and water) would be vacuum filtered through an appropriate

fil ter. The resulting water fi1 trate (free of SPM) woul d be analyzed for the
IIdi ssol ved fract i on" of hydrocarbons, and the parti cul ate matter retai ned on

the filter would contain the IISPM fraction" of hydrocarbons. Recovery of the
IISPMII hydrocarbons from the filter would be achieved by additional vacuum
filtration with appropriate solvents (Le., methanol and methylene cnl orf da)

through the filter.

Se1ecti on of the type of fil ter to be used for this approach was

based on the fo 11owi ng criteri a: 1) the ft l ter had to be resistant to the

extraction solvents (i .e., methanol and methylene chloride), 2) the filter had
to maintain its structural integrity through all manipulation steps of the

filtration process (Le., pre- and post-filtration measurements of filter
weights would then allow for determination of the exact mass of SPM filtered)

and 3) the filter would not require pre-wetting with an organic solvent (e.g.,
methanol) to facilitate passage of .aqueous solutions. Filters made of teflon

were excluded because they require pre-wetting with methanol. Any methanol

left on the filter (or filtration apparatus) could result in an undesirable

solubilitization of IISPMIIhydrocarbons during the subsequent filtration of the

water sampl e. Polycarbonate membrane fil ters were excl uded because they were

observed to disintegrate in methanol. Glass fiber filters were excluded
because individual glass fibers could be lost during the filtration process,

thus affecting final filter weights independent of the quantity of SPM re-

tained on the filter. Membrane filters made of polyester were ultimately

selected for testing because they appeared to satisfy all of the desired

criteria (i.e., resistance to methanol and methylene chloride, maintena~ce of

structural integrity throughout filter manipulations, and ready compatibility

with aqueous solutions).
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Polyester filters were obtai ned from Nucl epore Corporation and had

the following characteristics: polyester membrane filter, 47 111Tl diameter, 0.4
lJ/1\ pore si ze , Nucleporecatal og number 181107. The foll owi ng tests were
performed wi th fhese fi 1ters to eva 1uate thei r adequacy for use in ot 1-SPM-

water experiments.

Measurements of hydrocarbons in the vari ous phases of oi 1-SPM-water
samples are routinely performed by gas chromatography with flame ionization

detect ion (F ID-GC) • Consequently, i nit i al concern centered around poss i b1e
introduction of compounds from the polyester filters that would be detected, by

FID-GC. To test this, a filter was placed in a glass beaker with 30 mls of
methanol for 30 minutes. The methanol was then decanted into a separatory

funnel, and 30 mls of methylene chloride was added to the beaker with the
filter for an additional 30 minutes. This methylene chloride was then de-

canted into the separatory funnel. The combined methanol-methylene chloride
fraction was partitioned with 100 mls of hydrocarbon-free sea water. Follow-

ing collection of the lower methylene chloride layer, the sea water-methanol
solution was back-extracted with 30 mls of methylene chloride. The combined

methylene chloride fractions were condensed to an appropriate volume and

analyzed by FIO-GC. A concurrent solvent blank was processed in an identicaf

manner, except that no filter was added to the initial extraction beaker. The

FID-GC chromatograms for the solvent blank and filter extractions are illus-

trated in Figures 2a and 2b, respectively, and appear to be identical. Conse-

quently, solvent extraction of the polyester filter did not appear to intro-

duce any interfering compounds for FID-GC. A filter was also placed in the
filtration apparatus and vacuum filtration (30 cm Hg) performed with the

following sequence of solvents: 1) 30 mls of methanol and 2) 30 mls of
methylene chloride. These combined solvent filtrates were treated in an

identical manner to the preceding solvent blank and filter extractions. The

FIO-GC chromatogram from this vacuum filtration sample is illustrated

U.S. DEPT. OF INTF..:lUOR
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FigJre 2a. Extraction solvent blank (30 m,lsMe01+ 30nls ~hylenechloride). 300ul post-injection velure,
1 ul il\iected.
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Fi!J.Ire 2b. Polyester ft lter blank (SCIre solvents as in Figure ta), 300 ul post-injection volune, 1 ul
irUectoo.

Figure zc. V~uun filtration blank using polyester filter (sarre solvents as in Fi!J.Ire ta), 300 ul post-
tniect lon volune, 1 ul irUected.
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illustrated in Figure 2c, and is again identical to that in Figures 2a and

2b. Hence, vacuum filtration with the solvents introduced no artifact into

the FID-GC chromatogram profile.
--..:- . .:

Because the sea water from an -experimental oil-SPM-water sample would

be passed through a fil ter in the normal proces sing sequence, one al so had to

consider whether some FID-GC artifact would be introduced into the water
filtrate (i.e., the "dissolved phase") by the filter. To test this, 600 mls

of whole sea water from the sea water pumping system at the NOAAfieldlabora-

tory at Kasitsna Bay, AK was vacuum filtered (30 cm Hg) through a polyester

filter. The filtrate was partitioned twice against 100 ml volumes- .of

methylene chloride, and the combined methylene chloride fractions reduced to
an appropriate volume and analyzed by FID-GC. A control consisting of 600 mls
of whole sea water was processed in an identical manner, except that this

sample was directly extracted -without vacuum filtration. The chromatograms

from these vacuum fil tered sea water and sea water control samples are ill us-

trated in Figures 3a and 3b, respectively. Their identical appearance indi-

cates that no FID-GC artifact was introduced into the "dissolved phase" of a
sample by the polyester filter.

A further test of the polyester fi 1ter procedure was performed with
sediment collected from the upper intertidal zone at the head of Jakolof Bay

near the NOAAfield laboratory at Kasitsna Bay, AK.· This sediment was first

passed through a 53 im geological sieve. The filtrate portion of J:his sedi-

ment was added to sea water (see Figure 2b for the FID-GC chromatogram of the

latter) to a final concentration of 54.6 mg dry weight/1iter and stirred for

4.5 hours with a magnetic stir bar. This SPM-sea water solution was then

vacuum filtered (30 cm Hg) through polyester filters. The water fjltrates

were extracted with methylene chloride, and the methylene chloride then con-

densed and analyzed by FID-GC for a "dt s so lved phase" sample. Additional
vacuum filtrations on the polyester filters (containing the SPM) were then

performed in the following sequence to obtain an IISPM phasell sample:
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1) approximately 10 mls of hydrocarbon-free distilled water (this removed

residual sea water and salt and was discarded), 2) 15 mls of methanol and 3)

