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(i)
ABRSTRACT
An exp]oratohy experimantal study is described in which the
behaviour of crude'011 and fuel o1l droplets was observed in a water

column containing a known density gradient. O0f particular interest is

the buoyant bahaviour of the oil because that bebaviour influences the

time period during which the oil may be submerged, and thus subject to

dissolution, diffusion and advective processes 1in the water column. A
system was'deve1oped in which a stratified waﬁer column waslcreated in
a glass-walled tank with a faciTﬁty to measure density as a function
of height using the “WestphaT Balance" principle. Several oils were
tested: fresh, weathered'(evaporatad) and emulsified (to form water in
0il emulsions) and their behaviour observed, recorded and interpreted.
A cbmpWementary theoretical treatment is presented.

It s conc1uded that a substantial quantity of ofl can be
submeﬁged in the waﬁen column under steady state conditions. The
extent of éubmergence is increased by

(i) a high oil density occurring naturally or tinduced by

weathering. | |

(i) the présence of significant surface turbulence to disperse

| the o0il slick at an appreciable rate and induce water
column mixing.

fiii) the formation of small oil drops.

{iv) the formation of emulsions of water in oil, especia1iy
those formed from high salinity water.

A complementary exploratory study showed that 1aﬁge oil
masses which are slightly less dense than water may be essentia?]?

submerged, but remain close to the surface by virtue of their exposure



(ii)

to wind-induced water surface currents. Thase oil masses may be
invﬁsibWé.to the eye or to remote ssnsing systems because they ére
continually awash with water.

There is also a possibility of density increase by association of
the oil with mineral and organic matter in the water column.

It is suggested that as part of any environmenta1 impact
asgessment process, an oil which may be produced in, or transported
through, an environmentally sensigﬁva region be subjscted to an
experimental protocol for determining its sinking potential. Such a

protocol s suggested.

i
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(iii)

RESUME

Description d'une étude expérimentale sur le comportement de
gouttelettes de pétrole brut et de mazout observés dans une

colonne d'eau contenant un gradient connu de densité. La

‘flottabililité du pétrole est particulidrement intéressante parce

qu'elle influence la période pendant laguelle le pétrole peut

8tre submergé et se préter ainsi & la dissolution, la diffusion

et aux processus d'advection dans la colonne d’eau. Dans le

cadre d'un systéme mis au point, une colonne d'eau stratifiéé a
&té créée dans un réservoir i paroi de verre muni d'un instrument
pour mesurer la densité en fonction de la hauteur, & l‘'aide du
pfincipe de la "balance Westphal". Plusieurs types de pétrole
ont été testés : frais, altéré (évaporé) et émulsifié (pour
former de 1l'eau dans des émulsions de pétrole) et leur

comportement a été observé, relevé et interprété. Un traitement

théorique supplémentaire est présenté.

I1 a été conclu qu'une quantité considérable de pétrole peut
dtre submergée dans la colonne d'eau dans des conditions de
régime permanent. L'étendue de la submergence est augmentde par

{i) une forte densité de pétrole se produisant

naturellement ou provoquée par l'exposition & l'air.
(ii) la présence d'une turbulence de surface importante

qui disperse la nappe de pétrole A& une vitesse


http:comporteme.nt

(iv)

appréciable et proonue le mélange dans 1la colonne
d'eau.

(iii) la’formaﬁion de petites gouttes de pétrole.

{iv) la formation d4'émulsions d'cau dans le pétrole,
surtout celles qui.sont formées par de l'eau a forte

salinité.

Une étude exploratoire supplémentaire a montré gue de
grosses masses de pétrole qui sont légérement moins denseé‘que
1'eau peuvent étre entiérement submergées, mais demeurent proches
de la surface en réison de leur exposition aux courants de
surface provogués par le vent. Ces masses de pétrole peﬁvent ne
pas étre décelées par l'oeil ou par les systémes de télédétection

parce qu'elles sont constamment 3 fleur d4'eau.

Il est également possible que la densité augmente & cause de
l'association du pétrole avec des matiéres minérales et

organiques dans la colonne 4'eau.

Il est suggéré que, dans le cadre de tout procédé
d'évaluation des incidences environnementales, un pétrole qui
peut &tre produit ou transporté dans une région sensible du point
de vue environnemental soit soumis & un protocole expérimental
visant & ‘déterminer son potentiel de submersion.. Un tel

F4

protocole est suggéré.
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1. INTRODUCTION.
ﬁ.ﬁ.Background.

There is an obvious incentive to develop the capabi1ity of
predicting quantitatively the behaviour of crude oil and petroleum
product spﬁ11s on water. Such a capability s an essentia1.componen£
of environmental impact stataments, of countermeasuhes plans, and of.
éssessments of physical, biological and ecological impacts. It s
aiso of considerable scientific interest. One aspeét of oil spifl
behaviour which has been treated in only a cursory manner is o1
sinking, or in general the formation of oil drops.wh{ch are negatively
buoyant, neutrally buovant or near-nesutrally buoyant. This process is
important because if a substahﬁ1a1 fraction of an oil slick is sunk,
even fémporarﬁTy, it removes tHe 051 fﬁom sight and frbm acceés to
surface cohtainment, recovery or chemica] dispersion. Further, sunken
0il is likely to have a more sﬁgnificant effect on biota in the watsr
calumn and possibly din the benthic zone. Clearly, if an oil has a
tendency to sink, that tendéncy should be guantified, or at least
elucidated.

Sinking s possible when one or‘more factbrs cdmbiné to create a
downward velocity. This velocity may be the result of tHe oil having
a density greater than that of water. It may aTso be the resg?t of
downward water currents generated randomly or by more defined
cincuWatﬁpns. The oil density may be increased by evaporative loss
of less dense voTatiTe material or by association of the il with

mineral or organic matter.



1.2 L%ﬁeratuhe Raview.

| Although it seems intuitively unlikely that oil w%?j sink, there
are several reborts of submerged oil, especialiy following the
Kurdisfan incident in 1979 off Cape Breton Island. Vandermué?en
(1980) edited a compilation of review papers on the incﬁdent among
which are several references to "disappeared" or submerged oil.

While the spill occurred in mid March, the oil apparently
disappeared from view until mid April. However, this could be targely
attributed to ice floe interaction.

