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ABSTRACT

The results of a literature survey and indoor and outdoor experiments
have been combined to develop a_preliminary computer model of oil spill

tate and behaviour in pack ice leads. The model is based largely on

- theoretical copS_idera@ig_@s and small-scale experimental results and requires

full-scale verification. _Thé areas of niajor uncertainty are in heat transfer

trom a large, oiled lead and in the effects of waves and wa#e damping by

slush ice in large-scale leads,

The output of the model concentrates on the amount of oil available
for countermeasures as a function of time, Both the experiments and the
model indicate that very little o.il. is .in.corporated into growing ice in a
lead; most remains on the surface of the new ice exposed to the
atmosphere, Snowfall and lead closure resulting in ridging are considered to
be the major processes that encapsulate oil and render it unavailable for

countermeasures.



RESUME

Les résuitats d'une étude bibliographique ainsi que d'expériences sur le
terrain et en laboratoire ont concouru & fa construction d'un modeéle informatisé du
devenir et du comportementdes nappes d'hydrocarbures dans les chenaux libres de
glace. Le modéle donne, en fonction du temps, la quantité résiduelle
d'hydrocarbures qui peut faire I'objet de mesures d'intervention. La théorie
(modele) et I'expérience montrent que trés peu d'hydrocarbures sont piégés dansia
glace en croissance dans un chenal libre; la plus grande partie reste a la surface de la
nouvelle glace, exposée & I'atmosphére. On considére que les chutes de neige et
fermeture des chenaux qui aboutit & la formation de crétes constituent les
principaux processus de piégeage des hydrocarbures qui, ainsi, échappent aux
mesures d'intervention.
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1.0 INTRODUCTION

'Several_ research prbgr'ams have been devoted to' thé mod.elling of oil
spills in Arctic waters. These have resulted in a number of oil spill fate
models that tend to fall into certain categorie's as defined by Mackay
(1986): (i) open-water trajectory models that may include interaction with '
shoreiines; (i) 'open-water behaviour models that describe the changing
properties and configuration of ofl spills with time; (iii) descriptions of oil
behaviour on shore; (iv} descriptions of oil behaviour in rising blowout
plumes beneath open water or ah ice-covered surface; and (v) descriptions
of "o'il movement under ice. There is, however, a lack of model capability
treating the situation in which a spill on water is subjected to freezing

conditions or a developing ice field (Bobra and Fingas 1986).

Spilled oil would be exposé’d' to such a developing ice tield if it found

'~ its way into pack ice leads in below-freezing temperatures., Leads are long

linear regions of open water formed when sheets of pack ice diverge.
These leads will often open and close depending on wind stresses, water
currents, and ship traffic. Birds, seals, polar bears, and wailrus often
gather in these open water areas making leads one of the most biologically

sensitive areas in ice~covered waters,

1.1 THE STATE-OF-THE-ART

Yarious experimental studies have investigated the fate of oil spilled

© on water or in ice during freezing conditions. Perhaps the earliest of these

was conducted near Ottawa in 1972 (Scott and Chatterjee 1973). These

tests involved pouring 100 litres of Norman Wells crude onto a 13 m? area

of open fresh water on an ice covered pond, Weather conditions were

monitored continuously, as were the physical and chemical properties of the
oil as time progressed. For the first 12 days following the release, the air
temperature was generally in the 09C range and no freezihg occurred. On

day 13, colder temp'eratures and snowfall led to incorporation of the



iveathered oil into slush and the eventual encapsulation of the oil in frozen

" slush,

Similar results were obtained on a larger scale as part of the Balaena
Bay experiments (NORCOR 1975). In this experiment 400 litres of Norman
Wells crude was spilled in a 36 m?2 open water area. The oil was mixed
with blowing snow in -10 to -40°C temperatures to form oiled slush and
was eventually encapsulated. In this and the 1972 experiment, the oil
remained on the surface and was affected primarily by evaporation until
snowfall caused an oil-snow mulch to develop and encapsulate the oil by
freezing. These expérimental results were verified at an actual spill in
Buzzards Bay (Deslauriers 1978) where the effect of snow greatly hindered

cleanup and restricted aerial observation.

Cold room wave tank tests were peftormed by Martin (1980) to
investigate the interaction ot Prudhoe Bay crude c¢il with grease ice. It
was observed that oil released in front of the grease ice was rapidly
_transported into the ice and pumped onto the ice beyond the "dead" zone
where wave. action was damped out. Some oil droplets remained circulating
in the grease ice ahead of the dead zone. This pumping action was also
noted by Metge and Telford (1979) and during the Kurdistan spill {C-CORE
1980).

The fate 61 oil in a closing lead was investig'ated by MacNeill and
Goodman (1'985). In this experiment, leads 1 m wide were created in an
outdoor test basin containing 30 cm thick ice., il was poured intc the
leads and they were manually closed at varying rates. It was concluded
that very little oil ends up beneath t.he ice surface and that the amount
pumped onto the surface of the adjoining edges increases with increasing
closure rate from 20% at 6 ¢m/s to 80% at 12 cm/s. It was noted that lead
closure did not cause oil to flow along the lead using a viscous crude for a

test oil,

Small scale tests were performed by Wilson and Mackay (13986) in a

hoop tank apparatus to investigate the incorporation of various oils in



£

9

53

developing grease iee ﬁndé‘r agitated eonditions | 'I‘hey concluded that the
amount of oil entrained in ice was increased as a function of the density
and viscosity of the oil, the presence of sufficient t{xrbulence, the formation
of water-in-oil emulsions znd the rineness of the ice particle size (the
optimum size was 5 mm), They also indicated that under quiescent
conditions, the presence of an oil slick may delay the onset of freezmg,

though under agitated ‘conditions it may not._

1.2 OBJECTIVE OF STUDY

The objective of the study was to develop a computer model to predict
the ambunt of oil available for countermeasures as a function of time,
initial oil properties and environmental conditions, in the event of a
significant oil spill in a pack ice lead. A review of the above and other
past work indicated that more experimental data would be required to
construct the model, Information was still missing on 1) the spreading rate

and wind herding of oil on frazil and grease ice over a range of

development stages; 2) weathering rates of oil in freezing situations; and 3)

data on the fraction of oil remaining as a surface slick as a function of
freezing, Before modelling could proceed it was necessary to develop
experimental information in these missing areas, This was accomplished by
condﬁ_cting. work in a wind/wave_ tank and at the National Research Council

outdoor manoeuvering basin in Ottawa.



2.0 EXPERIMENTAL METHODS

The methodology for the wind/wave tank tests (performed to study oil
behaviour in freezing conditions with high winds and waves) is presented
first; the methodology for the outdoor tests (performed to study oil

behaviour in low wind conditions and with snowfall) follows.

2.1 WIND/WAVE TANK TESTS

2.1.1 Wind/Wave Tank as a Simulator

| Figure 1 shows the wind/wave tank at the §.L. Ros.s laboratory., The
tank is 11 m long by 1.2 m wide by 1.2 m deep. A large fan and ductwork
allow the passage of outside air over the water surface at varying wind
speeds. A wave 'pacidle is used to mechanically generate waves of varying
amplitude and period, The tank was fitted with a 40 cm wooden barrier
7.2 m from the upwind edge. This section of the tank simulated a small

1.2 m wide section of a pack ice lead at the downwind edge.

Ice formation in the freshwater tank was found to be very similar to
ice formation in actual pack ice leads as described by Dickins et al. (1986).
Ice crystals formed in the open water area and drifted down the length 613
the tank to pile up against the fixed barrier to form grease ice. Without
mechanically generated waves the grease ice eventually formed a dense dead
zone where it behaved as a solid, Allowed to continue, the entire tank
became covered with slush ice which formed a hard impermeable layer on

the surface,

In the presence of mechanically generated waves the same grease ice
formation was observed but eventually became so. thick that ecirculation
within the ice was suppressed and the surface froze int‘o chunks of
"pancake" ice floating over a grease ice layer. The pancakes formed in the

tank were generally eircular with a diameter of about 30 cm and slightly

Fh



0

2

.3@

A

' FIGURE 1 -Wind/Wave Tank Photo
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turned up edges. This phenomenon of pancake ice formation was well

documented by Martin (1980) and Metge and Telford (1979).

The wind/wave tank set-up can be considered to be an approximate
full-scale representation of a spill situation in which a lead has opened up
and oil has found its way into the open water or forming i.ce‘ tield. Since
the oil in this .sit'uation will ‘quickly spréad and drift to the downwind edge
of the lead, the tests in the wind/wave tank can be used to predict the
fate and behaviour of the oil at the downwind edge as the ice growth
progresses under the influence of a variety of different environmental

conditions,

2.1.2 Test Matrix

The ability of an ice tield to retain quantities of oil within its
structure is presumably a function of the oil's density, viscosity, and
interfacial tension as well as the thickness of the oil layer, the porosity of

the ice field and the level of turbulence present.

The four easily adjusted variables of: windspeed, oil type and volume,
wave height, 'a-nd initial ice 'rriafurity were chosen to form .the test matrix
{Figure 2) since they inéorlpolr'ate all of the parameters thought to affect
the interaction of oil and developing ice. Since each run took up to 24
hours under the right conditions, it was not possible nor was it thought

necessary to do all of the tests in the matrix.

One crude oil, Mixed Sweet Western (MSW) and two mixtures of
Bunker C and automotive diesel were used as test oils., Table 1 shows the

properties of these oils,

Three distinct ice maturities were identified. Iy represents no initial
ice present. Iy is a covering of grease ice at the barrier up to about

15 e¢m thidk and to 50 ¢m upwind from the barrier. The I3 condition
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Iy I I3 I - I3
01 Run 9 Run 1 Run 3 Run 4
Run 2
% Run 13
03 Run 8 Run 12
'01
Run 7 Run 6 Run 5
02 Run 14
03
Run 10 Run 11
Figure 2 : Test Matrix

01, Oz, 03 - 0il Type

I IZ’ I3 - Initial Ice Maturity

Wi, wé - Wave Condition

S1s 33 - Wind Speed




0il Type

Bunker ¢l
Diesel?
MSW2

Bunker C/19% Diesell.