30 mls of methylene chloride. The combined methanol-methylene chloride fil-

trates were partitioned against sea water and the resulting methylene chloride~ -.

fraction transferred to a collection flask. The remaining sea water-methanol
solution was partitioned a second time against methylene chloride. The com-

bined methylene chloride fractions were condensed and analyzed by FID-GC. As
a control for the filtered SPM fraction, an equivalent dry weight of the

Jakolof sediment was directly extracted in a beaker with comparable volumes of

methanol and methylene chloride. The decanted methanol and methylene chloride

fractions from the latter sample were combined and processed in an tdent lcal
manner to that for the vacuum fil tered SPM fracti on. The FID-GC chromatograms
for the vacuum filtered SPM and whole sediment extracts are illustrated in
Figures 4a and 4b, respectively. The profiles are remarkably similar to each
other and to the polyester filter blanks in. Figures 2a through 2c. This

i ndi cated that the sediment in Fi gures 4a and 4b had essenti ally no extract-

ab 1e compounds detectable by FID-GC. The chromatogram from the sea water

filtrate of the Jakolof SPM-sea wat~r solution was identical to those of the
sea water extracts in Figures 3a and 3b indicating that the Jakolof SPM did

not introduce FID-GC detectable. compounds into the' "d l sso l ved phase" of the

sample.

A final test of the polyester filtration protocol was performed with

an oil-SPM-water solution. The latter was prepared by making the following

additions to a 1000 ml glass beaker: 1) 40.8 mg dry weight of the 53 lJrT\

si eved Jakolof sediments, 2) 600 mls of sea water and 3) 8.0 mls of unweath-

ered Prudhoe Bay crude oil. The contents of the beaker were sti rred with a

magnetic stir bar for 9 hours and then transferred to a separatory funnel.

The 1atter was all owed to sit for 3.5 hours to affect a separation of the oil
and water phases. The water (and SPM) phase was then vacuum fi 1 tered (30 cm

Hg) through polyester filters. The water filtrate was analyzed as the

"d! sso 1ved pnase" for hydrocarbons. The fil ters were then vacuum extracted

with fresh water, methanol and methylene chloride in a manner identical to
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that for the sample described in Figure 4a. 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, an additional 30 m1s of methylene
chloride was vacutin'1 filtered and analyzed separately by FlO-GC. A FID-GC

chromatogram of the Prudhoe Bay crude oil used in this experiment is pre~ented
in Figure Sa. The FlO-GC chromatogram of the sea water fil trate (i .e, ,

"dt ssol ved phase") is shown in Figure sb. Comparison of the two chromatograms
demonstrates that aliphatic n-a1kanes so apparent in the parent crude oil do

not appear in the "dt sso l ved phase" of the sample. The peaks that are present
in the IIdi ssol ved phase" correspond to aromatic hydrocarbons, whi chare char-

acterized by greater water solubilities. These results agree with previous

findings in our currently funded programs. The FID-GC chromatograms of th-e

initial solvent rinse of the polyester filters (Le., the normal "SPM phase")

of the sample and the second sol vent ri nse of the fil ters are presented in

Figures sc and Sd, respectively. The normal "SPM phase" (Figure SC) has a
chromatographi c profile for n-a 1kanes and other a liphati c compounds that is
very simil ar to that of the parent crude oil (Fi qure Sa), except that the more
volatile low molecular weight n-a1kanes are partially missing. The latter

observation reflects the selective evaporation of these compounds during the
initial 9 hour stirring phase of the experiment when the oi1-SPM-water system

was open to the atmosphere. Because the second methyl ene ch 1ori de ri nse of
the filter (Figure sd) yielded a chromatogram with essentially none of the oil

indicated in Figure SC, the solvent rinse sequence in the filter processing

protocol (i.e., methanol followed by 30 mls of methylene chloride) appears to

be nearly 100% effi ci ent in recoveri ng petrol eum hydrocarbons from the fi 1-
tered SPM.

The sum of the preceding results indicate that the comotned separa-

tory funnel/polyester filter technique will allow for oil hydrocarbon compo-

nents to be identified in discrete "SPM", "dissolved" and "dispersed

phases". The polyester f l l ters also do not introduce any FID-GC detectable

contamination into the various phases of a sample. It must be emphasized,

however, that a complete physical separation of dispersed oil droplets from
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SPM in a sample (e.g., in the separatory funnel) must be achieved for this
procedure to yield unambiguous results.

Experimental Res..ults from Outdoor Wave Tank Studi es

An experimental oil spill was performed in an outdoor wave tank at

the NOAA field laboratory at Kasitsna Bay, AK during March 1985. At the
initiation of the spt l l , a total of 5 gallons (18.9 liters) of fresh Prudhoe

Bay crude oil was poured into the wave tank that contained approximately 2800

1iters of sea water in a flow-through mode (turn over time for the water was

approximately 1 tank volume every 3 hours). Wave action was generated by- a

rotating paddle wheel at one end of the tank. Whole sediment obtained from

Jakolof Bay near the NOAAlab was periodically added to the tank in the vicin-
ity of the paddle. A portion of tnt's sediment was kept suspended in the water

column by the wave action generated by the paddle. Whole water samples were

collected in separatory funnels before the spill and at specific time inter-

vals thereafter. These samples were subsequently analyzed by FIO-GC for their
hydrocarbon content and composition in the "SPM", "dissol ved" and "dispersed

oil phases". Processing of water samples included separation of the water/SPM

and dispersed oil phas~s in separatory funnels, but did not include filtration

of the water/SPM portion of samples through polyester filters for definitive

separation of the "SPM" and "dissolved phases". The actual SPM load in the
water col umn of the wave tank at the time of a specific sampl i ng event was

measured in a separate water sample by vacuum filtration of a known volume

through a tared polycarb~nate membrane filter (Millipore Type HA, 25 mm
diameter, 0.45 ~ pore size). The filter was then dried in a dessicator and

reweighed to determine the SPM load at the time of the sample.

The results of measurements pertaining to chemical and physical pro-

perties of the oil in the surface slick of the wave tank during the initial 12

days following the spill are summarized in Table 2. The observed trends agree
with our previous findings in comparable flow-through wave tank experiments.