Tribs, Vandermeulen and Lawrence noted +in thedir paper (Kurdistan
Spilt Movements) that there waere reports of submerged oil in the
Banquereau Bank arsa but they failed to elaborate on this due to a lack
of knowledge of the oil submergence phenbmenon. Alse, Fingas, O'Neil,
Thomson and Neville (Preliminary Results of Remote Sensing
Overflights During The Kurdistan Operation) reported aerial sigHtings
of "what appeared to be submeﬁged pans of oil floating Jjust below the
sea surface". Its black colour indicated that ﬁt was probably not
emulsified. There was alsoc a report of the CCGS Daring motoring
through and turning up submerged oil. This paper also noted that there
was controversy during the spill as to whether the spill was submerging
and resurfacing. Reimer (The Visual Identification of Bunker-C 0il 1in
Dynamic Pack Ice) noted oil "pancakes" of about 30 cm diameter floating
partially submerged in brash ice and suggested that they were in the
process of being incorporated into the ice. Levy {(Petroleum Residue
Concentrations in Scotian Shelf Waters Following the Kurdistan Spill:
Pretiminary Results) noted the initial disappearance of the o1l (i.e no

aerial verification or shore evidence for several weeks) and
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acknowledged the bbssﬁb&1ity of dispehsﬁon of 0%1, as droplets or as
solution, in the water column from wave action. He also noted that
both oil forms were observed in the 1370 ARROW sp%WT; Actual éamp?es
of sand-in—-0il mixtures were collected, and oiﬁlconcentrations in the
water column of up to 1.45 m{crograms per litre at 100 m depthﬁwere'
measured.

Reinson, Frobel, Tavlor and Asprey (Observations on the
Occurrence of_‘Bunker“Cf 011 in the Cape Breton Shoreline, May 1978)
observed oil se&ﬁments with sufficient sand content to lose their
positive buoyancy and "act as sedimentary clasts”. These were active
1ﬂ the swash zpne_of the waves and thus susceptﬁbie to retreat to the
ocean.

There ig thus a significant amount of ¢ircumstantial svidence of
submerged oi1,.but Tittle "Hard“'data.

A second report by Reimer (1881) on the same incident

acknowladges the reports of subsurface oil and notes the interaction

‘between oi?_and seaweed and other debris. This.report's primary value

(with respect to submerged oil) lies in its presentation of
oceanographic and meteorological data over the duration of the spill.
Assumjng that some oil did submerge the tepor# provides a complete set
of data concerning ocean and air temperature as well as wave height
over which oil may sink. In the area studied, between June and October
of 1978, the ocean surface temperature varied from 7.5.deg.C in June to
13 deg.C in August returning to about 9 deg.C by October (with .a
gtandard deviation of about one degree). Over the same period the wave
height varied between 0.39 m and 0.66 m with a standard deviétion of

about 0.1 m. Adr tamperaturse at the ocean surface varied from 4 deg.C



in May to 16 deg.C in August and to 6 deg.C in October.

Thus, assgming'that oil did submehge following the Kurdistan
épi11 one can establish a framework of conditions within which
submersion cccurred. This paper also suggested that seaweed (keij
and other debris were possible causes of ol submergemcé.

In a review of the sinkfng issue, Juszko et. al. (1983) showed
that a case can be made for sinking oil by identifying the following
occurrences:

1) 1866 ANNE MILDRED_BROVIG.* 125,000 bbl Iﬁanﬁan crude oi)
disappearea into the North Sea

2) 1871 SAN FRANCISCO HARBOUR - tanker collision caused
incorporation of bunker C fusl oil into.the naar—béttom waters

3) 1878 AMOCO CADIZ - emulsified ol throughout the water column

4y 1980 HASTEB WELL. ELOWOUT "‘off Saudi Arabﬁé layers of oi]
were stpended sevéra1.metres be1ow the surface |

It ig recognized fhat while the specific gravity (SG) of oil is
usually between 0.8 and 0.8,this may be inareased by evaporation or
dissolution of its 1ighﬁ camponents, emulsion, absorption into
paﬁticu?ates or bacterial gro@th. There is an exampTg of Iranian and
Kuwaitian crude having their SG increased from 0.868 to about 1.025 by
waathering. |

Surface density of the water (horizontal and vertical profiles)
may bhe altered by temperature'and salinity variations {(typically at
the surface by 0.5%). Salinity changes are caused by fce melts and
river run-offs near the shore. Sharp pyanoclines (density gradients
in shallow (less than 20 m) water, seasonal pycnoclines in 20 to 78 m

water and deep permanent pycnoclines {(between upper_mixed and Tower

I
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stable layers) all exist as a result of solar warmﬁng and lack of
mix%ng Thus, any m1x1ng of the water column will alter the
pycnoc11nes and the vertwcaT density grad1ent In areas containing
banks, ridges, shallows and estuaries (common places for tanker
spills) vertical fronts ocour between mixed and non—-mixed areas.
This is important éince a épi?T would behave different]y on either
side of the front. Such fronts are known to occur at regions of ice
éeﬂt, shelves, and mouﬁhs of rivers.

.BQ ﬁnvestigétioﬁ ofnthe vaﬁﬁous coésta1 areas of.Canada tﬁe ﬁaper
co;c?udes that in general, the open ocean has a SG of approximately
1.027 except where input by fresh water may lower surface‘SG_to as
Tow as 1.005. Thﬁs.frééh wéteh may be supp1fed by ice;meTt at.noftherﬁ
Jatitudes and river ﬁunoff at more southerTy latitudes. However, this
applies to on1y a small portion of the total ocean area and the major
cause of dens1ty variation is temperature. Hence, where pycncc?ines do

exist, oil, depending upon its density, may be trapped between density

layers and its subsurface movement will be dictated by water body

" movement and not by surface or wind factors.

There are two areas in which there is a notable lack of

.

Titerature data. First, if an oil drop or pancake has a vertical

dimension of one or more centimetres and 1ies partly submerged on a
wind driven ocean surface it wil] span the vertical water velocity
profile caused by the wind. Iﬁ will thus be subject to a high velocity
at the surface and é Tow velocity beneath and it éeems 1ikeiy that in
this situation it may tend to submerge and allow water to wash over its
surface. Its equ111brium location may bhe 1ower than that dictated by

gravity. No data on this effect could be found.
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Second, thereris a lack of data concerning the density increase
of ecrude éiis and fgeT oils when weathered. This is, 1n part, duelto
Jlack of a photoco1 or test procedufe'by which the density increase of
an oil can.be estimated. Thﬁé issue is treated later in this report.
. Although not considered here the issue of 0il association with
mineral or dﬁatomaceous'matter is clearly ﬂmportant. Recently Wong et.
al. (1984) have shown that 2 days after a spill, following nutrient
addition there was a high growth rate of diatoms and association
between diatoms and oiT‘drops with subsequent sﬁnking.' The diatoms
were about 10 Qm ﬁn_dimatar and ‘induced siﬁkﬁng in 041 drops of
comparable and sma11e3'di$meteb. Approximately 21% of the oil spilled

was estimated to have sedimented.
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';1;3 Theory.
Oi1_sinkﬁng is usuaiTy_expressed in terms 6f Stokes' Law, a
version of which can be stated as
Z =D (Ro - Rw) g/i18u + V = U + V
where
7 is the downward velocity {m/s)
D 9s the drop diameter (m)
Ro is the oil dansity B “{kg/m3)
Rw is thg water density (kg/m3)
g s gravity (9.81 m/a2)
u is water viscosity ~ (Pa.s)
U 8 the Stokes' Law velocity (m/s)
V is a water current velocity, vertically downwards {(m/s)