Bunker C/55% Dieseld

TABLE 1: TEST OIL PROPERTIES

Test
Temp,

1°C
0°C
0°¢C
7.59C
2°C

Density
(g/cm3)

1.025
0.838
0.847
0.981
0.917

Dynamic
Yiscosity
(mPas)

2,310,000
3.9
47.3

1480

71.8

Kinematic
Viscosity
(mm2/s)

2,253,658
4.85
55,9
1509
78.3

Source

1. 8.,L. Ross 1987;

2. B_obra and Chung 1986;

3. Measured



o

5

O

J

occurred after the transition from slush-like grease ice to a semi-solid but
malleable mass of dense grease ice. W_hen’ waves were present, the I3
condition contained pancake ice. '

Two wave conditions, Wy = no waves generated by the wave paddle

~and Wg = mechanic'ally generated waves, were also used as test variables,

The windspeeds §S; and Sy were 3.5 m/s and 7 m/s respectively, measured

With a hot-filament anemometer at 30. cm above the ice surface,

2.1.3 Experimental Method

The tank was filled with approximately 10,000 L of tap water to a
depth of 0.85 m. The proper initial ice conditions were allowed to develop
for each run with the artificial barrier in place and the blower turned on.
If no initial ice was called for then the water was allowed to cool until ice
crystals just started to appear. ‘The inlet air temperature, the air
temperature at the barrier and the water temperature were all recorded just
prior to adding oil and at regular intervals thereafter, One litre of the
test oil was added at room temperature with the fan moﬁxentarily shut off-

using a spill plate., The oil was spiiled at least 1 m from the barrier so it

‘could spread and cool before the wind herded it into the developing ice.

The first five minutes of each run were recorded on video tape in order to
observe wind herding behaviour, '

When the wave paddle was not used, the experiment was allowed to

‘continue until the surface of the tank was completely frozen over (including

the area underneath th_e' slick). When waves were artificially generated, the

“experiment was allowed to continue until the amount of oil remaining as a

surface slick was thought to have reached equilibrium. The wave generator
was then shut off and the surface of the tank allowed to freeze solid for
analysis,

At the completion of each run, the area and thickness of the surface
slick was measured or estimaﬁed. The slick was then removed with sorbent
material from the surface of the ice. The remaining oil frozen in the ice

was then separated and measured when possible or its percentage of the



‘

total was estimated. A short video tdpe was taken for each run before and
after the surface slick was removed,

2.2 OUTDOOR TANK TESTS

The outdoor tank tests were conducted in late January and early
February in the manoeuvring basin located on the Montreal Road campus of
the National Research Council of Canada in Ottawa. The basin is 120 m
long by 60 m wide and contains fresh water to a depth of 3 m, At the
time of th'e tests the basin was covered with approximately 29 cm of ice
and 50 em of snow. This snow was removed from the test area prior to
the tests. Flgure 3 shows the layout of the experimental plots in the test
~area. Two 10 mx 1 m open water areas were cut in the ice sheet at rlght
‘angles to each other, The first, Lead 1, was used to study the behaviour
and fate of oil in a freezing lead under light wind conditions. The second,
Lead 2, was used to investigate the béhaviour and fate of oil in a freezing
‘lead in higher' wind conditions (along the length of the lead) with snowfall,
Four 1 m x 1 m test squares were cut out and used to examine the effect

of 011 sl1ck thlckness on 011 behavmur and fate ‘processes.

Pigure 3: Qutdoor test tank layout

Y
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2.2.1 Test Procedures

| Prior to putting oil in each lead, the accumulated frazil and slush ice
was skimmed from the water surf.'ace;-:.‘ The oil used for these tests was the
Mixed Sweet Western crude used in the wind/wave tank tests (see Table 1),
Ten litres of this oil was poured, viae a spill plate, ocnto the surface of both

Leads 1 and 2 for a nominal initial thickness of 1 mm., One, two, five and

‘ten litres of oil were poured onto the surface of the four test squares to

give nominal initial thicknesses of 1', 2, 5 and 10 mm respectively,

0il thickness samples were taken periodically using pre-weighed
squares of sorbent pad which were sub.sequentl'y reweighed to determine
thickness {(corrected for density). Grab samples of surface oil from each
test area. were also taken periodically to document oii weathering. The
evaporative loss of therse samples was determined by comparing their density
at 0°C (as determined by a Parr densitometer) 'wit';hrden‘si..ty Vs eva;ﬁorativé
data for the same oil from both field and laboratory tests (S8.L. Ross and
D.F, Dickins 1987).At the same time that the oil samples were taken, snow,
ice and meltwater data were also collected. This involved drilling a hole
through the new ice in the test areas and vﬁeasuring the_ depth of snow
and/or slush on the oil, the depth of meltwater ' beneath the oil and

the thickness of new ice beneath the water,

Air temperatures, wind speed and wind direction were cdntinuousljr
monitored by a computerized weather st.ation. mounted 10 m abd.ve'the ice
level on an observa;ioh tower adjacent to the test tank. Surface
temperatures '(water, 011 and air 1 cm above the lead) were measur.ed
periodically with a thermistor. Ice level winds were measured with a

hand-held thermal anemometer,
The behaviour of the oil in Leads 1 and 2 was recorded by both a

video system mounted on the observation tower and time-lapse 8 mm movies

from a triped-mounted camera on the jce.

- 11 -



3.6 RESULTS AND DISCUSSION

3.1 LITERATURE SURVEY

An on-line search of eleven different scientific databases was carried
out with the objective of revealing any new and/or foreign references
applicable to the study of oil spills in pack ice leads (see Appendix 1). The
search covered papers prepared in Japan, North America, Scandinavia,
Europe and the Sbviet Union, Results demonstrated a paucity of
information on the subject. The search uncovered no significant sources
that were not already known to the study team, Many of these sources
had already been reviewed, and the results used to develop formulations for
lead freezing rates in a previous Environment Canada study (Dickins et al.
1986). Several of what can be considered as basic references in the field

are described briefly below.

Andreas et al.(1979). The Turbulent Heat Flux for Arctic Leads,

The analysis and measurements. described in this paper are appropriate
for small leads in the order of 5 to 10 m wide with relatively mild wind
chill of less than 200 °Cm/s (i.e., conditions representative of this study).
Unfortunately, the mathematics describing turbulent heat flux in this paper
are somewhat impractical in a working field situation. The results of
Andreas were used in conjunction with the work of Bauer and Martin (19883)
to present ice .produc’tion rates in practicél terms of wind speed and

temperature differences, air to water {Dickins et al 1986).

Bauer and Martin (1983). A Model of Grease Ice Growth in Small Leads

This paper provides the i-nost comprehensive analytical treatment of
grease ice production in ‘open water under winter Arctic conditions (wind
chill in excess of 200 °Cm/s) and provides the basis for some of the

mathematical modelling found in Section 4.0. The authors consider that the

..12..
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results of this paper are ap'pl_icable_to small leads with widths in the order

of tens of metres (Martin 1987),

Martin and Kauffman (1981), Field and Laboratory Study of Wave Damping

by Grease Ice

As inferred by the title, the primary objective of this study was. to
look at thé mechanism 6f wave damping where the open ocean swell
penetrates grease ice and pancake ice at the peak ice edge (so called
marginal ice zone). Martin describes naturally oééurring emergence zones
where grease ice has been observed to collect in rows within large leads.
This phenomenon could result in an éffeéti've oil 'hérdiﬁg’ or ébncentrating

mechanism in large leads.

- The existing literature relates directly to the problem of oil freezing
in new ice forming on leads in the presence of wind herding.’ Previous
work can be used as & basis for modelling the results obtained in this study
from the wind/wave tank (Joyce 1987). In considering how 'accurately

model predictions might relate to a field situation, the existing literature

. identifies a number of other environmental factors that could play an

important role in controlling the time taken to establish a solid ice cover
across a lead. One factor, unproved but plausible, is the presence of fog
layers over large open' leads which will tend to décrease' the heat fiux to
the atmosphere (Lo 1980). A second potentially more important factor
concerns the process of Baline convection caused by the exclusion of salt
during the freezing process. Modelling of this process by Kozo (1983)
showed significant circulation in quiet conditions but the model bréke down

in the presence of currents >5 cm/s

-

Any overturning of the water column will slow icing by introducing
warmer deeper water, The density pycnocline common in the Beaufort Sea
effectively insulates the upper layer from deeper heat sources and promotes

rapid refreezing of leads.

_13_



3.2 WIND/WAVE TANK TESTS

A short description of each test run in the wind/wave tank follows.

This initial run was primarily to evaluate and msake changes to the
test procedure. 500 ml of Mixed Sweet Western (MSW) was initially spilled.
The water temperature in the tank was 2.5°C and the air temperature at
the tenk inlet and above the test area were -2.,5 and 0.59C respectively.
There was no ice initially present and the wave generator was off.
Another 500 ml of MSW was added 20 minutes later to bring the slick
volume and area to a more representative level. The slick quickly spread
and drifted to the barrier and the edges of the slick were swirling back
into the centre in a cyclic motion, This unnatural behaviour was corrected
for subsequent runs by moving the barfrier farther down the tank, New ice
crystals were forming 30 minutes after the start of the test and the tank
was completely frozen over in 6 hours when the air temperature over the
slick had dropped to -89C. There was no oil incorporated into the

developing ice in this run,

Run 2

Run 2 was a repeat of Run 1 with the barrier moved farther down and
using one litre of test oil. The températufes during the run were -8 and
-3.5°C for the inlet and test area temperatures and 1.50C for the water
temperature, Ice started forming 2 houfs and 10 minutes after the fan was
started. After 3 hours and 20 minutes;, the slick was on .top of a fairly
solid m.ass of grease ice. After 7 hours and 30 minutes the tank was
completely covered with solid ice about 8 mm thick. Below this, there was
a layer of fine crystals ap)proximatelly 3 cm thick. A thickness sample of
the surface slick showed it to be about 1 mm, although there seemed to be
thicker patches present. All of the oil with the exception of a few
"scattered drops remained on the surface of the ice. The area of the

surface slick was about 3120 em?2 and it was located up agairist the barrier

_14-

EYY

£

2



O

33

3)

Q

0

3

in the same position and shape-as the wind originally herded it to before

the ice growth.

“: Run 3

This run was similar to Run 2 except that an initial covering of slush
ice was allowed to build up to 40 cm from the barrier prior to spilling the
1 L of MSW. The air temperature above the water was -3°C. The oil
guickly herded to the edge -of the grease ice and then slowly migrated
across the surface of the grease ice to the barrier. It took about 3
minutes for the oil to completely spread on top of the slush ice. After §
hoﬁrs and 30 minutes the tank was frozen over and the surface slick was
found to have an area of 3960 cm? next to the barrier where the wind had
originally herded it, After cleaning the surface slick with sorbent pads, it
was found that some of the oil had become trapped in the slush ice that
was initially present. This remaining o0il was removed and had a mass of

approximately 54 g or slightly more than 8% of the original volume,

Run 4

Again 1 L of MSW was spilled under conditions of no waves and a
windspeed 0of 7 m/s. This time there was about 80 c¢m of consolidated
grease ice initially present. The air temperature was -30C over the slick.
The slick was quickly herded to the ice edge as in the previous run but
then spread more slowly on top of it, Once the entire slick was on top of
the ice, the spreading stopped cdmpletely.' There was very little sideways'
spreading and the slick did not expand the full width of the tank. The.run

was stopped after about 1 1/2 hours since the surface slick was completely

~on top of the ice and was no longer exposed to developing ice. It was

found that a small amount of oil was frozen into the ice at the water/ice
edge. This made up less than 1% of the slick volume. The final area of
the surface slick was about 3456 cmZ and it was easily removed from the

surface with sorbent pads.