For example, the quantities of both FIO-GC total resolved and unresolved
compounds per gram of oil declined. This resulted from a continuing loss of
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Table 2. Chemical and Physical Characteristics of Oil from Wave Tank 14 Oi1/SPM Interaction Experiment

Hydrocarbon Concentration (mg/g oil) Interfacial Tension (dynes/cm)
Viscosity @ 38°C Water, Content

rime Total Resolved Unresolved Compounds Oil/Water Oil/Air (centipoAise) ,(" by wei ght )

~ing Crude 119 229 24.6 31.8 30 .30
24 hours 87.2 204 7.0 33.2 43 .35
48 hours 63.8 145 11.1 33.0 43 .17

4 days 36.5 106 9.2 33.8 180 47.0
7 days 29.5 112 13.0 32.0 200 8.9

12 days 27.5 104 11.5 34.6 800 6.3
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more water soluble and volatile compounds from the bulk oil, with a consequent

enrichment in refractory compounds that were not detectable by the FIO-GC

procedure. Oil-water interfacial tension values declined while both the

viscosity and water content of the oil increased during the course of oil
weathering. In- conjunction with the trends in these chemical and physical

properties, visual observations over this time period indicated that the bulk

surface oil became much less fluid (t ,e ,', it took on a somewhat "conqeal ed"

appearance) • Thi slatter change was accompani ed by a not i ceab 1e decrease in

the tendency to form small dispersed oil droplets that were injected by wave

action "into the underlying water column. Although decreasing oil/water inter-

facial tension values will favor increasing dispersion of oil into the water,

this trend does not become effective until interfacial tension values decrease

to at least 5 dynes/cm (Payne and Phillips, 1985a). Since this value was not
reached, the increasing viscosity of the oil was presumably responsible for

the visible decline in dispersed oil droplets in the water column over time
(see Table 2).

Results of the FIO-GC measurements for total hydrocarbons (i .e.,

total resolved components plus the unresolved complex mixture) in the
"di sper sed oil II , "di 5s01 ved" and "SPM phases." of water samp1es coll ected in

separatory funnels from the wave tank are summarized in Table 3 and the tem-

poral trends are illustrated in Figure 6. The concentrations of the

"dt sper sed oil t r actlon" had their highest values (approximately 5 mg total

hydrocarbons/liter) at 1 hour after the spill. The levels then declined,

showing agreement with the visual observations of declining dispersed oil

droplet formation noted above. This decline in total "dispersed oil " levels
measured by FIO-GC would have resulted from two factors: 1) the flow-through

characteri sti c of the wave tank (i .e., the inherent turn over rate for the

water in the tank tended to "f lush out" dispersed oil droplets from the water

column) and 2) the natural weathering of the oil (specifically, its increasing

viscosity) tended to inhibit further dispersion of oil droplets into the water

column." The concentrations of total hydrocarbons in the "df sso l ved" and IISPM

phases" of the water samples achieved their maxima (0.5-0.7 mg/liter) at 1-4
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Table 3. Results of Outdoor Wave Tank Oil/SPM Partitioning Experiment

Concentrat1ona (ppm)

Bound Oil b
. I

Particulate
I A f

Sample Time Oi spersed Oil 01 sso 1ved Oil Relative to the Relat he to the SPM Load
SPM Load Water Mass

1 hour 5.13 .441 172 .00339 19.7
4 hours 3.13 .512 2250 .707 314
8 hours 3.62 .252 3460 .107 31.0

24 hours .104 .0299 700 .0281 40.2
48 hours .105 .0703 350 .0327 93.5
72 hours .0277 NOc NO 24.9

5 days .0273 .0528 NO NO 2.8 (ambient) .

a _ Concentrations shown are the sum of all resolved compounds and the unresolved mixture.
b _ "Re lat ive to the SPM Ioad" is an indication of the ug of oil associated with one 9 of SPM. whereas

"Re lat lve to the water mass." is an indication of the mg of particle bound oil in one liter of the water

column.
c _ IlNONindicates "not detect ed"
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hours post -spt l l , Subsequent dec 1i nes in the hydrocarbon concentrations in

both of these sampl e phases resul ted from the same factors i nfl uenci ng the

"di spersed oil II concentrat ions: 1) the flow-through mode for the water in the

wave tank and 2-} .the weathering of the bulk surface oil. The" decline in the

oil content in the "SPM phase" was also affected by lower total SPM loads in
the water column after the 4 hour sampling time. This is supported by the

fact that total FID-GC hydrocarbon concentrations in the IISPM phase" norma1-

i zed to the mass of SPM actually achi eved a maxi mum at 8 nours rather than 4

hours post-spill (see Table 3). Subsequently, declines in the SPM hydrocarbon

levels coincided with declining "d l sper sed ot l" levels. Consequently, in this
wave tank experiment the temporal association of oil with SPM particles was. a

IIrelatlvelylls10w process. For example, observed maxima in SPM hydrocarbon

level s on a parti de mass basi s di d not occur until 8 hours post.-spt l i. even
though substantial "dt sper-sed oi l " was available to interact with SPM by 1
hour post-spill. It should also be noted that total FID-GC hydrocarbon levels
in the IISPMphase" (normali zed to the volume of water sampl ed) were l~ss than

those in ei ther the "d! spersed 01111 or. "d! ssol ved phases", except when very
hi gh SPM loads (e. g., > 300 mg dry wei grit/ liter) were present in the water

column.

In addition to the preceding trends in total hydrocarbon concentra-

tions, differences were observed ~n the specific compositions of the FID-GC

hydrocarbons in the bulk surface oil over time. For example, Figures 7a, 7b

and 7c are chromatograms of surface 011 coll ected from the wave tank at 1, 4
and 9 days post-spill, respectively. Although n-a1kanes persist as major

components in the oil in these samples, compounds with shorter retention times

(e.g., lower molecular weight n-alkanes and ar.omatic" compounds) selectively
disappear over time. Similar changes in the composition of surface oils as

they weather by natural processes have been noted in other investigations

(e.g., Boehm et a1., 1982; Payne and McNabb, 1984). This trend of selective

losses of lower molecular weight constituents results from the greater vola-

tilities and water solubilities of the l oxer molecular weight aliphatic and

aromatic compounds.
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Interesting compositional changes in the specific hydrocarbons in the

three phases of a water sample (i.e., "dispersed oil", "SPM" and "dissolved")

were a1 so observed. Chromatograms of these fractions from the 4 hour post-

spill sampling time are illustrated in Figures 8a, 8b and sc, A very marked

predominance of aliphatic compounds (particularly n-a1kanes) can be noted in
both the "dispersed oil" and "SPM phases". However, lower molecular weight

aliphatic and aromatic compounds that were still present in the bulk surface
oil (e.g., see Figure 7a for surface oil at the 24 hour post-spill time point)

had either substanti ally dec1 i ned or di sappeared from these "di spersed oil"