The critjca1 quantity is clearly the density difference term.
This is usually negative and causes the oil drop to rise. Most crude
oils have densities of 750 to 900 kg/m3 compared to the fresh water
density of 1000 kg/m3 and saline water density of 1024 kg/m3. Some
residual ofls may have densities of approximately 1000 kg/m3; but
threa processes can enhance the ofl density.

o The oil may weather”(evaporgte)_thus causing the loss of the
less dense components and an increase in the density of the
residue.

o The oil may emulsify, i.e. form water—in-oil emulsions or
"mqusse" thus increasing the density of the combined two phase
system.

© The oil may become associated with dense matter in the water

column such as sediment, skeletal or diatomaceous material



resulting in a higher density.

In this study we consider the magnitude of the first two
effects.

The water density may also fall due to temperature incresse or a
salinity decrease. A density gradient may exist in the surface wateré
arising from fresh water inflow from rivers, rainfall (which is not
expected to be significant), and from melting jce. A temperature
gradient may alsc enharnce the salinity gradient.

A problem with Stokes' Law g that it is applicable only at low
ve1ocitie§, or more specifica11y at Reynolds Numbers Jess than about 2.
~ The Reynolds No., Re, is (RwUD/u). It can be shown that Stokes' Law
corresponds to the definition of & drag coefficient of 24/Re. At
higher Reynolds Numbers flow becomes ;urbu?ant‘and the rising velocity
is heduéed, corresponding to the drag coefficient 199911ing out at a
value of approximately 0.4 to 0.5. Significant deviations from Stokes'
Law are expected for oil drops of diameter exceeding 0.2 mm after which
the rising velocity is about.O.S cm/s.

A convenient method of expressing a "corrected” Stokes' Law
velocity in the turbulent regime is to define a correction factor C as
the ratio of the actual to the Stokes' Law velocity. Plots of C versus
Re have been prepared (e.g. Perry (1950) p1020). A simple curve
fitting procedure gives the expression.

¢ = 1/¢1 + (Res3sy Sy
This is correct within 10% for Re as high as 1000.

For example, for a 1 mm oil drop of density difference from water

of 250 kg/m3, in water of viscosity 0.001 Pa.g and density 1000 kg/m3.

The indicated Stokes' Law velocity iz 0.14 m/s and Re is 140. The



. correction factor C is thus 0.33 and the true velocity is 0.046 m/s.

For a 1'cm_551.drop the Stokes' Law ve1ocity_fs 14 m/s, Re is 140000,
the correétion %actar C s 0.615 énd the tEue ve]qcity is 0!21 m/é! We
use this "Corrected Stokes' Law" equation in subsequent calculations
i.e. _ |
Ug = D?(Ro - Rw)g/18u
o5
C = 1/(1 + (RwlsD/35u) )
apd U_= CUs
Water'curfent véWocities may be tHe resQ1t of réhdom eddies,
of more defined circulations of tHa Langmuir type, or they may be
attributab1e to_breaqug waves . Lefboyﬁch“(1975) has_djsquSsed of?
droplet dispersion fn surface wate?g and.has suégested that the eddy
diffusivity may be estimafed a3 _
K =_o.ooo43wz m2/s
where W is the wind speed (m/s). This gives rise to the following
diffusivities ana velocities over a depth of 1 m (regarding
diffusivity as the_prqduet of mean va1o¢ity_and distance over which

the velocity appliies).

wWind Speed (W) Diffusivity (K) Velocity over 1m (V)
:m/s . km/h _ - m2/s. _ m/s - cm/s
1 3.6 0.00043 0.00043 0.043
2 7.2 | 0.0017 o 0;601_7 0.17
3 11 0.0039 o ©0.0033  0.39
5 18 _ 0.011 0.011 1
10 36 0.043 | 0.043 ¢.3
20 72 om0 0717
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Since breéking wave véiocities are ltkely to be of the order of
 rens of cm)s they will cause appreciable migration down@ard.

it is interéstﬁng to compare these values with.corrected Stokes '
Law velocities. Assuming that the water and oil densities are 1024
and 824 kg/m3 (i.e. the density difference is 200 kg/m3) and‘that the
water yiscosity ig 0.001 Pa.s, substitution in the corrected Stokes'
Law gives the data 1in the.fo11owihg table from which the equivalent
Qind speed W can be deduced'ét‘Which diffusive and rising velocities

are approximately equal (1.é.-U equals V).

Drop Diameter _ Ve1ocity.U Velocity U w

m | mm m/s cm/s T m/s
1E-06  0.001 1.09E-07 1.09E-05 .016
3E-06 0.003 9.81E-07 9.81E-05 .048
1€-05  0.01 1.09E-05 1.09E-03 0.16
3E-05 0.03 9.72E-05 9.72E-03 0.48
1E~04 0.1 1.03E-03 1.03E-01 1.8
3E-C4 0.3  7.60E-03 7.60E-01 4.2
0.001 1 0.039 3.9 9.6
0.003 3 0.096 9.8 18

.01 10 .19 ' 19 21

It is clear that since wind speeds are rarely balow 1.5 m/s and
since there is a1ways some residual wave motion, o1l droplets of 0.1
mm -and sm511er will experience diffusive velocities which always exceed
their rising veWo#ities. They will be retained for long periods in the
wéter column. This.is consistent with Leibovich's deduction that a 50%

probability of drop submergence is likely to occur for a 10 em/s rising



O

5

11

velocity drop (approximately 3 mm) at 12 m/s. The drops of primary

Jdnterest here are thus those of diameter 1 mm and larger (which normally

have an appreciable rising velocity of several cm/s) but which, in
some cases, may have slower rising velocities because of high oil
denéitﬁes. |