- 15 -



.Run 5

This began the series of experiménts on the MSW oil type with waves
being generatéd. Run 5 had a wave generator setting of 50 which
corresponded to an :amplitude of about 50 mm at the barrier and a wave
period of 1.58 seconds. In this run there was a 1 m wide covering of slush
ice in the tank just starting Ito form pancakes., The air temperature was
-_2°C. The slush ice thickness was about 20 em. The oil quickly herded to
the ice edge and then made its way to the barrier through the slush-filled'
spaces between pancakes within about 6 minutes. As the oil moved through
the pancake ice field most of it was pumped onto the top of bancakes by
the opening and closing motion of the space.s. The wave generator was
stopped after 2 hours and the tank was allowed to freeze over, It was
found that about 80% of the oil was deposited on top of the pancakes.
Most of the remsainder was stuck to the sides of the tank and the barrier,
About_14 g was determined to be frozen in thé ice (mostly at the edges of
the pancakes) or less 'than 2% of the total volurﬁe. The area covered by
the slick was about 14400 cm?2, It seemed to be evenly distributed

throughout the initial ice cover.
Run 6

1 L of MSW was spilled with an initial grease ice cover to 50 ¢m from
the barrier. The wave generator setting was again 50 and the waves at the
barrier were 60 mm in height. The slick was herded quickly right across
the top of the slush ice to the barrier, After 40 minutes, pancakes started
to form and the crust around the edges was largely saturated with oil,
There was evidence of weak (black) emulsion formation at the barrier and
at the edges of the tank, The surface slick took up an area of §100 cm?2.
It was estimdted that about 10% of the oil was frozen in the ice; mostly in
the form of small droplets 1-2 mm in diameter, ) Tlhese were evenly

distributed beneath the slick.
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. Run 7

The wave generator was set at 60 for a wave period of 1.36 seconds

and a wave of 65 mm at the barrier, One litre of MSW was spilled with no

_ice initially present, The inlet temperatﬁre was extremely cold at -16°C

giving an air temperature over the water of -99C, In less than 2 hours,
there was a covering of slush ice about 20 em thick starting to form
pancakes, The action of the waves 6n the oil against the barrier caused a
significant amount of Idispersion throughout the depth of the tank. This
caused some of the oil to go under the barrier {which extended about
20 cm under water) and resurface or get trapped on the other side. Again
there was weak emulsion formation noted at the edges 6£ the tank. It was
estimated that aboui 20% of the original oil volume became trapped in the

ice,

Run 8

Run 8 was a repeat of the conditions of Run 3 (i.e. initial slush ice
and a windépeed of 7 m/s) except a heavy Bunker C/diesel blend oil was
used. The air temperature was -3 through most of the run. The heavy oil
was quickly herded into one ribbon about 50 to 80 mm wide and 10 mm
thick located at the edge of the ice. After 5 minutes, this slick slowly
rolled up inside the grease ice border, The surface of the tank froze after
2 1/2 hours and the slick was removed easily from the ice surface with a
spatula. As in the other experiments without waves, the oil slick remained

in the same location as the wind originally herded it to.

. Run 9

1 L of MSW was spilled with an initial grease ice cover and a slow
windspeed of 3.5 m/s. The inlet temperature was 0°C and the temperature
over the slick was +3 so the experiment .was. rﬁn dvernight to get cold
enough temperatures, It was noted that the slow windspeed did not herd

the slick toward the barrier very much and natursal spreading determined its
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area. After 14 hours the surface slick area was 8592 em2 and there was no

oil in the ice underneath.

Run 10

1 L of Heavy Bunker C/diesel mix (03) was spilled with an initial slush
ice cover about 40 cm wide and a wave generator setting of 50. The air
temperature was +1.5 at the beginning of the run and dropped to -6 after 4
hours. The heavy viscous oil formed a ribbon at the grease. ice edge as in
Run 8 that slowly made its way to the barrier. From here the cil spread
along both edges of the tank, sticking to the walls along the way.. There

was very little emulsification as there was with the crude oil, 0;. At the

completion of the run, there was only about 30% of the oil remaining as a

surface slick with approximately 5% frozen in the ice and 65% stuck to the

sides of the tank and the'barrier underwater.
Run 11

1L of 03 was added to the open water ahead of a 72 cm wide area of
11 em thick ‘pancake ice., The waves generator was set at 50 and the
waves were 50 mm high at the barrier. The air temperature was -0.5°C.
After 30 minutes the pancake ice had consolidated into 2 large chunks and
most of the oil was in the space between them and on the adjacent edges,
There was some migration down the space to the tank edges but the oil
never did spread all the way to the barrier. After about 4 hours, the
surface slick was removed with a spatula and sorbents. It was found that

about 1% of the oil was trapped in the ice in scattered globs.
Run 12

An extremely heavy oil was mixed with 86% Bunker C and 14% Diesel
for this run giving it a density of 0.995 g/cm3 and a viscosity of 2570 mPas
at 109C., This oil was spilled in front of a consolidated grease ice area in

order to see if the wind would push it underneath the ice edge. The wave

—.18..
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generator was turned off, The oil formed a large blob about 3 cm thick at

. the edge of the ice and it floated low in the water but would not roll

under or over the ice edge. After 15 hours, the ice around the blobs was

" "at least .3.5 cm thick but there was no ice underneath the oil., None of the

oil was completely encapsulated in the ice although it was sunk in about

1.5 ¢m,
Run 13

The 45% Bunker C diesel mix, 0y was added to the open water ahead
of a small area of grease ice. The wave generator was off. The air
temperature was +2 at the time of the release‘ but there were coldér
temperatures __overnight._ The slick was herded quickly over the grease ice
to the barrier and remained there as the ice developed. After 12 .hour's, it
was found that about 8% of the oil was frozen in the ice in fairly large

blobs and distributed throughout the area where the original slush ice was.
Run 14

‘02 was used in this experimér_lt with the wave generator setting at 50
and no initial ice present. The air temperature was +1 at the beginning
and dropped to 0 later. Figure 4 shows 1I:‘he results of this run after 11
hours, Most of the oil was on the surface either as a slick on top of .the
pancakes or in the form of a weak emulsion at the edges of the tank. An
estimated 30% was frozen in the ice in small drops about 3-5 mm di‘ameter.
However as canl be seen from Figure 4, this was largely due to the crystals
scraping away at oil on the sides of the tank. Finer droplets weare

distributed throughout the ice cover.
Run 15

The purpose of Run 15 was to investigate the behaviour of a highly
viscous oil. - Hibernia B-27 was chosen since it is a waxy crude with a 'high

viscosity but a density comparable to that of the MSW (S.L. Ross 1984). It

was added to the open water ahead of a grease ice area extending to 65 cm

_19_



from the barrier, The oil migrated very slowly onto the slush ice surface.
f‘igure 5 shows the slick shortly after release. About 1/2 of the slick was
puéhed on top of the ice and the rest stayed in open' water, Slush ice
eventually formed underneath the slick and stopped it spreading altogether.
Twelve hours later the slick had moved forward but its area had not
changed. The slick was easily removed from the surface of the ice and it

was noted that it left a fairly deep' impression in the ice surface,

Figure 6 summarizas the results obtained from these tests.
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Figure 4a:

Figure 4b:

Oiled pancake

side view



Pigure 5: Wind herding of the slick into gfease ice
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3.3 DISCUSSION OF RESULTS

3.3.1 Effect of Wind Speed

Wind speed affects a number of processes that are important to oil
fate and behaviour, Information already exists on: 1) the rate of
evaporation (Mackay_ 1980), ii) the grease ice thickness and coverage time
for a lead (Dickins et al, 1986), iii) the wave heights for a given lead,
which were treated as a sep.arate variable in these experiments, iv) the
drift rate and final location of the slick, and v) the slick thickness and
area due to wind herding (Energetex 1981). What remained to bhe
determined from these experiments was the effect of wind on the

distribution of oil in developing ice situations.

In order to aécorﬁplish this, it was originally thought that three
different windspeeds would be req_uired in the tank tests. After the first
few expe_i'iments, however, it was decided that only two windspeeds would
be required, In fact, only one test was performed with a windspeed of
3.5 m/s and all of the others were done at 7 m/s, The reasons for this
were: | | |
1. It was discovered that with the I3 initial ice co.ndition and no waves,

the oil slick would quickly migrate across the open water and any

fresh grease ice until it reached the dense dead zone. This effectively
stopped spreading and drift. Similar behaviour was noted by Wil_son
and Mackay (1986), Therefore, for modelling purposes, the dead zone
can be tre#ted'as impermeable and wind herded slick thicknesses can
be calculated from data on wind herding against a fixed barrier from

experiments by Energetex (1981).

2.  Difficulties were encountered in freezing the tank using windspeeds
lower than 7 m/s, which was the maximum speed attainable with the
blower used.

3. | Other tests for this project conducted at a larger, outdoor tank in
Ottawa (see Section 3.4) provided good data on the behaviour of oil in

freezing situations under quiescent and low wind speed conditions.
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4. The one experiment with a 3.5 m/s windspeed showed a larger surface
slick area, as expected, and no oil frozen into the ice. Lower

windspeeds were not expected to give more useful results,

3.3.2 Effect of 0Qil Type

An oil's densxty and viscosity seem to be important for determmlng
the amount of oil frozen in ice: dens1ty because it determmes the buoyancy
of the oil in the water or the water/grease ice mixture, and viscosity
because it determinés the oil's ability to break up into par_ticles that are
small enough to migrate through the porous grease ice and also because it
affects the thickness of the slick. A higher oil density will increase the

amount of oil frozen in the ice as shown consistently in the experiments

for oils 0; and 0q. These oils have similar viscosities but 09 is more

dense. This relatlonshlp was alsé found by Wilson and Mackay (1986) The
effect of viscosity is not as clear. There appears to be two different
processes by which oil can become incorporated into the ice. The first is
by infiltration from above as in Runs 3 and 13 where there were no waves
and an initial grease ice cover. In this case the low viscosity oil tends to
be encapsulated in large globs; a low viscosity seems to permit the oil to
move throﬁgh the ice crystals more freely. The highly viscous 03 o0il was

not encapsulated at all in run 8,

The second process was noted only when waves were generated. This
involves dispersion of the slick into the water column and a resurfacing of

the oil droplets to become trapped in the grease ice. In this case, a high

'v150051ty would ‘nhibit resurfacing through the grease ice, thus

encapsulating the 011 ‘The resuit is an even distribution of 1-2 mm
diameter oil droplets in the final ice éover. This was the explanation used
by Wilson and Mackay (1988) in their bench scale mixing experiments.
However, the high viscosity may also somewhat inhibit dispersion of the
slick to begin with, These experiments showed that there was more

encapsulation with a non-viscous oil for the same wave and ice conditions.
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It therefore must be concluded that the amount of oil frozen in the ice

decreases with increasing viscosity by virtue of both processes.