and "SPM phases" at the 4 hour post-spill time. These dec1inesi" lower

molecular weight aliphatic and aromatic compounds (relative to the bulk 'Sur-

face oil) wou1d be the resu1 t of the 1arge surface areas of both the small

dispersed oil droplets and the "oiled" SPM particles, allowing for selective

dissolution of more soluble hydrocarbon components (e.g., lower molecular

wei ght a1 iphati c and aromatic compounds) into the ambi ent aqueous medi um, In

contrast to the "dispersed oil" and "SPM phases", the "dissolved phase" of the
4 hour post-spill sample (Fig. Be) is comprised almost exclusively of aromatic
compounds, supporting the ph_enomenon of greater water sol ubil it i es of the

aromatic hydrocarbons. Quantities of specific aromatic compounds in the

"dissol ved phase" of the samples from 1 hour to 7 days post-spill are sum-

marized in Table 4. The sequence of compounds in the table are listed accord-

ing to sequentially increasing retention times in the FID-GC chromatograms.

This sequence also reflects a general decrease in aqueous solubilities and

volatilities of individual compounds. The declines in the concentrations for

all of the aromatic compounds overtime is due to both the flow-through mode
of the wave tank (i.e., dissolved compounds are "flushed out" of the tank) and

decreasing dissolution and/or availability of individual compounds from the

bulk surface oil as a result of oil weathering. At the same time, the magni-

tude of the declines for individual compounds (e.g., the ratios of concentra-

tions of 7 days to those at 1 hour post-spill) were much greater for compounds

with shorter retention times. This reflects the greater water solubilities

and volatilities of the compounds at the shorter retention times. Hence, over
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Table 4. Dissolved Compound Concentrations from the Wave Tank 114Oi1/SPM Interaction Experiment

(ugll)Compound Concentration
1hr 4 hrs 8 hrs 24 hrs 2 days 7 days

Toluene 155 158 48.7 6.95 2.06 1.08
Ethylbenzene 17.5 19.1 7.57 1.09 1.17 I A NO ,
m & p-xylene 55.4 63.8 24.9 2.35 5.38 :. .378
o-xylene 25.5 30.6 12.8 2.86 3.35 .222
Isopropylbenzene 1.99 2.40 .896 NO .235 NO
n-propylbenzene 3.27 3.47 1.47 .277 .450 NO
Crbenzene 11.3 12.4 5.41 .574 1.87 .575
Crbenzene 3.77 4.24 1.77 NO .713 .274
1. 3. 5-trimethylbenzene 4.99 5.67 2.47 .424 .930 .309
Crbenzene 13.0 14.6 6.82 .324 2.61 1.17
C4-benzene 8.21 9.72 4.37 1.70 1.86 .972
Tetramethylbenzene 1.54 2.95 1.00 NO NO NO
Naphthalene 14.3 20.2 10.2 .349 3.64 2.79
2~methylnapthalene 13.5 15.0 8.65 .269 3.22 3.93
1-methylnapthalene 10.8 12.4 7.00 .305 2.53 2.93
1. 11-biphenyl 1.71 1.82 1.12 NO .335 .487
2. 6-dimethylnaphthalene 3.65 3.35 2.18 NO .732 1.03

."CrNaphthalene 4.20 3.77 1.68: NO .622 .782
CrNapthalene .790 .710 .442 NO NO .208
CrNaphtha lene 1.00 .779 .385 NO NO .186
2. 3. 5-trimethylnapthalene .628 .466 NOa NO NO NO
Oibenzothiophene .501 .395 NO NO NO .152
Phenanthrene .662 .459 .348 NO NO .218
Total Resolved Compounds 393 435 167 21.3 35.7 24.6
Unresolved Compounds 48.3 77.3 84.5 8.64 34.6 28.2

a - ND indicates "not detected I

, I



.]

.]

J
J
J
]

]

le;",,:
~j,

-)!]
]

]

];
,

"],
"-.

]

1
1
l'-'.
~
/

-
time the relative availability of these compounds, for dissolution from the

parent surface oil declined. This explanation is also supported by the

chromatograms of the surface oil (see Figures 7a, 7b, and 7c) which show a

selective disaPE~~rance over time of compounds at the shorter retention

times. Because- the water/SPM portions of the samples from this wave tank
experiment were not filtered through polyester filters, the very low

quantities of n-alkanes at the longer retention times in Fig. Be (i.e.,

"dissolved phase") may be indicative of inclusion of small amounts of "oiled"

SPM particles in the "dissolved phase" of the sample.

Experi mental Results from Stirred Chamber Studi es

A total of eight experiments involving various combinations of oil,

SPM and sea water in the sti rred chamber have been performed in the past

year. However, the fi rst four of these did not i ncl ude fi ltrati on of the
aqueous portion of samples through polyester filters (i.e., to clearly distin-
guish "dissolved" and "SPM phases") and will, therefore, not be discussed in

this progress report. Although the latter four experiments did incorporate

the polyester filter technique, the final reduction of data from these experi-

ments is still being completed. Therefore, only the information currently

available at this time from these experiments (as well as the current status

of the remaining samples) will be summarized below.

Three chamber experiments were performed at the NOAAfield laboratory

at Kasitsna Bay, AK and one a~ the SAlC facilities in La Jolla, CA. For the

experiments at Kasitsna Bay, a 28 liter volume of sea water from the offshore

pumping system at the lab was added to the chamber. Because ambient SPM loads
(> 0.45 un) in the natural sea water at Kasitsna Bay were never greater than

2.8 mg dry weight/liter during the experiments, the sea water added to the

stirred chamber for these experiments was not pre-filtered. Sea water for the

experiment at the SAlC facilities in La Jolla was collected from the offshore
pumping system at the Scripps pier. The latter water was pre-filtered through

Whatman 11 filter paper before addition to the chamber to remove ambient SPM

47



,]

]

]

]

]

]
, ]..
, .

]

]

]
]

]

]
'],
..