Considering a water column of depth L it s suggested that oil
resurfaces at a rate dependent on L and U with a ratg constant (U/L) Qr
Ks with dimensions of reciprocal seconds or with a characteristic time
(L/U) seconds. But a fraction of the oil which reaches the surface
is immediately resubmerged by tha diffusive ve1o¢ﬁty. It is
postulated that this fract{on)is V/(U+VY), thus the fraction which is
nermanently resurfaced s U/(U%V). The rate constant for §ermanent
resurfacing is thus

e wU27(L(U+V) or U/(L(1+V/U)) or Ks/(1+Kt/Ks)
where Ks is the Stokes' Law rate constant (U/L) and Kt is the turbulent
rate constant (V/L) and the characteristic time ‘s |
LCHV/UI/U ar (1+Ke/Ks)/Ks

This has the correct properties that when U is zero the time
becomes infinite, that when V is zero the time is L/U, that when V
and U are.simi?ar in magnitude the time s approximate1y twice L/U,
and that when V 1is very much larger than U the time increases
accordingly. We later test this model experimentally. [t is thus
possible to deduce and tabu1ate these rafe constants and characteristic
times as a function of wind speed and drop size

Substituting various combinations of W and D gives the Table below

for L of 1 m and a density difference of 200 Kg/m3



Wind Speed

1 m/s 3 m/s 10 m/s 30 m/s

0.1 mm | 0.4h | 1.3h | 11h i 100h i
|- - - I P i
0.3 mm |  139s | 198s [ 0.24h | 1.9h |
I B - o l i
1.0 mm | 25s [ 28s . |  53s i 270s i
I fe . . - -
3.0 mm | 10s | T1s | 15s ! 50s J
| |- ! _— -

10.0 mm | 5s | 55 | 6s | 165 |

I | | I |

Clearly large drops (1 cm) will resurface rapidly regardless of

wind speed because of their high rising velocity. .Drops of 0.3 mm
and smaller will tend to be retained for Tong periods in the water
except under very calm conditions. It is the intermediate range of
0.3 to 10 mm which.is of greatest interest here.

These times will be.dispWaced (increased) to some extent by o0il
density increase.

Accordingly, the experimental system developed here gxp?ores
these characteristic times, but experimentaT constraints force the
‘conditions to be of relatively low equivalent wfnd speed .

Specifically the experimental program described later is as
follows.

1. Construction and operation of a glass walled tank n which a

water column could be ohserved and a density (salinity) gradient
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established and measured.

2. Intrpduqtion of turbulence by stirring near the surface to.
simulate wave action and observation of the effect of this stirring on
the stability of the density gradient. |

3. &easurement_of the density of selected oils, fresh and
‘weathered" by evaporation and distillation.

4. Emulsification of some of these oils with water to form water

Cin 01l emulstions.

5. Dispersal of the oils in the apparatus and observation of the
behaviour in the water as a function of droplet size, density

gradient and turbulence.
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2. EXPERIMENTAL SECTION.
2.1 Apparatusg |
The principal equipment (shown in Figure 2.1) consists of a large

glass tank of dimensions 47 cm x 47 em x 120 am high, reinforced at
the corners by vertical angle-iron posts and reinforced horizontally
by four tie rods. The tank has a single drain on the bottom without a
valve but attached to a.1ong tube which is maintained at a sufficient
vertical height to avoid loss of fluid while the tank s full.

| Resting on top of the tank g a wooden board upon which a
Wastphal Balance is mountad. The Westphal Balance is used to
measure fluid density and operates on the principle that it weighs a
10 mL glass bulb which 1s submerged in the fluid. It is calibrated
using liguids of known density. The apparent weight of the bulb is a
function of the bulb volume and the difference in density between
the bulb and tﬁe Tiguid. It s particularly advantageous for this
study because it gives an in situ measurement which is relatively
non—-disturbing of the fluid. From the balance arm hangs a small pulley
wound.with a Jength of fishing line. The fishing Tine paéses down
through an opening in the board and supports the glass bulb. Using
the pulley, the bulb can be raised and lowered to d{fferent depthé
within the tank. Also mounted on thea board s a retort stand
supporting a stirrer fitted with a long plastic Nalgene polyethylene
impeller (3 blades of 44 mm diameter), used to agitate the water in the

tank.
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2.2 011 Weathering and Distillation.

Init{aT weathéring of the various crude ojls was performed in a
wind tunnel of &Poss section 30 x 30 cm which maintains a wind
velocity of approximately 4 m/s as measured by a pitot tqbe:
DistiT?ations (advanced weathering) of the crudes were done in a
gimple batch distillation apparatus using a Heat mantle connected to a

rheostat to vary the distillation rate. A magnetic stirrer was used

to agitate the ligquid. Dense and viscous oils with poor flow

properties were warmed with a heat gun to facilitate their flow during

trahsfeh between containers.

. Analysis of the cdmpoéitﬁon of the different oil samples was
perfdrmed using gas and“1ﬁquid'chrohafography;  A1T solvents were HPLC
grade and obtained from Caledon Labs Ltd., Onfarﬁc. Liguid
chfomatography was performed usjng a Hyflo Super Ce}1 (Fisher) and
silica gel (100-200 mesh, Sigma) and Alumina (F-20, 80-200 mesh,
Sigma). HPLC was conducted through a u Bondapak NM2, 3.9 mm 1.D. x 30
cm column with particle size of 10 um connected to a LDC UV monitor
(254 mu) and aIHew1ett Packard 3380 A integrator. Samples were
filtered through a multipore type HA 0.45 um filter. The pump used
for thé Tiquid chromatography was an Eldex Labs Inc. 60 cycle pump,
mode]l AA-100-S Duplex with a maximum flow rate of 10 ml./min and a
minimum flow rate of 0.2 mL/min and a maximum pressure of 5000 psi.
The gas chromatograph used was a Hewlett Packard 57OOA with a Hew?étt
Packard 3380A integrator.

Photographs, slides and mo&ies of the motion of the oil samplies
in water were taken using an Olympus 3% mm camera and én Elme movie

camera.
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2.3 Procedure.

The ovefa?? expefﬁmanfaT procedufe coﬁsiéted of;

i) The construction and operation of a glass walled tank in
which a water column could be observed and a density (salinity)
gradient established énd measured . |

i9) The introduction of turbulence into the water column by
stirring near the surface_to simulate wave action and the obsehvatﬁOn
of the effecf o% this sé%rr%né on the stabf1ity of the deﬁsity
gradient.

i1} The measurement of the density of selscted fresh and
weathered cils. | | | |

iv) The emulsification of some of these 0ils with water to form

- water-in-oil emulsions.

v) Dispersal of tﬁe 0ils 1in fhe.apparafus and.obSerQaéicn of
the residence time in the water as a function of droplet s%ze, density
gradient and turbulence.