3.3.3 Effect of Wave Condition

‘Waves are a significant factor in the interaction of oil and ice not
only because they provide mixing energy but because they affect the
process of ice formation and also induce dispersion of the slick into the
water column. As previously mentioned, pancake ice forms in the presence

of waves while a dense dead zone forms without them.

It was found that the fraction of oil incorporated into ice is increased
considerably by wave action. Waves also have a large effect on the
spreading of the slick. The oil seems to be able to spréad readily in the

slush around pancake ice as shown in Runs 5 and 11.

The ex'periments'without waves showed that the slick rarely exceeds
its wind herded slick area in all ice conditions, The pancake ice gene}ated
by waves caused two dimensional spreading that w-‘as. nof stdi)ped imtil the
oil was pumped on top of the pancakes or expanded to fill the test area of

the tank.

3.3.4 Effect of Initial Ice Maturity

In the presence of mechanically generated waves, it was found that

the amount of oil in the ice decreased with increasing ice maturity. The

_major factor in determining the amount in the ice under wave conditions .

was dispersion of the_' slick and subsequent resurfacing of the droplets.
This dispersion only happened when there was no ice présent and to a
lesser extent when there was slush ice preéent. The slush ice may dampen
the w_av'e action and also limit the_.d_ownwelrling currents necessary for
dispersion, It is reasonable to assume that the final amount in the ice was

related to the amount of time that the slick was exposed to open water
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‘dispersion or dampened slush ice dispersion. The presence of an initial ice

‘cover only reduces or eliminates this exposure time. In addition, most of

the dispersion occurred at the artificial barrier (which may not adequately

represent a real lead situation) and when the slick was released in front of

pancake ice, most of the slick was immobilized on the surface by the time

the leading edge reached the barrier,

Wi‘th'dﬁt waves present, the ‘e'ffect of aﬁ initial ice cover was not the
same, Significant amounts of oil in ice were found only when there was an
initial grease ice covering. The oil moved into the grease ice layer from
above probably because the density of the oil was very close to thaf of the
gfeaée ice, Thus, the oil has very little buoyancy in the grease ice and

globs may sink and become encapsulated as the ice growth progresses,

3.4 OUTDOOR TANK TESTS

The outdoor lead experiments conducted in the NRC Ship Model
Manoeuvring Basin encompassed a variety of combinations of oil ice and
snow under wind conditions ranging from calm to 10 m/s. The coincidence
of a heavy snowfall at the time of maximum wind converted the second lead
experiment to a static condition in terms of subsequent oil spreading after

release.

A wvariety of oil film thicknesses ranging from 1 to 10 mm were

provided by a series of separated 1 mZ test patches,

Air temperatures were variable, ranging from -10°C at time of
discharge {1210) to -2°C within ten hours post spill and warming to -30¢C
within the following two days. Table 1 in Appendix 2 summarizes the

surface environmental conditions along with the weather station records.
The following observations describe the results of the field experiment

in terms of oil/ice interaction, using a series of photographs to illustrate

the progressive changes in surface appearance with time,
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3.4.1 Lead 1

The oil quickly spread to cover the entire lead until the oil reached
an area of ice crystals extending approximately 1 m out from the west end
of the lead., The remainder of the lead was cleared 6! ice crystals before
oil release by manually straining the water prior to discharge., The oil
spreading slowed significently when it encountered the first loose ice
crystals floating on the water surface and stopped completely when it
reached the concentrated edge of ice crystals s"cretching across the lead.
This action left three distinct zones: new clean ice (small crystals, rapid
growth) at the extreme west end, a thin oil sheen covering new ice crystals

. (slower freezing, larger crystals) and thicker oil with no immediate ice

formation. This thicker ” il was quickly heated by solar absorption,
reaching +2°9C at 1330 onehourafterdlscharge. Air temperatures at the
time were -4,8°C (1 cm above the oil) and -8°C at 10 m. Similar degrees
of self He'ating have been observed in previous oil/ice experiments. For
example oil temperatures on ice melt pools at Balaena Bay were over 5°C
higher than in the immediately adjacent air mass and over 8°C higher than
the 5 m air temperature (NORCOR 1975). Figure 7 taken 10 minutes after
the first oil release shows the clean ice at the west end of Lead I moving

into thicker oil from left to righ.t.

By 1230 (20 minutes post-spill) there was a clear visual transition .

between new ice growth in the lightly oiled area and the clean ice at the

extreme west end (Figure 8),

Without the contrast of the adjoining clean ice, the only means of
confirming the presence of oil on the surface was to physically rub the
surface with a tissue to detect the oil. Eventually the lightly oiled ice
took on a8 buftf coloure'd surface appearance which enabled easy

differentiation between the oiled and clean areas,
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Figure 7:View towards the west

; end of Lead 1, 10 minutes after
-~
- 0il release 27/01/87
o
o

Figure 8: Close~up view showing

the difference in surface _
o appearance between the ice
' growing under a thin oil sheen

(left) and clean ice (right)

Note the outlines of individual
o crystals.
-~
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Figure 9 shows the transition between the thicker oil with no visible ice
formation 50 minutes after o0il release and the lightly_' oiled new ice,
Eventually, extremely large ice crystals formed under the thicker oil and
floated high enough to expose their outlines (Figure 10). Figure 11 shows a

close-up view of the new ice crystals in Zone 3.

Edge effects played a minor role in creating localized patches of new ice
growth within the thicker oil prior to first crystal occurrence over the
general area, Figure 12 shows a patch of clean new ice growing out as
lobes from the edge into a thick oil film, The-procésses are not clear, but
it appears that any area along the edge Where the oil is not butted tightly
to the vertical lead edge acts as a nucleation site for new crystal growth.
These crystals then expand laterally and actually. push th_e_ oi_l ahead' of

them to create clear spaces for further growth,

Ice growth in Zone 1 was rapid, reaching 1 mm in 30 minutes, 3 mm in 90
minutes, and 45 mm in 22 hours. In contrast, the heavily oiled areas took
70 hours to reach an equivalent thickness. First ice formation in the oiled
area required a surface disturbance to initiate erystal nucleation. Analysis
of 8 mm time lapse footage showéd that freezing of the thick oiled area
covering most of Lead 1 was precipitated by a’ slight breeze which rippled
‘the surface for a few minutes at 1600 hours on January 27. Sﬁbsequent
crystal'gro;vvth out from the lead edges took approximately 10

minutes to cover the lead and produce the surface appearance shown in
Figure 4. Following first crystal formation, the oiled ice in Lead 1
followed a distinct eyclic pattern of diurnal growth and melt as the oil
layer wafmed during the day (melting the upper surface of ice formed) and

cooled at night (refer to Figure 15).

3.4.2 Test Squares - Effect of Slick Thickness

The individual 1 m2 test patches displayed similar behaviour with a

spread in ice thickness apparently related to the oil thickness.
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.Figure 10: View__aldng Lead 1 to the west showing three zones: 1. clean
solid ice at the extreme west end; 2. lightly oiled solid ice; 3.
new ice crystals in thicker oil over most of the lead. Picture

taken at 1630 - Spill + 4.3 hours.
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crystals in Lead 1 - see Figure 4 for

Figu.re 11: Close~up view of new ice
photo orientation,

Figure 12:Localized patch of new clean ice growing into an oiled area (Spil}l

+ 2 hours).
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- Figures 13 and 14 show the test plot contai\ning 2 mm of o¢il on
January 28 the day following oil release. In Figure 13, taken at 0945, the
outlines of the first Iarge crystals that formed the previous day are clearly
visible, By the afternoon on January 28 the new 1ce surface has been
partly melted by the warm 011 and the new crystels are no longer visible
(Figure 14). ' . |

The differences between the sites gradually increased with time, until
after 116 hours there was a 60% reduction in 1ce th1ckness beneath oil of
10 mm as opposed to that beneath oil of 1 mm (27 vs 45 Kmm) Flgure 15 is
a graph showing the ice growth history of all o11ed sites, together with the
clean ice at the west end of Lead 1 for compamson. It can be seen that
the combmed effects of 1} reduced heat flux due to the presence of an oil

layer, and 2) the daily melt caused by radvation absorption by the oil, both

~act to reduce net ice growth rates after several days by approxlmately 50%

(oiled ice/clean ice).

3.4.3 Effect of Snowfall

The snowfall accumulation which began at i:he time of the second oil
release on January 29, immediately"'changed the surface appearance and
subsequent physieal oil f-ate in all sites, Figures 16 and 17 show the
change in & section of Lead 1 before and after a snowfall starting at 1000
January 30. Later in the day, the snow was eventually absorbed and partly

melted by the warrning oil produeing a mixture of oily slush and water

~overlying the solid ice grown beneath the oil By February 1, the

combination of successive’ snex@rfal'l's"i"end a nurx_i_ber “.if .diur_n_al' ‘treege_/thaw
cycles led to a situetion _where. new clean snow had accumulated on top of
a frozen slush/oil crust bver’lying several cm of water on top of 3 to 4,5
cm of solid clean ice, Failing a eignificant rise in air temperaturee, the oil
was essentially sealed off at this Ip‘oint and isolated from further solar
heating. Snow is quite opaque to solar radiation. Any radiation not
reflected by the snow will be absorbed in a thin layer and will not affect

the oil.
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Figure 13:2 mm test plot at 0945

Figure 14:2 mm test plot at 1600

Januarj é8

January 28.
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Figure 16:Close-up of
Lead 1, 1000, Jan. 30
showing oiled
snow/slush lying on top

of the ice,

Figure 17:Close-up view of same area shown in Figure 16, 30 minutes later,

Note snow on top of oiled snow/slush from previous day
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'3.4.4 Lead 2

s

The second lead experiment carried out on January 29 presented an
entirely different situation from either Lead 1 or the test plots. Snow
flurries started 27 minutes before the oil was released. At the same time

the surface wind increased from_a faint breeze to 3 m/s gusting to 10 m/s

~at a slight angle across the length of the lead. The oil film quickly

travelled the length of the lead at rates up to 6 cm/s and accumulated
within 2 m of the south end in an arc across the lead, oriented
perpendicular to the wind (Figure 18).