]

]
']
OJ

)
, '

-particles • Sediment for all four chamber experiments was co11 ectedfrom the

upper intertidal zone at the head of Jakolof Bay near the NOAAlab at Kasitsna

Bay in June 1985. The parent sediment was kept frozen. For an experiment,

the portion of the thawed sediment that passed through a 53 )m geological
sieve and subseqaent1y sedimented out of a 12 cm deep, stationary water column

in 2.5 hours was used. Sufficient quantities of the latter sediment were

added to the sea water in the chamber to yield final SPM loads of approximate-
ly 50 mg dry weight/liter in the Kasitsna Bay experiments and 40 mg dry

weight/liter in the La Jolla experiment. A relatively high level of turbulent

energy (compared with natural open ocean levels) was maintained in the Chamber

throughout the experiments by a dual paddle system rotated at 89 rpm. The

three experiments conducted at Kasitsna Bay (but not the La Jolla experiment)

received additions of various types of oil to the SPM/seawater in the cham-
ber. To initiate the oil experiments, the paddle system was momentarily

stopped and 300 m1s of a specified oil type were gently poured onto the sur-

face of the water in the chamber. The oil to sea water ratio in these chamber

experiments (i .e., 300 m1s oil to 28 liters sea water:: 0.0107) was approxi-

mately twice that in tbe outdoor wave tank experiment discussed earlier (i.e.,

15.2 liters oil to 2800 liters sea water:: 0.0054). The types of oil used in
the Kasitsna Bay stirred chamber experiments included the following: 1) fresh

Prudhoe Bay crude, 2) 2 day weathered Prudhoe Bay crude and 3) 12 day weath-

ered Prudhoe Bay crude. The latter two oil types had been collected in r~arch

1985 from the outdoor wave tank experiment at Kasitsna Bay discussed above.
These weathered oil types were maintained in a cold room or refrigerator until

the time of the stirred chamber experiments. All four chamber experiments

(i .e., the three at Kasitsna Bay and one at La Jolla), were conducted at

ambient room temperatures (21 - 22°C).

Ouring a stirred chamber experiment, whole water samples were collec-
ted through a side port in the chamber (approximately 30 cm below the air-

water interface) into a separatory funnel and subsequent ly processed with the

polyester filter technique for both hydrocarbon and SPM load determinations.

Since no oil was added to the chamber in the La Jolla experiment, only SPM
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load determi nat ions were made in th is experi ment. Samp1es were co 11ected at

specified time intervals following either the 011 sp11l event (Kasitsna Bay

experiments) or addition of SPM to the chamber (La Jolla experiment) to allow

for time cour-sa-meesur-ement s of experimental variables such as SPM loads in

the water col urn" and interactions between the 011, SPM and water phases.

Immediately following the collection of a water sample, an equivalent volume
of sea water with the same SPM load (Le., 50 mg dry wei ght/1 iter at Kasitsna

Bay and 40 mg/liter in La Jolla) was added to the chamber to maintain a con-
stant water volume (and, hence, vertical distance between the air-water inter-
face and the stir paddle surfaces) in the chamber.

Information pertaining to the SPM loads in the water columns during

each of the four chamber experi ments is illustrated in Figure 9. In the
experiment containing Jakolof sediment and fresh Prudhoe Bay crude 011 ("fresh

01111
), the initial SPM load of approximately 50 mg/liter began to decline

after 24 hours, and by 120 hours post-spill had reached level s of only 25
mg/liter. Visible accumulation of SPM on the floor and sides of the stirred

chamber was not obvious until the last sampling time (Le., 216 hours post-

spill). Consequently, the declines in the SPM levels in the water column

prior to 216 hours post-spill reflected incorporation of SPM particles direct-

ly into the dispersed oil droplets and/or the surface oil slick. Throughout

the experi ment the number density of small di spersed oil dropl ets (~ 1 nm
diameter) increased visibly in the water column. After the stirring paddle in

the chamber was stopped at 216 hours post-spill, the dispersed oil droplets in

the water column rapidly returned to the water1s surface. However, many of

the dispersed oil droplets remained as discrete entities (i .e., they did not

recoalesce into a continuous body of oil), and the droplets appeared to be

coated with small gray-brown particles (presumably SPM, although no microscope

was available to confirm this). The SPM that adhered to the f l oor and walls

of the stirred chamber at 216 hours post-spill had taken on a "sticky" con-
s i stency whi ch frequently appeared as "fi nger-li ke" stri ngs of SPM agglom-

erates. This presumably reflected substantial "oiling" of individual SPM
particles that adhered to each other rather than being directly incorporated
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into either the dispersed 011 'droplets or the surface slick. Following con-

tact of these "sticky" particles with either the walls of the chamber or other

"sticky" particles adhering to the walls, the turbulence level in the chamber

was no longer suJ.f:fci ent to keep these "sti cky" parti cl es in suspens l on. The

preceding quantftative and visual behavior of SPM loads over time in stirred

chamber experi ments wi th 2 and 12 day weathered Prudhoe Bay crude oil were

even more pronounced. In both of the latter experiments the initial SPM loads
of approximately 50 mg dry weight/lfter had declined to only 4-6 mg/ liter by
48-72 hours post-spl11 , and the appearance of "sticky" SPM adheri ng to the
floor of the st !rred chamber began to occur by 24-36 hours pos tvspt l l.;

To confirm that the declines in SPM loads in the water columns of tRe

preceding stirred chamber experiments were related to the presence of oil, the

chamber experimentln La Joll a was conducted without any 011 addition. As

shown in Fi gure 9, the SPM load 1eve 1sin the 1atter experi ment never de-

clined. Particle "flakes" (>53 lJIll) began to appear in the chamber after 16-24

hours, and the SPM load actually increased at later sampling times. Neither
"flake" formation nor increasing SPM loads were observed in any of the chamber
experiments that received additions of fresh or weathered crude oil. Observa-

tions of SPM samples were periodically made throughout the "no oil II experiment

with a phase contrast 1i ght microscope. At the start' the SPM in the chamber

consisted of )50% diatom tests, with no microorganisms being "visibly" appar-

ent. Observation of an SPM "f l ake" at 40 hours indicated the same general

sediment composition (i.e., )50% diatoms) but a definite presence of unidenti-

fied motile microorganisms in association with the "flakes". Formation of the

"flakes" from individual SPM particles was probably mediated through exudation
products of the microorganisms. Microscopic observations of SPM particles and

"f l akes" at 190 hours indicated that the motile microorganisms were no longer
apparent. However, aggregat ions of amorphous brown part i cul ates were now

present and presumably contri buted to the i ncreas i ng SPM load 1eve l.s , The

microorganisms previously observed in samples may have been either directly or

indirectly responsible for the formation of these amorphous brown particu-

lates. Since neither "f l ake" formation nor increasing SPM levels were ob-

served in the three experiments receiving oil additions, it is likely that
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dissolution of toxic aromatic compounds from the oil into the water column may
have inhibited the growth of microorganisms.