The'wéétpha1 Balance was ca11bfated us%ng sa1tIWater solutions
containing 0, &, 10, 20 and 30.g/L of salt. Specific gravity
measurements, qsing the Westphal Balancse and pulley apparatus were
taken for each concentration of salt water at various depths Selow the
surface of a watér coiumn in a plastic tube of approximately 5 cm
diameter to a depth of 80 cm. Tha puTWey arrangement was then removed
and the balance restored to Tts normal functioning arnangemeht.iﬁ order
to take éctuaﬁ sp;cffic.gravity measurements.of the.varﬁous §a1t wéter
solutions at surface level.

It should be noted that with the pulley arrangement there were
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significant amounts oflattached fishing Tine submehgeﬁ; Because the
fishiné 1ine has significant bouyvancy which affeets the apparent bulb
weight, allowance for this effect was fnc1uded in the calibration.

Any air bubbles adhering_to the bulb of the baiance were shaken off.

During the course of the experimental work several rotational
Speeds of the impeller were used in order fo obtain different degrees
of agitation.in the tank. To guantify the rotation rate the impe11eﬁ
was timed with a stop watch while & marker was stroked down the shaft
of the impeller.

The experiments involved the formation of a vertical density
gradient in the-water column by TQCéting a3 stratified layer of fre%h
water on top of salt water with an intermediate density gfadient in
the vicinity of tﬁa fresh - salt water interface. Initially, two
batches of 30 g/L salt water solution were prepared in a separate tank
and siphoned into the main experimental tank. This effectively filled
the tank wifh salt water to a level of about 60 cm. A volume of fresh
water equivalent to about half that of the salt water was placed in an
adjacent tank and coloured with methy?ene blue dye in order to peﬁmﬁt
easy jfdentification of the gradient (by the different shades of blue
created by different degrees of mixing of the salt and fresh water).
The fresh water was siphoned very slowly onto the salt water to
minimize mixing. The result was a dark blue layer in the upper part
of the tank, a light blue Jayer where some mixing had occurred and a
clear underlying layer of 30 g/L salt water.

In order to obtain a crude oil of density greater than 1.0 g/L,
various crude oils were evaporatéd in the wind tunnel in shallow trays

to simulate the evaporation of an oil slick on the ocean. The

Y
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~evaporation was carried out at room temperature (20 degrees C) and with

the foW}owing crude oils: Norman Wells Fresh, Norman Wells 20%
Weathered,.APamcc Wééthered Gas Str{pped, Arab%an Heavy, Alberta Sweet
Blend (EPS), and Cold Lake oils. However, after several days of
weatnering it became apparent that while the weathering was causing an
increase in thé dens%ty of the oils the rate was very s]ow.. It was
then decided that to obtain a heavy oi1 of density close to or éreater
than 1.0 with which to modé1 subsurface oil behaviour, No; § (heavy
bunker C).fue1 oil wou1d.be distilled. |
Initia]Ty, the gpecific gravity of No. 6 fuel oil was measured

using a hydrometer (as were_a11 measurements of specific gravity for
fluids of specific gravify.iess thaﬁ.1.000). The purpose o% the
distillation was to distill Just enough of the No. 6 oil to leave a
residual Tiquid of density be;ween 1.0 kg/L and 1.024 kg/L {density of
59a water ), thus creating an oil that wou#d sink in fresh water
but float in salt water. |

Using the disti113:e volumes and the specific_gravities of the
dis£i11ate énd residual 1igquid from this distillation a general
equation was derived to determine the appropriate quantity of
dﬁstiTWate_to take off 1in order to obtain a residua) 1iquid dansfty
of approximately 1.0 kg/L. The equation used was essentially the
addition of volumes

M1/01 + (M-M1)/1.00 = M/D

1}

where M1 mass of distillate

M mass of original sample of oil in pot

fi

D1 = gpecific gravity of the dfsti11ate

D = specific gravity of the original oil
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The same methbd of distillation was used to distill a samp]e'ofj
Alberta Sweét-Biend ofl untdl approx%mate1y 70% of the liquid had
been distilled. As with the No. 6 fuel oil distillation the
temperature, volume distilled and distillate specffic gravity were
recorded. By this method, combined with blending distillate with

residue it was possible to obtain oils of any desired density.

2.4 Experimeﬁta1 Runs .

A number of‘experimenta1.run§ ware performed 9n thé stratified
tank. The effect of different levels of agitation (different stirrer
speeds) on the stability of the'11qu1d density gradient and fresh to
salt water interface was studied. Obseﬁvations were‘made of the
motion and relative level of disturbance of the gradient at various
stirrer speeds. Specifié gravity measurements were made at varjous
depths Qithin the tank and on either gside of the interface (fresh to
salt water) durfng the period of agitatfon‘(1 hour) and at a period
of 24 hours after the cessation of the stirring. |

Samples of oils of various densities were dropped into the tank,
and their motion in the water column observed and photographed.

A sample of No. 6 fuel oil and dispersant (Corexit 9527) in the
ratio of 80 g oil to 1 g dispersant was stirred into the water column
in the tank and the motion of the small oil particles was observed and
photographed.

A sémp?e of 15% Cold Lake in Norman Wells oil smulsion wés
stirred in the tank and observed aﬁd photographed as well as timed
for rate of particle rise with and without stirring.

It should be clear from the foregoing experimental discussion
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that much of the work was exploratory +in nature in which various

- approaches were tried, and with varying success. Prior to the work it

was not clear how the oil should be weathered to increase +its density,
how the density gradient should be created or its density measured, or
how turbulence should be introduced. In answering these quastions

considerable experience has been gained about the preferréd approach.
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3. RESULTS.
3.1 Westphal Balance Performance and Calibration.

When studying processes in dénsity‘gradients it is essential to be
able to measure the gradient accurately by as non-disturbing a
technique as possible. The ideal heth@d is probably to use small
coloured spheres of known_density which can be dropped +into the
gradient and allowed to equitibrate. The oniy spherés available at a
reasonable cost are for testing battery acid density which is much
denser than seawater. Hence, the Westphal BaTance-principWe was
tested and found to be successful. |

Calibration was performed using homogeneous standard sodium
chloride solutions of 0 to 30 g/L in a long glass fube. The results
are given in Figure 3.1 as é plot of balance reading versus
concentration and density with depth of immersion as a parameter. This

Tatter qgquantity i necessary because of the buovancy of the line.

40
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.372 QensityAGradient.