While the initial distribution and extent of heavy oiling was entirely

wind generated, the oil quickly became embedded in a snow/slush "soup"

which effectwely prevented any further oil spreadmg or redlstmbuuon. ‘By

"1030 on February 1, 48 hours after 011 release, the oil was mcorporated

into 3.5 em of frozen oil slush. Depth of frozen snow/slush at the north
end was 5.5 cm indicating, as with the previous mled/clean xce comparisons

in Lead 1 and the test plots, that the presence of oil s1gn1flcantly reduces

- the rate of initial ice growth by both delaying the onset of freezmg and

acting as a solar absorber until covered by later snowfalls,

Analysm of 8 mm tlme lapse footage, covering the perlod January 29
to February 1, prov1ded the followmg ‘observations of oil behavmur and
changes to surface conditions in Lead 2 with time. On January 30, the
boundary between oiled and clean slush became more and more distinct as
contmued snowfall contributed ‘more and more slush in proportlon to the
or1g1na1 oil volume.' There was no ev1denee of ‘any mflltratmn or.
penetration of the clean area by oil from the heavily oiled section. On
January 31, within three hours of sunris.e, a narrow bafid of melt water
could be seen forming in a rim around the edge of the heavily oiled frozen
oil/slush crust. Once this melted border spread out to several ¢m from the
edge the remaining are.a .appeared to melt at a uniform rate. Within six

hours of sunrise the entire oiled area was covered by a thin film of
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Figure 18:View towards the south end of Lead 2 shows the area ot heavily
oiled slush
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meltwater. Later in the day the mltxal -meltwater stnp around the edges of

" the o11ed area refroze as a smooth shiny surface, leaving a rougher surface

with oiled crystals projecting out from the rest of the area. This rough
surface then acted to catch and hold later snowfalls., On February 1, the
oiled/clean boundary was somewhat more diffuse in appearance with patches

or smudges of oil extending several feet into the previously "clean" area,

3.4.5 Evoporation Rates

Figure 19 shows the evaporative loss for oil samples taken from the

various test plots plotted against evaporatwe exposure (after Stwer and

'Mackay 1983) Also shown is the predicted evaporatlve loss at -10°C (the

average experimental temperature - see Appendix 2) using a modified ASTM
distillation procedure and equation given by Stiver and Mackay (1983). The
prediction fits the data quite well, with the ez&oep;’ion of one sample from
Lead 1 whioh may have been iropi'operly stored. ‘It is interés’ting to note
that the evaporation does not seem to be greatly reduced by the presence
of snow in or on the surface oil. No samples of under-ice oil were

obtained (since none of the oil was encapsulated other than by snow),

'however “the results of other studles {NORCOR 1875; Dome 1981- and Dome

1983) all indicate that oil under a complete ice cover is not subject to

evaporation,
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4.0 INCORPORATION INTO A COMPUTER MODEL
In this section of the report the process equations describing the fate
and behaviour of oil spills in pack ice leads are developed, based on the
experimental results, Their incorporation into an existing computer model is
also deseribed. '

4.1 THE OIL FATE MODEL

The purpose of incorporating the process equations into a computer

model was to allow pred1ct10ns of sp111 behavmur m paok fce leads as oil

' shcks weather, spread and emuls1fy with time so as to be able to est1mate

the amount of oil available for countermeasures, The approach taken in this
study was to modify an existing oil fate and behaviour model, The main
features of this model are presented prior to discussing the process

eqt’:atioﬁs and the model modifications,

The model is based primarily on work performed at the University of

Toronto over the past decade; oil spreading is_based on the model of

Mackay et al, (1979) which utilizes the thick/thin approaoh; oil evaporation
is based on the evaporative exposure approach of Stiver and Mackay (1983},
and subsequent oil property changes are determined using the approach of

Tebeau et al. (1983)}; sea state {i.e., wind speed) and oil properties are used

" to caleulate natural d1spersion (after S.L. Ross 1984) and emu1s1float1on'

(aftezf Mackay et al, 1879, modified to include a delay until the particular
oil weathers to an emulsifiable state), A routine has also been included to

assess chemical d1spersmn effectweness (s. L. Ross 1987), though this was

“'not used for this study. '

In its present form, the model requires a fairly large number of oil
property inputs to be used to its full potential, .Much of this information
is presently avaJ,lable in oil property catalogues pubhshed by Env1ronment
Canada (S8.L. Ross 1985 Bobra and Chung 1986) for many Canadlan oils.,

Work is also underway at the University of Toronto (S.L. Ross and
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- DMER.1987) to develop a technique fo fully quantify oil property changes

with evaporation using only a simple distillation procedure,
4.2 PROCESS EQUATIONS

4.2.1 Iee Growth

4.2.1.1 Open' Water

The ice growth routine for unciled areas in a lead was developed
using equations for grease ice formations reported by Dickins et al. (1988).

These equations are:

P=1.2 + 0.0312 U (Tw - Ta) o (1)
and - _ '
P=3.0+0.0204U (Tw - Ta) (2)

where: P = production rate (kg/m2/h)
" U = wind speed (m/s) o
Tw = water temperature (°C)
Ta = air temperature (°C)
U(Tw - Ta} = wind chill tactor (°C m/s)

Equation (1) is used for mild conditions {wind chill less than 200 ©Cm/s),
and equation (2) for severe conditions (wind chill greater than 200 °Cm/s),

The final coverage thickness is estimated by H (m) = 0.06 U where U is the

windspeed in m/s. The rate of ice cover can be calculated using the '

density of the grease ice (',B and the final thickness of the cover (H) as:

dAI = P ©(3)

fu
where Aj is the ice coverage area in m? of ice per m2 of open water

" remaining per hour, If the width of the lead (W) is known, the'different_ial

linear grease ice cover for one 100 second program pass is calculated by:
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dL = P Ay_x 100 x _1 : - (4)
fuw 3600.

in linear metres of grease ice, where Ay is the open water area. This
length is combmed w1th that generated beneath the slick and subtracted

from the length of open ‘water for each 1teratxon.
4,2,1.,2 Beneath Oil

One of the problems that this study addressed was that of predicting
the initial freezing rate of water beneath an oil slick spilled in a lead
under calm conditions. Once a solid sheet of ioe.has formed beneath the
oil the countermeasures approach for the exposed oil becomes one of oil on

ice as opposed to oil on water,

The predictive equation developed in this section is concerned primarily
with calculating the time required to form a "solid" ice cover in the
presence of oil and the absence of snow (see Section 4.2.8 for the
treatment of snow in the model). The approach taken is to caleculate the
amount of ice formed beneath the slick based on heat tra.nsfer
considerations and convert this to a length of new ice of thickness H (see
Section 4.,2.1.1 above) that is wind herded against the downwind ice edge.
Although .the equations are only truly wvalid for calm, low turbulence
conditions the presence of an oil film is assumed to dampout any waves

that would normally be present under higher wind conditions.
The equation used is an adaptation of the formulation of Ashton (1986)
which treats snowcover and ice as resistances in series. 0il is introduced in

the clas_sic' heat transfer equation as an additional resistance to ye€ld:

An/AL = (T = Tm)/ (R M(hy/kp) + (ho/ko) + (1/Hg)) (5)
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where: hj = ice thickness (m)
' hgy = oil thickness (m)
t = time (s)

Ty = air temperature (°K)

Ty = water temperature {9K)

k's = thermal conduectivities of ice (i) and oil (o) (W/mOC)
Hg; = surface heat transfer coefficient (W/m20¢)

A = latent heat of fusion of waﬁer (J/xg)

‘fi = density of ice (kg/m3)

Once the ice has formed an additional resistance due to the presence of
snow on the ice could be added; this was not considered to be warranted
for this study since snowfall obscures any surface oil which then becomes

unavailible for eountermeasures (see Section 4.2.8 below).

The only term in equation 5 that éannot be readily obtained from the
literature is Ha; As a first approximation, its value was determined using
the results of the outdoor tank tests to provide estimates of the initial ice
growth rateah/At, Table 2 summarizes the data used in solving for H, in
equation 5. Table 3 shows the results; the very small change in H, with
oil thicknéss and the seeming dependence only on the presence of oil
indicate that the correct form of equation was chosen, The values shown in
Table 3 were used in the computation of ice growth beneath oil in the

model,

4.,2.2 Slick Advection

The oil slick on the open water is estimated to drift at 3% of the wind
speed (only wind parallel to the length of the lead is included) across the
water surface. This continues until the leading edge of the thick slick

reaches the downwind ice edge.
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4.2.3 Oil Spreading

During the time that the oil is on open water, and the calculated area of

 thick oil does not exceed the area of open water, the thick/thin spreading

routine is utilized. If the thin slick area exceeds the open water area it is

reset to the difference between the lead area {length x width) and the

. thiek slick area and thin spreading ceases, If the thick slick area equals

TABLE 2
Initial Ice Growth Rates and Ice Property Data

SURFACE CONDITION TEHPi!RATURE DIFFERENCE ICE GROWTH RATE

(ec) (m/s x 107)
Clean ice 18 _ 6.36
Oiled ice 1 mm oil 18 ‘ 4,10
' 2 mm oil 18 3.64
5 mm oil 18 3.18
10 mm oil 18 <2.55%
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OIL/ICE PROPERTIES

Thermal conductivity:

oil 0,149 W/mO°C
ice 2.20 W/m°C
Ice density
primary 916.6 kg/m3
snow ice 803-900 kg/m3

Latent heat of fusion
pure water 333.4 x 103 J/kg
sea water to sea ice 200 x 103 J/kg

TABLE 3
Calculated Heat Transfer Coefficients

Surface Condition Experimental Heat Transfer Coefficient
(W/m20¢) '
Clean ice ; 10.8
1 mm oii - ' 7.3
2 mm oil _ 6.7
5 mm oil 6.6
10 mm oil 6.1
Clean snow slush 10.1
- oiled snow slush 6.4
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the open water area the thin slick area is set to 1 m2 and thick slick
spreading ceases, Qtherwise the slick is allowed to spread until the leading
edge of the thick slick reaches the downwind grease ice edge. If the slick
diameter is less than the lead widtﬁ at this point the slick continues to
spread, but only laterally until it fills the width of the lead. When the’
thick slick fills the width of the lead and is touching the downwind ice

edge all spreading stops and wind herding commences,

4.2.4 Wind Herding

Eventually the leading edge of the slick will encounter the downwind
edge of t‘he lead where drift and spreading will stop.Wind herding will
determine the final slick area and thickness at this point, Energetex
Engineering (1981) performed a series of experiments on wind herding of
fresh and aged Prudhoe Bay crude oil. They found that the wind herded 0il
thickness is primarily ‘a tunction of the initial oil thi’cknéss an’d.the

windspeed. The empirical equation used in this model is:

Ty = 1.01 Ty + 0.72U ] B (5)

where '

Ty = herded thickness (mm)

Ty = initial thickness (mm)

U = wind speed (m/s)
This equation shows a good correlation for initial thickness between 1 and
6 mm and windspeeds between 2.78 and 8.3 m/s.

A final thick slick area is ,calculat.ed based on the wind herded

thickness; no further spreading takes place.