To sulTllfta.r-;ze information related to the trends in the SPM loads in
Figure 9, the declines in the levels of SPM in the presence of oil seemed to
be directly related to the occurrence of oil in the stirred chamber. Further-
more, this "interaction" between the oil and SPM was more pronounced with
weathered oil. In the general processes contributing to the natural weather-
ing of oil, the abundance of polar compounds typically increases due to reac-
tions such as photochemical and microbial oxidation (e.g., see reviews in
Payne and Phillips, 1985b and Karrick, 1977). Consequently, the more rapid
"i nteract tons" between the SPM and weathered oil {i.e., more rapid declines in
the aqueous SPM loads) may have resulted from enhanced reaction rates due to
greater surface charge characteri st tcs in the di spersed dropl ets of weathered
oil.

•

As noted previously, the three stirred chamber experiments conducted
at the NOAAlab at Kasitsna Bay,AK included collection of samples {or FIO-GC
hydrocarbon analyses. The single variable differing between these experiments
was the type of oil added to a parti cul ar chamber (i .e., fresh, 2 day weath-
ered, or 12 day weathered Prudhoe Bay crude oil). The final processing of all
of these samples for hydrocarbon measurements has not been completed at thi s
time. The current status of all of these samples is summarized in Table 5.
Although all of the sampl es have been extracted for hydrocarbons, a substan-
tial number from the first experiment (i.e., fresh crude oil) and all of the
samp1es from the second and thi rd experi ments (i. e., 2 and 12 day weathered
crude oil) await final FIO-GC analysis and data reduction. It is anticipated
that this will occur within the next several months as appropriate time and
facilities become available. However, at the time of this repor-t , a limited
suite of data from the first experiment (Le., fresh crude oil) has been
completely reduced. The following is a brief discussion of this informa-
tion.
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Table 5. Status of Hydrocarbon Samples from Stirred Chamber Experiments

Number of Samples

Experiment 10
Surface t Dispersed

Oil Oil
Dissolved
Fraction

SPM .
Fraction

1) Fresh Prudhoe Bay crude
+ Jako1of sediments:

a) Total samples 4 16 16 16
b) Samples extracted 4 16 16 16
c) Samples through FID-GC 2 10 7 10

2) 2 day weathered Prudhoe Bay
crude + Jako1of sediments:

a) Total samples 2 12 12 13
b) Samples extracted 2 12 12 13
c) Samples through FIU-GC a 0 a u

3) 12 day weathered Prudhoe Bay
crude + Jakolof sediments:

a) Total samples 2 13 13 14
b) Samples extracted 2 13 13 14
c) Samples through FIU-GC a 0 u U

SUMS FROM THE PRECEOING
EXPERIMENTS:

a) Total samples 8 41 41 43
b) Samples extracted 8 41 41 43
c) Samples through FIO-GC 2 10 7 10
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The concentrations of total FID-GC resolved . hydrocarbons in the

"dispersed oil", "dissolved" and "SPM phases" of water samples from the

chamber experiment with fresh crude oil are summarized in Table 6. Temporal
trends in the concentrations on a per liter sea water basis are illustrated in

Figure 10. The "dispersed oil phase" exhibited steadily increasing concentra-
ti ons of hydrocarbons through the fi rst 72 hours after the spi 11 event. The '

levels of total resolved hydrocarbons in the "SPM phase" also increased over
thi s time, and thi s appeared to be directly rel ated to increases in the con-

centrations in the "dispersed oil phase", The latter relationship between

hydrocarbon levels in "dispersed 01111 and "SPM phases" was also noted in the
previ ous 1y di scus sed outdoor wave tank experi ment (see Table 3 and Figure'

6). Such observations support the concept that a major route for getting otl

onto SPM parti c1es in aqueous systems is through interactions with di spersed
011 droplets. This coupling between hydrocarbon levels in "dispersed oil" and
"SPM phases" is also supported by pronounced similarities in the FlD-GC chro-

matograms for the two phases of a sample. For example, chromatograms for the

"dispersed oil" and "SPM phases" from the 24 hour post-spill sample are illus-

trated in Figures 1Ia and llb, respectively. Both phases have an abundance of

aliphatic compounds, typified by the n-alkanes. Similar observations of a

close correlation between the hydrocarbon compositions on SPM particles and a

parent No. 2 fuel oil were noted by Zurcher and Thuer (1978) for a "high

energy" ,stirred regime that promoted dispersion of oil droplets into the water

column.

Certain differen~es between the hydrocarbon compositions of the "SPM"

and "dispersed oil phases" in Figures l la and llb are noteworthy, however.

FID-GC compounds with shorter retent ion ti mes are selectively lost from the

"SPM phase" due to their greater water solubilities. The relatively large

surface areas that would be characteristic of oil coatings on SPM or small

dispersed oil droplets associated with the SPM particles would be particularly

favorable to the dissolution of the more water soluble lower molecular weight
compounds.
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Table 6. Available Total Resolved Hydrocarbon Concentrations from Stirred Chamber Experiment
Fresh Prudhoe Bay Crude Oil and Jako 1of Bay Sediments

Total Resolved Hydrocarbon Concentration1 , I

, ~ ,
Dispersed Oi 1 Dissolved SPM Fraction

Fraction Fraction
Normalized to Normalized to SPM Load

Sample Time ( lJgI 1) (lJg/l) SPM load (lJg/g) water'vol.(lJg/l) (mg dry wt./l)

Pre-spi 11 0.0 0.0 38.2 2.0 52.9
15 minutes 41.7 50.1
30 mi nutes 90.5 67.2 171.5 9.1 53.0

U'l 60 mi nutes NA NA NA NA 47.7U'l 2 hours 270.8 407.4 167.6 8.6 51.3
4 hours 596.4 664 .0 125.0 6.3 50.1
8 hours 866.6 1373.4 530.9 28.6 53.8

12 hours 1421.2 1090.5 1221.7 58.9 48.2
18 hours 1073.3 1656.5 73.6 44.4
24 hours 3343.2 3510.9 177.0 50.4
48 hours 8725.0 7216.1 316.11 43.8
72 hours 12627.4 16296.6 585.0 35.9
96 hours 28.7
120 hours 25.0
168 hours 29.5
216 hours 23.0

INA::: not available
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The data presented in Table 6 in the form of oil con cent rat ions

provides information about the rate of interaction of oil droplets and

suspended particulate matter. The working equation for interpretating these

data is ~ _,

aNo e: 1a 4 3
dt = -k(v) J<ro +rp) NoNp (33)

where No is the oil-droplet density (Le., number of droplets per cm3),
( E/ v) 1/2 is the rate of shear in red proca 1 seconds, Np is the SPM part i c 1e

density, ro and r p are the respective radi i and k is a rate constant whi en
takes into account the lIstickingll factor.