‘Density ghadients waere established, measured us%ng the Westphal
Balance and observed by using dyed fresh water lying over undyed salt
water. Figure 3.2 s a plot of density versus height showing the
gradient ﬁnd figure 3.3 is a phﬁtograph of the system. The
pycnocline depth was initially 43 cm from the surface and remained
stable indefinitely if no stirring took place.

When stirring was started at_400 RPM with the impeller at a depth
of 5 cm the pyénoc1ine was observed to move downwards as salt watenr
eddied up into the well mixed surface water. About‘is minutes after
étirringustartedIa_diétinct cirﬁ1aﬁion %dfmed and the pycnocline moved
downwards at a speed of ébo@t 8 dm par hour. Periodic density pro%i1es
were taken. Figure 3.4 shows a.typica1 time course of density changes

during stirring.
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Filgure 3.3

Apparatus for Buoyancy Experiments onm Weathered
Crude Qils in a Fresh/Salt Water System.
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3.3 di} Preparétion.

As was discussed in Section 2 the.evaporaéioﬁ of 011 in the wind
tunnel was abandoned éfter some initial measurements because it was
too sTow. Attantioﬁ was then focussed on dﬁstﬁ11at16n to prcducé
an oil termed "Fraction C" which is the backmixed or reconstituted
sample of the résidua1 oil from the third distillation of No. 6 Fuel
Git. This 0il was used in many pf the experimental tests.h.The
densities (specific gravities) of the distilled and evaporated oils

are given in Table 3.1.

Table 3.1
'lOi1 ' Spegﬁfic Gravity

No. 6 Fuel 011 | 0.962

No. 6 Fuel 011 (after 1st Distillation) 1.017
Distillate (after 1st D{sti11ation) 0.862

No. 6 Fuel 011 (after 2nd Distillation) 0.888

No. & Fuel 091 (after 3rd Distillation) 1.022
“Fraction C* 01 1.008
Alberta Sweet Blend 0i 0.865

Alberta Sweet Blend 011
(after 50 hours in Wind Tunnel) 0.894
Alberta Sweet Blend 011

{after Digstillation) 0.937

Figure 3.5 shows the variation of density (specific gravity) of

o1l versus the volume fraction distilled or evaporated for the
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diztiiiarion of No. & fuel Qi) and Alberta Sweet Blend 0il1 and the
evaporatﬁon of #1berfa Sweet'81ehd.031'1n the wind tunnel. The +initial
result of the wind tunnel evaporation of the Sweét Blend 011 showed
evaporation of 27% of the oil tat 18 deg. C) after 50 hours. From the
plot it may be seen that the partial evapgration of Alberta Sweet Blend
041 4in the wind tunnel closely resembles the first part ofrthe curQe
for the distillation of the same oil and baﬁai]e1s the curQe for‘the
‘distillation Qf‘thé No. 6 Fuel 0il. It seems likely that given
sgff%cﬁent time the wind tunnel evaporation Qou?d result in a level of
weathering equal to that obtained by the distf11ation of Sweet Blend.
Similarly, wind tunnel evaporatibn could possibly achieve the sams.
density as distillation of No. 6 Fuel 011 (which achieved a specific
gravity greater than 1.00) . Thus distiT?atﬁon may be considered as an
acceptable accellerated weathering technique and provides évidence that
sufficient weathering can indeed raise the density of an oil to that of
water and even Higher. However, the times required ars probably so
Tong (many weeks) that other processes such as stranding on shore,
fntehaction with soTjd matter and photolysis will become more {important

determinants of oil density.

e
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3.4 Tests w{th No. 6 Fué1 O{i.

A gradﬂent was set up with the pycnoc?wne at a depth of 54 cm.
Afrer 90 m1nutes of st1rr1ng at 400 RPM a samp?e of No 6 fue? oil of
density 962.0 kg/m3 was added to the surface. To_assist break—up of
the o1 2% Corexit 9527 (& chemical dispersant) was premixed with the
fuel oi?” The subsaquent motion of the 011 was recorded
photograph1ca11y

Round oil drops of 0.1 to 5 mm diameter and e?ongated drops of
size 1 X 10 mm to 3 x 20 mm wére formed. The eTongated drops gradua11yl
became spherical under the influence of interfacial tension forces
which tend to m1h1m1ze the surface area Fjgure 3.6 gfves some
photographs of‘fhe behavwour ” Estwmates‘ég.dégﬁ é;ééa”;é;e dbé%%&éd EQ
photographing the drops with & slow shutter speed. rThe stirring was
stopped and the drops allowed to rise. It was noted that as time
progressead duringlstirring there was a.steady iﬁcréase in the number of
amall drops of less than 1 mm in the water co1umh. No drops penetrated
into the saiine layer.

Uﬁdef sfﬁrre& @oﬁd%f%oﬁé.the dﬁop1et§.movéd at.véiocﬁt#gs from é

to 12 em/s with most being in the range 3 to 6 em/s. There was no

' c1ear depandence of veTOC1ty on drop d1ameter thus turbulent motwon

apparent?y éom1nated A ve1oc1ty of th1s magn1tudé.;s beT1éved té ;;H
aguivatlent to a wind speed of the order of 36 km/h 3g discussed earlier,
rthus 1t Pef1ects qu1te turbu?ent cond1t1ons It can be concTuded that
under these condwtﬂonﬁ there w111 be substantial étead;“stétéhfef;ntAoa
of 0il in the near surface waters.

Under stagnant conditions after st1rr1ng had stopped the ooserved .

average Fange of ﬁ1s1ng velocities were as fo??ows.



Figure 3.6A and B

Dispersion of No. 6 Fuel 0il in

a Fresh/Salt Water Tank




(a8

MUBRL Taaey JTeS/ysod) Ul Lo [9n4 9 *oN

jo uorsaadstq ¢ puw 0g-f ainip,

298 () = 1 298 gf = 1

Las)
o

C

© I ¢




[y —

t = 45 sec

Figure 3.6E and F Dispersion of No. 6 Fuel 0il in a Fresh/s

alt Water Tank
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dﬁameteb.(mm).%' o ..‘.'R%éfgémg;iééké;ﬁé;?s | %MNMMﬁ:égokeéuﬁLaw
0.t o 0.33 (0.2-0.51) . ~ o.02 |
0.5 7 0.57 (0.38-0.96) WY
vo o 0.86 (0.73~1.00) 1.2
2.0 R 1.54 (1.00-1.27) 2.6

The Stokéé} Law véﬁocfty (based on a density difference 6?'éé‘kg)m3)"%s
in fair agreement for the 0.5 mm drops but the smaller drdpskappeéh to
rise faster than expected and the 1arger droﬁs are probably out of.the
Stokes' lLaw Eange. The.experimentaT difficulties of Qbsérvihg small
drop véTdcity and astfmating their diaméfers contriéutes to the
discrepancy for the smé11er_drops. There were still sltight currents
remaining 4n tﬁe tank which may have increased the rising velocity of
the small particies..