4,2,5 Fraction of 0il Frozen ilito Ice

The wind/wave tank tests showed that a small percentage of the oil slick
may become trapped in the developing grease ice. During each program
iteration a volume of oil becofnes trapped'in the differential area of new

ice growing' beneath the slick. The fraction encapsulated is based on the oil
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properties, and is increased by a density factor:
K + K | ' (8)
1 2A
and decreased by a viscosity factor:
Ky + K4/u, o . . (7)

The fraction (F) of the oil in that is uhderlain by new ice growth for that

iteration that becomes encapsulated is then given by:

F=(K1+K27ﬁ)—(xs+x4/u.) | | (8)

or ' ‘

F=K+ Kzﬂ- K4/u,, (9)
where |

‘£= density of oil,
/l,ﬁ viscosity

Substituting from the experimental results and solving for the constants

yields values of:

K = -0.19966
Ky = 0.31053
Kq = 0.0000709

The differential volume encapsulated is then given by:
dv = (-0.19966 + 0.31053 'f—- '0.0000709/19) dAL.Ty (10)
] /

where dAp is the differential ice area for that program pass and Ty is the
wind herded slick thickness. '
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Effect of Waves. 1In order to include the effect of waves on oil

incdrporatidn it was first necessary to calculate the significant wave height
that would exist in 4 lead. The following equation is used to calculate

fetch-limited wave conditions (Department of the Army 1984):
H=5,112 x 10-7 y Fl/2 un

where H = significant wave height {(m)
U = wind speed {m/s)
F = fetch (m)

The effect of wave properties on increasing the fraction of oil
incorporated in the grease ice was not fully inveétigated in the
experimental portion of this study, thus a very simple algorithm was used
to estimate their effect. If the calculated wave height in the unfrozen
length of the lead exceeds a certain value (that is input by the opefator)
the fraction of oil incorporated is arbitrarily increased by 0.2, con‘sistent

with the results of the wind/wave tank tests,

4.2.3 Snowfﬂl

Based on the results of the outdoor test tank experiments the effect of
snowfall is twofold: initially snow is absorbed by the oil until such time as
the water content of the oil (or emulsion) reaches a maximum {presumed to
be in the range of 75% for the model), after this the snow covers the oil

rendering it unavailible for countermeasures,

The water content increase of the oil due to snmowfall is calculated by
dividing a snowfall rate per iteration by ten (to account for the lower
density of snow) and adding the equivalent fraction of water {based on the

existing slick thickness) to the oil,
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4.2.7 Lead Closure

The model includes the ability to close the lead at a specified rate. This
has the effect of decreasing the width of the lead thus reducing the slick
width and increasing its thickness if its diameter equals that of the lead. If
the thick slick fills the lead, closure thickens the oil. Once the lead edges
touch, all of the oil is unavailable for countermeasures being either under

the ice edges or incorporated into the resulting ridge,

4.2.8 Natural Dispersion

The equation used to calculate losses to natural dispersion on the open
sea was modified to account for the fact that the wind over a lead will
generate smaller, less energetic, fetch-limited waves ( see Section 4.2.5

above).
4.3 MODEL RESULTS

The model was written in Pascal and is suitable for use on an IBM
compatible PC. A complete program listing may be found in Appendix 3. The
model simulates the fate and behaviour of a spill of oil in a lead until suech
time as the oil slick is entirely on top of or encapsulated in new ice;

subsequent evaporation i3 not considered.

Figure 20 shows the model graphic output for the case of a 1000 m3
spill of Alberta Sweet Mixed Blend crude oil in & new lead measuring
10,000 m in the direction of the wind and 200 m perpendicular to the wind,
The oil property, lead information and environmental inputs used are given

in Table 4 .The numerical model outputs are given in Table 5,
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TABLE 4
Model Inputs

Fresh oil preoperties

Emulsification delay (theta)

Density (kg/m3)

Standard density temperature (K)
Vizcosity (mPas)
Standard viscosity temperature (K)

Four point (k)
Aqueous solubil
Flash point (i)

ity (g/m3)

fil-water interfacial tension (N/m}
Oil—-air interfacial tension (N/m)

Leads. spill conditions

Léngth of lead parallel to wind (m)

Width of lead perpendicular to wind (m)

Fraction of lead initially iced
Snowfall rate (cm/day)

Lead closure rate (n/s)

Starting distance: spill to ice (m)

Spill conditions

Duration of spill (100sec)

Windspeed (m/s)

Air  temperature (K)
Wataer temperature (K)
Volume of oil spilled (m3)

>Cnnstanté

Density constant 1
Density constant 2
Viscosity constant 1
Viscosity constant 2
Four point constant
Solubility constant
Flash point constant

0il—-water int.

tension constant

Qil=-Air int. tension constant

ASTMA constant
ASTMT constant

~52-

50000, 0
855,60
273,00

43.70
273,00
245,00

0,00
280 .00

0,02

0. 026

2000, 00
200,00
Q.00
2. 000
.00
1000.00

1.00
.00
243, 00
R2T2.00

1000. 00

1468. 0000000
0. 4000000
8. 7200000

8582, 00
Q. 3820000
Q. QOOO000
Q. Q000000
Q. OOOOUOD
0.5820000
540.00
385. 00
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TABLE 5

Numerical Qutput

The slick hit the ice after

time DS

area
thick 54806
thin 1

Onice 26383
Inlce )
total B3190

thickness
0.0108771
0. 0000010

available for cleanup

available for cleanup

4500 seconds
Figure 20 1000m3 Example

volume |vap dispersed
L00.840 89,625 1.024
0.000 0.394 0. 085
26F.6TT . 259 '
18.535
%5, 158 1.109
870.517 :

thickness

density viscozity water content
Loil 873 118
emulsion gve 130 0. 0379 2., 0109954
theta B88OT
time 10 _

area thickness volume ‘evap dispersed

thick 22439 Q. 006734 217.068 101,958 1.331
thin 1 0.0000010 0,000 0,394 0.083
Onlce HOTH0 &05. 090 176356
Intre 41.860
total 83190 119.886 1,415

density viscosity water content thickness
oil 878 152
G.0104810

amul sion 887

theta 18117

time 14

arasa
thick 206
thin 1

Onlice 82983
Infre
total 83190

186

0.07T63

thickness

3. 0000010

available for cleanup

volume avap dispersed
1.126 103.443 1.376
0. 000 0,394 0, 08
T4, 045  2B.011 '
S54.939 :
131.748 1.461

TIT. 171

density 'viscosity water content thickness
. oil 880 173 .
"emulsion 896 230 0. 10469 0. 0070347
theta 29733
-53-



5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

A computer model has been developed that predicts the amount of an oil
spill in a pack ice lead that remains exposed to the atmosphere, and is thus
available for countermeasures, as a function of time. The results of indoor
wind/wave tank experiments and outdoor test tank experiments show that
the fraction of a slick that is incerporated into new, growing ice in a lead
is generally very small; most of the oil remains on the surface of the new

ice,

The major factors that increase the fraction of oil ir_xcorporated into
growing ice in a lead are:
* increasing’ oil density
* decreasing oil viscosity
* the presence of waves

* the presence of grease ice at the time of the spill

The factors that result in encapsulation of the oil, or that render it
unavailable for countermeasures are:
* lead closure resulting in ridge formation
* snowfall resulting in water content in the oil greater than about
75%

It must be emphasized that the model is intended as a preliminary
formulation,
5.2 RECOMMENDATIONS

Further experiments on the effect of wave height, period and wavelength
on the fraction of oil mcorporated into growing ice in a lead are

recommended Additional verification under Arctic field condltions will be

required before the model can be considered as a reliabig operatlonal tool,
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APPENDIX 2

Environmental Data for Outdoor Bxperiments
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TABLE Al
' . Ice Thickness Measurements and Associated Surface Conditions

Date Time Jite Ice Water Slush Snow Temperatures
Thickness Depth Depth Depth  Air (°C) 0il

(mm) (mm) (mm) (mm)
27 1213  L1,C -5.9 -1.8
| 1244 L1,C 1 -5.0 1.6
1330  L1,C -4.8 2.0
1400 L1,C 3
1630  L1,C 8
28 1000 L1,C 45 -8.0 -3.0
' 1017 L1,0 30
1020 TA1 30 -1.0
1021 TA2 30 -1.0
1022 TA3 30 0.0
1023 TAd 25 1.0
1045 -6.5
1500 L1,C 50 -5.0
1501 L1,0 18 3
1530 TAl 23 3 0.5
1531  TA2 20 5 0.0
1532 TA3 20 4 0.0
1533 TA4 20 3 0.5
29 1015 L1,0 33 4 -8.0 -3.2
1130 TAL 31 4 -3.4
1131 TA2 30 5 -2,9
1400 TA3 29 3 -2.0 1.0
1401 TA4 25 4 1.5

- Bl -

-



)

Ice Thickness Measurements and Associated Surface Conditions

Date Time Site Ice Water Slush Snow Temperatures
o - Thickness Depth Depth Deptfx Air (°C) 0il
(mm) " (mm) (mm) {(mm)
30 1030 L1,C 77
) Lo 46
TAl 39
TA2 .39 2
: TA3 33
- - TA4 32 4
1120 L2 15
01 1000 LI,C 90 30 60
- 1015 11,0 40 25 45
1030 12,0 35
L2,C 55
TAL 45 20 10 95
- T TA2 40 20 10 70
TA3 35 20 30 80
TA4 28 20 25 90
- | .. o o
| L1,L2 = Lead 1&2; O = oiled, C = clean; TA = Test square (1 m?2)
é% -
%:f_m
o
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APPENDIX 3

Computer Model Code
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J

_program leadfate;
<
36 o e 2 e e e A S e e eI NI 3o 3 e 0 I I A I I e e Ao e I T e I e I I e 3 e e e S A I e S 26
" * . *
» * this versieon of QilFate has been modified for ocil-in-leads. *
' * } : *
‘:D ’ -;-*********************************************i*******************-I.'**
£sI UT-MODOO.INCY € load global variables X
{31 UT-MODO1.INCY
{31 UT-MODOZ. INCY
{sI UT-MODO3. INCY
- {31 UT-MCDO4. INCY
- - const ‘
‘tstaep = 100; : {The basic ’‘heart-beat’ of the model - in
seconds)
const :
" Size = 413 {this is the current size of the fateinit
el ' file and tha array that it gets read into.