The data presented in Table 6 are reworked as total masses and pre-

sented in Table 7. An approximate SPM mass of 1.35 grams total in 27 l1ters

has been used in this table. The experimental difficulty in interpreting

these data is t~e fact that the oil sli~k on the surface was lIdispersingll oil

droplets into the water at an unknown rate. However, this difficulty will be
eliminated in future experiments by introducing oil droplets in another manner

whi ch is descri bed at the end of thi s report. These data in Table 7 (and
Table 6) can be used to provide lIboundedll estimates of the rate of interaction

of oil droplets and SPM.

In order to calculate a bounded estimate of the rate of interaction

using the kinetic equation above, consider the SPM to be composed of primarily

10 micron diameter particles. Assuming a nominal wet density of 2 grams/cm3

and a tank volume of 27 liters yields a number density, Np' of 5 x 104 per

cm3• Voltage and amperage measurements on the stirrer motor in the chamber

yielded a power input of approximately 5.~ joules/sec which results in E '"

2000 ergs/cm3/sec. Thus, the rate expression becomes

(34 )
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Table 7. .Jot al Masses of Oil Droplets and SPM in Stirred Chamber

Experiment (from Table 6)

Time
Oil Drops in
Water, grams

Total Mass of Oi 1
on SPM, grams

Total SPM
in Water, grams

15 minutes 0.0011
0.0024

0.00005
0.00023

1.35
1.35

. -

1.35
1.35
1.35
1.35

1.35
1.35
1.35

30 minutes

60 mi nutes

2 hours 0.0073 0.00026
0.016 0.00016
0.023 0.00071

0.09 0.0047
0.23 0.0097
0.34 0.02

4 hours

8 hours

24 hours

48 hours

72 hours
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Since k is unitless, the units of the derivative are collisions (and

sticking) per cm3 per second. This is the working equation to calculate the
mass of oil on the SPMin Table 7. The unknown in this working equation is k
and the objective then is to provide a "bounded" estimate of this parameter.
The oil-droplet 4~~sity is approximately 400 per cm3 based on 0.0049 grams of
oil in the water when a droplet diameter of 10 microns is assumed. This is a
"typi ca 1" oi 1 concentration for the time frame of 30 minutes through 24
hours. Thus, the rate expression becomes

dN 4
dtO = (-1.1xlO)k (with units of per tank per second) (35)

This rate of collision represents the maximum rate of loss of oi_1
drop 1ets to SPMwhen k = 1. A 10 micron oil droplet has a mass of approxi-
mately 4.6 x 10-10 grams; thus the maximum rate of loss of oil dropl ets to SPM
(i.e., k = 1) is approximately 0.052 grams/hour. However, note from Table 7
that the oil mass on SPMis significantly smaller than this number (integrated
over 24 hours). This means the sticking factor is very small, Le., the
interaction is almost n11. Before firm conclusions can be drawn on this
subject of interaction rates, however, it must be kept in mind that ,SPMpar- .
tic1es may have been swept up in the surface slick and thereby no longer
present in the water column to be measured as "oiled SPM". Only those SPM
particles that have had minimal jnteractions with the dispersed oil will
remain in the "SPMphase" that is ultimately analyzed for hydrocarbons. Since
rates of interaction between dispersed oil droplets and SPM particles are
determined from the measured levels of hydrocarbons in the "SPM phase", this
could lead to an artificially low estimate of the rate of interaction between
dispersed oil droplets and SPMparticles. Based on the more rapid disappear-
ances of SPMparticles in the stirred chamber experiments employing weathered
crude oil (Figure 9), this consideration may be particularly relevant to those
experiments.

Clearly, the experimental difficulties involved prevent a prec t se
interpretation (or model) of exactly the oil-SPM interaction phenomenon
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occurri ng in the tank. In th is at tempt to i nterpretate a set of data ~ the
technical approach has been illustrated by showing what the measured parameter

is (i.e.~k), the required assumptions, and how the experimental difficulties

interfere with data interpretation (i.e.~ the columns of dispersed oil and SPM

numbers in Table 6 are not "smooth"). However, the modeling concepts pre-

sented above do provide a basis for planning the next set of experiments. It

is still anticipated that k <<< 1, although this conclusion must await final
confirmation in future experiments. How k is affected by the SPM type must

also be experimentally determined.

Temporal trends in the concentrations of total resolVed hydrocarbons
in the "dissolved phase" of samples from the stirred chamber experiment with

unweathered crude oil can be observed in Table 6 and Fi gure 10. These quan-

tities increased to a maximum at8 hours post-spill, and then appeared to

begin declining. If the latter decreasing trend proves to be true (which
cannot be confirmed until samples from later time points have been completely

analyzed), this would likely be the result of losses of volatile compounds to
the atmosphere above the surface oil slick. Hence, such volatile compounds
would no longer be available for dissolution into the water column. Declines

in the hydrocarbon levels in the "dissolved phase" over time in this experi-

ment would not be expected to be as dramatic as those in Figure 6 (i .e.,

outdoor wave tank experi ment) since the st i rred chamber is not operated ina

flow-through mode. Therefore, the probable source of hydrocarbon losses from

the stirred chamber on the time scales incorporated into these experiments

would be from volatilization into the overlying atmosphere. With regard to
the specific composition of components in the "dt s so l ved phase" of the water

sampl es, aromatic compounds seem to account for essent i ally all of the re-

solved peaks. For example, the FID-GG chromatogram of the "d is sol ved phase"
at 24 hours post-spill (Figure 12) has only aromatic compounds as "identifiable

peaks. There is no indication of obvious aliphatic compounds such as the n-

alkanes, even at the longer retent ion ti mes where a very smooth basel i ne wa'5

encountered. The identities and concentrations of individual aromatic com-

pounds over time in the Ildissolved phase" of samples from this experiment-are
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summarized in Table 8. Conclusions regarding selective losses of lower molec-
ular weight aromatics over time due to their greater volatilities will have to
await additional data at the later sampling time points.

Technical Approach for Future Experiments with the Sti rred Chamber

Methods employed in the previ ous stirred chamber experi ments have
been described above. Some of the procedural complications in applying these
results to the development of a numerical dispersed oil-SPM interaction model
have already been discussed. Further limitations in these previous experi-
ments, and the proposed methodology changes to be incorporated in future
experiments to minimize the uncertainties, are discussed below.