It thus appears that a typical oil droplet rising velocity in the
0.1 to 1.0 mm range 15 0.5 cm/s plus or minus a factor of two. This is
about a factor of ten less than the turbulent velocities expected under

moderate wind speed conditions.
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. '3.5 Tests with Weathered Crude 011,

A gradient was set up with a pycﬁoc1ﬁne at 65 cm, stirring was
started, fhen'édhixfuré of dﬁSéiW?ed oil (Fraction ©) o%mdénéify'gas'
1004 .8 kg/m3 was added, again with a small guantity of Corexit 9527
dispersant. Spherical and elongated drops were formed but few drops
weare sﬁa1féﬁﬁéﬁén:d;g'h$: After about 8 minutes drops o?xQREMéégrﬂ:”
0.2 = 2 mm began to accumulate at the pycnocline gﬁd remained there in
a stagnant condition. Figure 3.7 111ustrates this phenomenon. Some
wehe'reCdLéﬁéHﬁfgtéF“¥aé“éﬁméhaiy31s.'“HNMA'” A .

The experiment was repeatad without the use of Cofexit 8527.
Fewer smaiWer drops wére forhed and dﬁops agéih accumu lated at‘the
pycnocline.

Clearly there is a tendency (as expected) for derse oil drops to

fall until they achieve neutral buovancy.



t = 8 min t = 11.5 min

Figure 3.7C and b Dispersion of a Residue C/Corexit 9527 Mixture in a Fresh/Salt Water Tank
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3.6 Tests with mixtq;e of.gueﬁ égd'éEUde 611;

An experiment was conducted with a mixture of 15 g No. 6 fuel oil
“and 10 g fraction c. SnmwTar results were obtained to those described
above with o1l drbps accumulating at the pycnocline.

A water-jn- 011 emu1s1onw;;epared from a mixture of Norman we119
and Cold Lake crude oi]s Anvd seawatenr, : | _ A small quantity
of Corexit 9527 was a&dedxand fhe mixture dfspersed into the tank.
After étirring wés.été§pedha11 oil dbops of 1 mm or greater rose to the
surface within 1 mﬁnutg and after‘TO minutes ohly drops of less than
S 0.2 mm remained. 'A nuﬁbeh of "water—in-oil drops“.were observead
consﬁstﬁng of a spheﬁica1 ékfn o?‘cﬁ1 (Tfké‘air'in'a”b511éch with the
water rep1a01ng the aTr and the 011 rep1acing the rubber) This
behavior is 111ustrated in Figuha 3 8. They tended to accumuTate at
the pycnoc11ne 1nd1cat1ng that the1r net denswty exceeded that of the
fresh water, presumab1y because they st111 contained salt water
incorporated duriﬁg their formaticn.

Thiz 11lustrates the importance of the density of the water used

to create emulsions in determining the emulsion net density.

3.7 Tests on Floating Block Submergence.

It was suspected that floating of) masses may appear to be
submerged because they.are awash with water. To investigate this a
short exploratory test was done in which a wooden block 30 cm by 20 cem
by 5 cm thick was weigHbd'wﬁth metal plates until $ts net specific
gravity waé approximately 0.9. It was then placed in a8 wind—-wave tank
aﬁd subjected to a wﬁﬁd ve?ocﬁty of approximately 13 m/s. The water

depth was 60 cm. It was observed and photographed. As expected, in

B 35
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Figure 3.8 Buovyancy Experiment, Water—-in-0il Droplets, Norman
Wells/Cold Lake/Corexit 9327 Mixture.
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quieséent conditions it lay 90% submerged.but in the wind field it was
continuously awash with water. It was not clear if it had actually
merdlvertica1Ty downwards but it was essentially 100% submerged. This

may be the explanation of the Kurdistan oil behaviour.

el
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4. DISCUSSION.
The results of this exp1ohatory study have shown that
substantial quantities of oil can be {incorporated into the water column,

sspecially when the surface waters are of low salinity. It is possit’s

to create satinity gradients in the laboratory under stagnant cordicions,

“ahd with turbulence present in the surface layer. Methods have oeen

devised by which the stratification cen be observed, photographed ana

measured. The introduction of turbulence by stirring simulates ro some

"extent the dispersion of oil by wave breaking, thus it is possible to

investigate these phencomena in the laboratory for a period of some hours
while the pychocline moves steadily downwards. It may be possible to
dheate a turbulent agitated regime which can be more closely related to
oceanic wind speeds but it untikely that oceanic conditions caﬁ be closely
simulated,

The long term buovant behaviour of oi1'drops is comsistent with a
Stokes' Law analysis with dense oils accumulating at the pycnocline
or in an extreme case passing through into the saline layer. The
theory presented in Section 1 is thus regarded as a reasonabié methog
of estimating the residence tﬁmé of oil droplets in surfaée waters.

The behaviour of waterwﬁh~oi1 emulsionsg s interesting. It
appears that when a droplet of emulsion s dispersed it tends to te
retained in the water column for a prolonged ﬁeriod because its density
is close to that of water. But water-water coalescence may occur
withfh the emulsion (especially if it s only pértly stable) giv#ng
rise to 2 water-in-oil-in-water drop. This drop héé a large diameter
and a density essentially that of the water which was {ncorporated

during emuisification. It may therefore sink when the emulsion moves



froﬁ an‘area éf high. salinity to one of lower sa1ﬁni£y. These drops are
guite large and‘may'be.partiGUTar1y prone to accumulating detrital
material, thus further ihcreasﬁng'tﬁeir ret density.

It is clear that at the ocean surface a steady state can exist in
which a cdnsiderabie amount of oil can be present in the surface water.
It is convenient tolview this procesé in terms of a series of rate
constanté ar characteristic times (i.e. hecipPOGET rate constants).

First H4s a dispersion rate constant Kd equivalent to the ffaction
of the.surface oil which is dispersed into the water per unit time. It
may have a value of 10 to 50% per day or perhaps 0.5 to 2.0% per hour,
j.e. 0.008 to 0.020 reciprocal hours or 0.01 plus or minus a factor. |
of two.