1 this size needs changing go to InitlInit.pa
and change the Size constant and run it. It
will generate a new fateinit.dta,incorporatin
the old data, that can then be filled?}

{the assumption there is that its getting

higger)}
typé
Stringlé = stringliél;
string20 = stringll0l;
string2S = stringlI3l;

sering30 = stringls80l;
imit+tile=racard
‘ cond:arrayll..Sizel of stringl3;
end: .
pivyaprop=record
sumveyvag,
sumvdis,
. valume,
o) araa,
favanp,
vavap,
+dis,
veis,
thickness:real;
. R 2nds ' '
o o ZhMemprop=record
‘ : density,
vigemsitysr2al;
and:
[gafrop=r=cord
ar=a,
vevap,




L oemiage

Sumveavap,

fevap,

val _in,

val_on,

sumvol _in,

sumval _onireal;
ey

const
JutFileName: stringl0 = ‘fategraf.dta’;
RunStatsFileName: stringld = ’‘fatestat.dta’;

var
Run_Stats: texty
Qut_file: texty
init_wvalue : file of initfile;
initial 1 initfiles .
initfilename : sitringloOs
sTitle: stringlS;
i,ccdesintager;
thickspread,
tiivspread,
change: boclean;
rsarrayll..Sizel of real;

procadure CentrePrint{title:string80); {assume 80 golumn printerl

var
i,
offset: intager;

begin .
of "zaeti= (80 - length(title)) div 2:
for i:= 1 to offset do
write(lst,” "};
writeln(lst,titlel;
writelni{lst)s
=nds;

function axist (filename : str20): bBooleang

var
fil: text;
oegin
assign(fil,fil=name);
{BI-2 :
reset (fil}:
{$I+>
exigti={igresult=0);
ands

procadure roadinitfile:

%

£y



1 . Begin
P ’ ' initfilename:=’'fateinit.dta’;
- assign(init_value,initfilename);
if existlinitfilename) than
begin
reset{init_wvaluel)s
read{init_value,initiall;
closelinit_value);

o~ : for i:=1 to 40 do
e begin
initial.condfil:=initial.condlil+’ ‘3

5 _ filvarlil:=copy({initial.condfil,l,pos{(’ ‘,initial.condfil)-1)
- and;y )

; sTitle:= initial.condl41];
B end3;

o endj

procadure weiteinitfile;
var
sistringl201

bagin
initfilename:="fateinit.dta’y
assign(init_yalue,init%iIenamé);
if existdinitfilename) then
reset(init_value)
else rewrite(init_value);
for i:=1 to 40 do

begin )
N si=filvarlil+’ ‘3
A initial.cendlil:=copy(s,1,10)3
,u and; | .

initial.condi41J:= copy(sTitle,1,25);
write(init_wvalue,initial)y
: ‘ . closelinit _value);
- _ end; '

procadure pstring;
bhegin
plil:=/4007TNOLOD1-QOO201 "
PL2T:=/6008ND100E-000101 "
; pL3l:=/400ZNOGL10O3-0Q0101 "7 ;
© o pl4l:i=/6010NOLIO04—-00010L
: EL3T:="56011NCLIQOS-000101 "7
sL&eI1="6012NOLO0L—Q00101 " ;
PL7TI:="5013NGIQOT-000L0L "
o pL3I:=/5014NQLOCE=-Q00101 3
- pL?1:=/5013NOLOOF~FOOLQL 7
plldls="60148NO10LA-00010L "
CoopERLde=rg A
{#rpl12]:1="600TNOLOIZ-000201 7
{#rpl13]:=/L00BNCGLO13-000101"
£#3pl14]:='6009N0O1014=000101"
{#rpliSl:=/5010NALOLIS=-000201
{+rpll1861:="&01INQLOLA=-000101
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{*}ptiT]:=’5012N0101?-000101';
{*}ptlal:=’5013N01018-000101'; {spare} {used now for resting nWavelr
ptl?]:=’6OOTN01019—000201';
pEEOI:;’bDOBNOIOZO—OOOIOl';
pEEiJ:=’5009N01021-000101';
ptzzl:='5010N01022-060101’;

o231t =601 1INOLO2I-00010L "3
pC2aTt=’ "3 : {60 12NO1024-000101 /57

{other enviranmental conditionsy

pl2Sl:=""3

pL2&le=""3;

nl271:=""3

pEES]:='600?N01028*000201';
ptZ?J:=‘6008N01029-000101’;
pC301:=’bOO?N01030*000101’;
pE31]:='6010N01031—0001G1’;

pi321:=’
prI3le=’

GO1LNOLIOIZ2~000101 5
6O12NOL033~000101 73

pC343:=’6013N01034—000101’;
pt353:=’5014N01035—000101’;
pC3é3:=’6015N01036-000101’;
pE3T§:=’661$N0103?—000101’;
pEBB}:='é01?N01038—000101’;

ends

procadure dis_msg(msgtyp:char);

begin

caze msgtyp of

‘g/ipegin

msg (‘Emulsification delay (theta)’,20,7)j {1}
msg { ‘Dengity (kg/m3) 7 ,20,8); ' 42>
msg ( ‘ Standard density temperature (Y’ ,20,9% {3
msg { ‘Viscosity (mFras) 420,103 . {43
msg (‘' Standard viscosity temperaturs (KY’,20,11)3; {352
m=. (‘Pour point (€)'’ ,20,122% {&F
msg { - Aquecus solubility (g/m3) 7,200,133 {T>»
msg (‘Flash point (K’ ,20,14) 3 {8>
msg ('2Jil-water interfacial tension (N/m) *,20,15); £9¥
msg(‘Oil=-air interfacial ransion {(N/m)’,20,18) L£10%)
ends ‘ .
{#F 'L’tbagin
{2 msg (‘Length of lead paraliel to wind tm) ' 420,73 {12}
{#3 msg (‘Width of lead perpendicular %o wind (m)’,20,8);<{13>
Lel msg (‘Fraction of lead initially iced’ ,20,9) {143}
L%> msg{'Snowfall rate {em/day) ' 20,1003 {197
{2 msg (‘L=ad claosure rate (m/3) 7 ,20,11)3 L1148
L) msg (‘Starting distancsa: spill to ice (m)’ 20,123 {17}
{%r msg(‘Limit on wave height (em) ’ 420,13 ' {18¥
L#r and}
(* unused in L@ads model
‘Dripegin .
msg{’Dispersant application time (gac) ' ,20,7T); {157

msg { 'Reducezd O-W interfacial tension (N/m) 7, 20,8 <lé)

{saved while alteringl

{array index #J

{len}
{Wid?>
{ilcer
{rSnowlr
{rClose’
{dSpill~>
{lWavel
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msg {‘Dispersant effective time (sec)’,20,%); L17>

{Should oe approx 90.129 (hr)}
and; ' ' '
: {unused as of 0&6/13/87}
*)
‘Sshegin ) i

mew.; {"Duration of spill (100sec multiples)’ ,20,7); {192
msg (‘Windspeed (m/s) ,20,8); {20,WindSp>
msg {’Air temperature (K}’ ,20,9; £21,AirT?
msg { ‘Water temperature (K)7,20,10); - {22,Water T

_ msg {‘Volume of oil spilled (m3)7,20,11); {23

€
msg (' Increment for oil veolume graph (v/3)7,20,12); {24%

9* ) :
end:

‘C/:begin
msg (‘Density constant 1/,20,7); {£28%
‘msg {‘Density constant 27,20,8); {29%
msg{‘'Viscosity constant 17,20,9); {362
‘msg(‘'Viscosity constant 2,20,10); {31}
msg{‘Pour point constamt’ 20,11} 132
msg(’Solubility constant’ ,20,12); L33
ms3 ! ‘Flash point constant’ ,20,13); €£347%
msg (’Oil-water int. tension canstant’ 20,14} ; £33
msg{'Oil-Air int. tensiocn constant’,20,135); L3667
msg{‘ASTMA constant’,20,16); {37rL{Aastmar
msg ( ASTMT constant’,20,17); {38>{Agtmt’
and;

- end;
end; {dis_msgr

procadure initcond;

procedurs Title:

begin
clrsgrs
highvideos
center{’'Set title for this run’,0,35,80);
lowvideo; ‘
Input{’a’, {alphabeticall
: sTitle, {the current titlal
25,10, \ {screen positionX
25, {length accepted>r
+alse, £{Caps returned?r
F1, {true if Fl was pressadr
FLO) g {0 " FLo " " F
sTitlas= Answer
ands

procadure oil_orop;
begin '
czlrscr; lowvideos
pstrings;
highvideojcenter ('Fresh.oil properties’,0,5,80);lowvideoc;



dis_msg(’0’);
input_handler (‘DO110’ ;ascape);
dinput_handler (' COllO’,es:ape)'
end; {oilpropk
(%
procadure disp_infoj
begin
clrascrilowvideos
pstring;

hig videoscenter ('’ Dzspersant application

lowvideos

dig_msg{('D’);

imput_handler{’'D1317’ ,2scapel;

input_handler ('Cl517’ ,escape);
end; {disp_infa?¥

*)
{%2
grocedure Lead_ infojs
begin
clrscr; lowvideos -

pstring:

highvideoicenter{’leads spill conditions’

lowvideo;
dis_msg{’'L’);
input_handler (‘D1218 ,escape)l;
input_handler (/ Cl”le',es:ape)-
cend; {disp_infao?
{*>

procedure Spill_conds
begin
clrscr;lowvideo:
pstring:

information’ 0,9,80)

,0,5,80);

highvideojcenter (’Spill comnditions’,0,3,80);lowvideo;

dis_msg(’S7)3

input_handler ('D1923’ ,ascapel;

input_handler('Cl1%23’ ,escape);
end; {env_cand)>

procedure Constant;
begin
clrscr: lowvideo:
pstrings

highvideoscenter(’'Values of caonstants’

dis_msg{'C");

input_handler ('DEIB3IB’,ascape);

input_handler (‘228387 ,2scapel;
e’y {constantl}

orocadurs get_var;

,0,5,803:

lowvideo;

begin
plll:="Title et the title for this run’;
p(21:='Cil _prop .Define initial oil properties’;

{#r pl3J:='Lead_info .Define lead parameters’;

(%

;o
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pL3l:='Disp_info .Input dispersant applicaticen information’;

i . . *)
- " pC31:='S%E_cond .Define spill and enviraonmental conditions’:
pl3l:='Constant .Set values of constants’;
pléel:i="Cuit .Z3ave present parametars and sxit to main menu’ g
end;
begin {inmitcond>
- clrscr;lowvideosr2adinitfilag
et repeat ‘
prompt (‘Use arrow keys and <RETURNX‘,’Cr first letter of key word’);
get_var; hmenu(l,2, ' Input Routine’,ch);
ca . ok of
; . ‘ ‘T sTitle;
ﬂg C ‘Q’:0il_prop:
’ (# ‘D’idisp_infos
*)

‘LM il ead_infoj

‘S’ :9mill _cond;s

‘Criconstant;

‘@ begin
writginitfile;
axit:=true;

ends
and; {casel}
wntil axit=true;
_ _ exiti=false;
i end; {initcond}

-,
function power (mantissa,exponentir=all)ireal;
bagin
powar:=exp (ln (mantissa)*expaonent)
20d
:m\ procadure SEZ(var Target:Stringlé)l: {StripExtraZers to deal with
o . . . T EST el U e . CevmeBepel and ' 5 Stupldlty}
{Ammended -~ my stupidity:
Turbo~87 uses 3 digits of eup
in reals - Turbo uses 22
. var .
. irinteger:
s |
begin
ir= 13 ‘
while net (Targetlil in T/'€E',72’1) do
ig= 1 + 13 .
if¥ Targetli+l] in [’'+/,’'='1 then begin
_ if Targetli+ll = 70’ then
o _ delete (Target,i+2,1) end
2l se
tf Targetfi+1l = ‘9 then
daleta(Target,i+1,1)
2nd; ‘
R




pr.. edure avap (var dfthk,
dftn,
favtk,
£avin,

C #hthk:reals
zhhick,
winds,
2thin,
astma,
astmt,

: airt:reall;
VAar ' -
dtti,

- gttn,

rk:real;

begin .
if zthick < 1e—04 then
sthicki= le~04;

(differential fraction evaporated thick slick?