In the previ ous ly conducted stirred chamber experi ment.s , the shear
rates introduced by the stirring propellor have been high. For example, the
turbulent energy dissipation rate' (e:) in the experiments to date has been
approximately 2000 ergs/cm3/second. Typical ocean dissipation values are more
in the range of unity. Since the square root of this parameter (divided by
the kinematic viscosity) appears in the rate expression, the rate expression
"moves" in time too fast by a factor of (2000)1/2:: 44. This could result in
deagglomeration with the apparent result that the oil droplets and particles
do not stick (but they really could at lower shears). Thus, the next set of
experiments will be conducted at significantly lower energy dissipation rates
(anticipated at 200 ergs/cm3/sec) with the power input measured by torque and
revolutions per minute. A torque measuring ,device which is to be installed in
series between the stirrer motor and stirring propeller has been con-
structed. This device is being calibrated and the necessary hardware (motor
mounting) changes are being made to install it.

As indicated in the sections of this report dealing with the modeling
of dispersed oil-SPM interactions, the ideal experimental design to validate
the model will also consi~~ of a system having dispersed oil droplets and SPM
particles characterized by well defined and reasonably narrow size ranges in
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Table 8. Dissolved Hydrocarbon Compound Concentrations from Fresh Prudhoe Bay Crude Oil Chamber Experiment 0

Concentration (~g/l)l
i j

Compound Pre-spill 30 min 2 hrs 4 hrs 8 hrs 12 hrs 18 hrs '24 hrs 48 t'frs 12 hrs
--

Toluene NO 20.44 230.00 380.29 749.47 629.05 595.62 NA NA NA
Ethylbenzene NO 4.62 14.86 NA 54.77 43.94 43.09 15.56 26.24 35.94
m- & p-xylene NO 17.60 49.29 88.45 176.48 133.02 135.28 57.56 82.08 120.75
o-xylene NO 10.02 28.22 48.51 100.30 83.28 84 .82 38.11 61.02 92.46
isopropylbenzene NO NO 1.09 1.50 4.41 3.65 3.35 1.40 2.36 3.98
n-propylvenzene NO NO 1.35 2.36 5.38 4.11 3.84 1.60 2.73 4.78
C3-benzene NO 2.00 5.36 9.26 18.87 14.94 14.60 6.90 10.82 19.23
C3-benzene NO 0.61 1.42 2.38 6.03 4.79 4.50 2.07 3.26 6.03
1.3,5-trimethylbenzene NO 0.96 2.69 5.03 10.64 8.48 8.69 3.96 6.49 12.11
C3-benzene NO 2.49 7.51 14.19 26.89 17.72 18.61 8.57 11.77 22.33
C4-benzene NO 1.66 5.39 9.57 19.29 15.45 16.21 8.59 13.68 25.09
tetramethylbenzene NO NO 5.65 6.67 9.77 6.59 6.69 6.16 6.60 10.12
naphthalene NO 3.01 12.80 24.09 38.66 22.76 27.52 23.00 34.75 59.87
2-methylnaphthalene NO 2.03 8.68 15.68 25.09 17.55 19.72 15.13 19.11 31.23
1-methylnaphthalene NO 1.74 7.38 13.43 22.35 16.16 18.27 14.00 18.97 29.12
1.11-biphenyl NO NO 0.92 1.84 2.93 2.17 2.32 1.88 2.39 2.94
2.6-dimethylnaphthalene NO NO 1.51 2.65 3.78 2.57 2.53 2.24 3.30 5.44
Crnaphthalene NO NO 0.69 1.15 1.74 1.22 1.01 1.05 1.47' 2.37
C2-naphthalene NO NO NO 1.63 2.45 1.53 1.79 NO 1.62 1.08
C2-nathphalene NO NO NO NO 1.24 0.69 0.74 NO 0.81 1.62

~D = not detected; NA= not available.

'---------
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the approxi mate vi ci ntty of 10 JJm di ameters. In the previ ous 1y conducted
st t rred chamber expert ments, oi 1 droplet i nt roduct i on to the water has been
accomplished by putting a "s1ick" on the water and allowing the natural action
of stirring to generate the oil droplets. This method complicates the inter~-..: . -' .

pretation of experimental results since oil droplet introduction is erratic.
For example, a slick can act as a variable source of oil droplet input to the
system over time, thereby confusi ng measurements of the concentrati ons of oi 1
droplets and SPMparticles from which a rate constant is calculated. In order
to minimize problems generated by surface slicks, an oil-water emulsion will
be i niti ally prepared in a mechani cal b1ender in future experiments. Prelim-
inary efforts have been conducted to obtain acceptable oil-water emu1sfons,
and the resulting solutions have been evaluated by phase contrast 1igh~r
microscopy. Blendi ng of unweathered Prudhoe Bay crude oi 1 and sea water has
produced di sper sed oil drop1 ets with wen defi ned oil-waterboundari es and
diameters in the desired range of approximate1y.0.5-10 1JIl1. Future experiments
with this blended. solution appear to be quite feasible. For a stirred chamber
experiment with such a solution, the emulsion will first be transferred to a
separatory funnel for a short period of time to allow any residual oil tending
to form a surface sl i ck to separate from the more "st ab1ell di spersed oi 1
droplets in the sea water. The oil-sea water emulsion (excluding the surface
oil slick) will then be added to the stirred chamber,and an oi1-SPM interac-
tion experiment will commence. Mi~roscopic observations will be performed on
samples throughout the experiment to evaluate the behavior of both the
dispersed oil droplets and SPMover time. Whole water samples win continue
to be processed with the polyester filter technique to obtain estimates of
both SPM loads and the FIO-GC hydrocarbon concentrations in the "dispersed
oil", "SPM" and "dissolved phases" of samples.

Preliminary indications for oil-sea water emulsions experiments using
weathered Prudhoe Bay crude oil are less promising. Microscopy of emulsions
us; ng 12-day weathered Prudhoe Bay crude oi 1 and sea water indicated that the
oil mixtures did not have distinct oil-water interfacial boundaries (i.e.,
much of the oil gradually graded into the water phase at i nterfaci a1 bound-
aries). Furthermore, the weathered oil drops (or, more appropriately,
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"ent tt f es") in these blended solutions were characterized by exceptionally
broad size ranges (e.g., 0~5->100 im diameters). Additional blending experi-
ments (Le., blending times, energy input, oil/water ratios, etc ,) with weath-
ered oil are p1~n~ed to generate stable 1-10 un weathered oil drops for future
experiments.
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