Second is the 3Jtokes' Law rising rate constant Ks which is the
rising velocity divided by the surface depth. For an oil drop of
0.50 mm, of density 40 kg/m3 less than that of seawater, Ks is 5 cm/s
divided by 100 cm or 0.0057reciproca1 seconds or 18 reciprocal hours.
It i3 equal to U/L discussed earlier.

Third s the turbulent rate constant Kt, as dfscussed egarlier,
which s a function of wind speed and may be 5 cm/s divided by 1OO cm
or 0.05 reciprocal seconds or 180 reciprocal hours. It 1is equﬁvaWent
to V/L discussed in Section 1.

If all dropg formed were of the same diameter and‘if it is assumed
that the net resurfacing rate is Ks/(1 +~Kt/Ks), then a steady state
will be reached in which the rates of dispergion and resurfacing are
equal. Now if the total oil volume is V and a fraction F is in the
water (amouht ig VF) then the amount on the surface is V(1-F) and

V(1-F)Kd = VFKs/(1 + Kt/Ks)
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Cor F o= Kd)[Kd + Ks/(1 + Kt/Xs))

For exambWe if Kd is 0.01, Ks 1s 18 and Kt is 180 (reciprocal hours) F
is 0.086[ (i;é. 0.6% is in the waﬁer column). Only when Kd fs'1arge‘
compared to Ks, and especially when Kt exceeds Ks will F be large. For
small oil drops thiz condition does exist and it can be expected that
when small drops are formed they remasin for proWonged'peribds in the
water. Indeed, if a fraction of the oil dispersed is small in size
then that fraction will tend to accumulate in the water. It will be
difficult to measure this at sea because of the displacement of the
oil slick from the watér due to wind drift.

It is thus concluded ;hat only under turbulent conditions will an
appreciable fraction of the 0il be submerged, unTess.there has been
water-in—oil emulsification.

- It seems inconceivable that large oil drops (1 cm diameter or

more) will be permanently retained in the water but they may appear to

be submerged if they are continually washed with water from surface
drift currents. No experimental work (apart from the brief tests
conducted here) has been repbrted on this topic and a more deféﬁ?éd
study would be Hinteresting. It onid involve measurement of the
vertﬁcé] Tocation of a slightly buoyant body in a wind driven velocity
field, preferabiy in a wind\wa&e tank. It is notéworthy thét these ciﬁ

masses would possibly not be visible from the air by eye or by remcte

- sensing devices because they would be continually awash.

Thﬁs work has shown that there s a need for deveWopmént cf.a

standard method for weathering oils, specifically aimed at determining

their tendency to sink. Recently Stiver and Mackay (1884) have

' described methods of weatheﬁing oi1é experimentally by tray
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evaporation,; stripping and distillation. CWéar1y, for these purposes
distillation isrﬁreferred because 7t is rapid and bascause the
evaporated oil can bé collected and various o1ls reconstituted from the
distillates. The following procedure is suggested.

A large volume of ol (possibly 2 L) is batch distilled under
appropriately safte conditions and the distillation temperature meaéured
at the ligquid surface. The distillate is taken off +in 50 mL fractions,
and individual densities and viscosities are meas@#éd.' The
distillation shouid continue until a temperature of about 300 C §s
reached or pyrolysis starts. The dansity'ahd viscosity -of the residue
are also measured. |

The distillate fractions are then progressively mixed back with
the residue (last first) to reconstitute the oil, measuhements of
density and viscosity being taken after each mixing. It is then
possible to prepare a p1ot'of oil density and viscosity versus volume
fraction evaporated (distilled) and boiling temperature. Samples can
also be analysed by GC. The points can be identified when (or if) the
oil dengity exceeds.that of fresh and salt water. It is also possible
to estimate the "evaporative exposurs" (as described by Stiver and
Mackay 1984) corresponding to these points and hence the time necessary
for these points to be reached during sea-surface weathering. For most
oils this time may be mucﬁ Tonger than the slick lifetime, but it is
suspected that.fn some cases with heavy crude oils and with fuel oils
it may be reached in a few daysi

It is also possibie to calculate the density of an emulsion
{mousse) of, for example, 80% water and 20% oil (by volume) which is,

0.8 (water density) + 0.2 (o011 density)

£y
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ard cémpare this with t?pica1 seawater densities. If the emulsitied
water is salt (e.g. 1024 kg/m3) and the oil density is 904 kg/m3 then
the emulsion demsity will be 1000 kg/m3 and the oil will be héutra?Wy
buoyant in fresh water. It is thus concluded that when an oil density
exceeds 9C0 kg/m3 the potential exists for sinking under these

conditions. A No. 6 fuel oil is almost certain to sink under

salt-water emulsification conditions with subsequent movement into

fresh water.

It ﬁs'suggested'fhat in Qiew'of the importance of sinking from
countermeasures, remote sensing and environmental impact viewpoints
that any oils produced or tfansported in a_region should be subjected
to a "potentfaT*for~sinkiﬁgJ éhaTysis‘as described here. ‘This.wiTi bé.
particularly relevant in areas of commercial fisheries in which there

is potential to foul nets and introduce benthic contamination.
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6. CONCLUSIONS.

An experimental system has been devised and tested in which a

" salinity gradient can be established, measured and observed. Agitation’

¢an be ihtroducéd_to simulate to a limited extent near-surface wind
derived_turbulenCQ.
The systeﬁ can be used to determine and illustrate the sinking
- behaviour of fresh and weatheﬁed crude oils, fuel oils and’eﬁu?sions.
Results are presented.
A protocol has been suggested by which an 0il can be subjected to
Ta "potentiaW;for—sinkﬁhg“ analysis by a distillation procedure.

An elementary theoretical analysis is presgnted in which the.
influence of turbulence on o011 droplet rising ié treated. This
analysis leads to a tentative expﬁession for fraction of oil retained
in the water column under steady state conditions.

It is concluded that a substantial quantity of oil can be

" gubmerged in the water column under steady state conditions. The

extent of submergence s enhanced by - -~
1) a high oil density occurring naturally or induced by
weathering.

i9) the presence of significant turbu1eﬁce to diSpersé the
surface oil at an appreciable rate and induce water column
mixing.

iif) the formation of small o1l drops.

iv) the formation of emulsions of water in oil especially
involving high salinity water.

There is a possibility, which has not been investigated in

sufficient detail experimentally, that large oil masses which are

5]

i

134



Q

)

o)

Pl
slightly less dense than water may be essentially submerged by virtue

of their exposure to water surface currents. These oil masses may be

_dnvisible to the aye or to remote sensing systems because they are

continually awash with water.
Finally, there s also a possibility of density increase by
association of the oil with mineral and organic matter in the water

column .
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