{ " " " thin R
{fracticn evaporated thick slick?
_c n [1] th 1 m ] }

{+mata (evaporative exposure) thick slick}
{+hickness of thick slick’

{wind speed)
{:mickness of thin slick?

{air temperaturel

'rk:=0.0015*pcwer(winds,o.?a);

dtek:=rkrtstep/2thicks;
ththk:=ththk+dttk;
dttn:=rk#tsten/zthing

d+tk:=dttk*exp((é.3-(10.3/airt*(astmt*astma*+evtk))));
d#tn:=dttn*exp((6.3—(10.3/airt*(astmt+astma*fevtn))));

favelk:=favtk+dftk;
foven: =fevin+dfins
ends

pro. edure spread(var athick,

{thick areal

athin:real; {thin areal

sigma,

zxhick,
oilpp.,
watert,

{0.07 - vil/water interfacial tensign-gil/air

intarfacial tensionk

{ehick thicknessk
{pour point}
{water temperaturel

sfact:real); {spreading factor?

var
gthin,
dehick:reals

begin

it mot thinspread then dthin:=0.0

2l sa dthin: =sfact+*power (athin,

D.33)*exp(-0.003/=thick)*tstep;

i+ mot thickspreaa then dehigk:=0.0

Micky
athic%:=athlck+dthick;
athin:=athin+doniog

=r:d3

pr- Bdure dispersivar fdti,

sdtnsreals -4

winds,

{fracticon of thigk dispersadl}
" " th 1 n n }

{wind speed?

alse dthi:k:=150*pcwer(:thi:k,1.33)%pcwer(athi:k,O.SE)*tstep-(1.0E—b*dthinﬁ:

o
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; emuld, {emulsion density?

- oild, {oil density}

v owint, {oil/water interfacial tensxon}
emulyv, {emulsion viscosity?}
zthick, {thick thickness?}
zthin, {thin thickness}

: tngilv, {thin oil vizscosity)}
: dispFactireal);{dispersian factor from wave height}
™ S
_ const
Ci1=2.4E+3;
C2=1.,0E-3;
C3=1.16E-4;
C4=1025;
var
i shut,
drhol,
dr-hol,
WSS,
dumsraal;
ﬂﬁ begin

drhols=cd4-emul d;

drhRol:=c4—-0ild;

wss:=winds/8.0;

dumi: =sgr (wss) *ci*cl*c3/ (owint+emyl vedrhal) ;
if tnoilviemulv then shut:=tnoilvedrho2/drhot
else shut:=amulv;

fdtki=dispFact#*dum/z th1ck*tst=p.
fdtn:=dispFact*dum/z thxn*tstep*(emulv/shut)-

end-
prccadurn emul sion(var zthick, {thick thickressr
emulv, {emulsion viscosityl}
: g o emuld, {emulsion density?
- . wwsreal; {water content}
winds, {wind speed?
oild, {oil density}>
oilv, {oil viscosity? _
ttk, {theta (evapcrative auposure} thick slickl
ttke:real); <Ltheta thick emulsiony}
o . var
dww:raal; {delta water content?
begin
if ttkittke then
. begin
" - amulvi=ailv;
- amulds=nild;
and
alse
begin

dww: =2, OE-b#sgr (winds+1.0) % (1-1, 32 %ww) #taten;
Wi 3 Wit dwieg

=




and;

emulvi=oilveexp (2.5%ww/ (1.0=0. &S%ww) ) ;
anuld:=0ilde (1. 0~ww) +10ZT%ww;

zhnicki=zthick/ (1.0=wW);

and;

procadure fatemodel;

var

{#rIce8il: lcePrap;
thick,
thin,
totslick:physprops

oil,
init,
emul ,
thnoil:ichempraop;

{#*>WindChill,
{#>ciid,
{#>si.2n,
{#¥prlice,
{*rhlWave,
{#rhWaveFDS,
{*}dispFact,
{#rluave,
Spilllur,
WindSg,
AirT,
WaterT,
Astma,
Astmt,
tcount,
DataFraq,
dfaevin,
dfevtk,
vtotn,
2s5top, _
watar_ content,
ttke,
zthick,
Rk,
sigma,
dvol,
awint,
Qaint,
2pilppireal:
sfact,
KRecCount,
JutC,
- PointNum,
passcount: inteqger;

{corrected width}

{slick lengthX

{production ratz of icel

{wave height in lead’

{Fully daveloped sea wave height?
{dispersion factor}

{time countl}>

{seconds betwaen Graphic records?
{differential fraction svaporated think
{ " " " thick?
{volume thick to thin in aone pass?

L2

{yup¥

{theta thick amulsion)

{emulsion thickness?

{theta thick slickl

{thin slick spreading constantl
{differential volumesl}

{oil/water interfacial tension’

foil/air interfacial tensiank

{oil gour pointl

{spreading factor}

{count the records being saved %o filel
{number o2+ passes betw2en autputs of datal
{number of records output for graphingl

e
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ond s

amulv:=ailveaxp (2.5%ww/ (1. 0~0. 65%ww) ) ;
anuldi=oilde (1, 0-ww) +1 025 #ww;

gthick:=zthick/{(1.0-ww};
Slal=H

procaedure fatemocdel;

var
{#>IceQil:Icefrop;
thick,
Cthin,
totslickiphysprop;

@il,

imis,

emul ,
thnoil:schemprop:

{#XWindChill,
{#}rclid,
{#rslLen,
{*}prlce,
{#>hlWave,
{#YXhilaveFDS,
{*>dispFact,
{*rlWave,
Spilldur,
WindSp,
AirT,
WaterT,
Astma,
Astmt,
toount,
DataFreq,
dfavin,
dfavtk,
viotn,
2stop,
watar_content,
ttka,
zthick,
ttk,
sigma,
dvel,
cwint,
Qaint,
RDilppireal
gfach,
RecCount,
JutC,
FPointNum,
passcount:intager;

{corracted widthl}

{slick lengthl}

{production rate gf icel

{wave height in lead?

{Fully developed sea wave heightl
{dispersion factor?

{time count}

{seconds between Graphic records}
{differential fraction evaperated thin}
'y " : 1% 1] thlﬁk}
{volume thick to thin in one pass)

{?>

{yupr

{theta *hick smulsionl

{emulsion thicknesst

ftheta thick sglick’

{thin slick spreading constant’
{differential volumeX

{oil/water intarfacial tension}>
{pil/air interfacial tension?

{2il pour point}

{spreading factorl}

{count the reccords being saved ta +ils’r

{number of passes hetween sutputs of datal

{number of records output for graphingl



Tcheck, : ' {owne-time windherding +lagl

Heatwave, {no windchill so no ice in leads?
IcaHit, {zlick has hit the icel}
SraphFlag, {saving data tg file?}

DoubleRun, {making a calibration run?¥}
Screenlata, {deing secreen writes?r

PrintData, {doing printer output™}

FirgtRun, {etc}

Done:Boclean:

procadurs SilFrops
{calculatz new oil propertieskr

begin
{density?
oil.density:=init.density+r[28]#thick.fevap=-rIi29]1x(WaterT-rL31)}
{viscosity?
oil.vigeasity:=init.viscosity*exp (r{30I#thick.fevapi»*
exp{(rE311x(1/NaterT-1/rLS1));
thno;l.v:s:csxty==1nzt vigcosity*exp (rE301#0.5) %
exp(ri3lls{l/WaterT=-1/r(S1));
{pour paintl}
ocilpp:=rl&8I%(1+r(32]Iwthick.fevap);
if pilpp »= WaterT then thickspread:= false;
{intarfacial tensionl
L% 4 i¥ sfact=2 then owint:=rllsél rfi1sl is from dispersant info
alser ‘
owint:=r[9lx{l+r[3S1xthick,. favap);
caint:=r{i0I%{1+r[3&lwthick.favap);
sigma:=0.07=paint-owint;
it sigma <= 0.0 then thinspread:= false
el
pracadure Slicklhar;
{calculatz new slick characteristics?
var
viostireal;

begin
{avaparation?
i¥ thick.fevapr0.3 then estoR:=0.3 else estop:=thick.fevap;
thim.vavap: =dfevinsthin, valume+vtotn#* (0, 3-astop’ s
with thin do
gagin
vdisi=Ffdisevolume;
vigsh:=vevac+vdis:
i¥ «' strvelume then
hegin : :
vdisi=svdig#*{volume/vliast);
vnvap:=vevap*fvolume/vlcst)-
=nd.
and:’
thick.vevap: =dfevikethick. valume;
{#2 with Ig=20il 4o oeagin
vevap: =dfavikesumval _on;
suMvavap:= sumvavap + vevap

¢
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end;

totsliek.vavap:=thin.vevap+thick.vevap + Igalil.vevap;

that lcelil.vevap isn’'t summed in isclation - sumvevap awaitsl}
with thick do sumvevap!=sumvevap-+vevap;

with thin do sumvevap:=sumvevap-+vevap;

with totslick do sumvevap:Ssumveavap-+vevap;

ispersion’ ‘ ’
thick.vdis:=thick.fdig*thick.volume;
thin.vdis:=thin.fdis*thin.volume;

totslick.vdis:= thim,vdis+thick.vdis;

with thick do sumvdis:=sumvdis+vdiss -
with thin do sumvdis:=sumvdis+vdis:

with totslick do sumvdis:=sumvdis+vdis;

{volumel

L}

{*>

{%3

L%
{7
ends

veotn:=thin.area*thin. thickness—thin.volume;
with thick do volume:=volume—-vevap—vdis-vtoin- -IceCil.val :n-I:eOzl vcl _an
if thick. volume <= 0.0 then begin
thick.volume:=0,0;
thieck.area:=0.0
end;
with thin do vclume =yolume+victn-vliost;
with IceQil deo sumvol_on:= sumvel_on-vevapj;
withh thick do begin ' '
2thick:= thickness; {used for cutput of emulsion thickness only:
{Thick.thickness is being used through part
of the loop as storage of emulsion thickness?
thickness:= vulume/(sLen*:H:d)-
if thickness <= 0.0 then
. thickness:= 0.0
and: {with?
totslick.area:=thick.area+thin.area+lceCil.area;
totslick.volume:=thin. velume+thick. volume+Icalil.sumval _on

- procedurse datacout;

begin
clrscr;
writeln{‘time’ ,tcount/3600:3:0)

‘writeln(’ araa thickness volume evap dispersed’);
with thick do : '
writeln(’ thzc& fyareasTi0, ‘ythickness:7T:7,”’ fyvolume:s6: 3,

‘ ‘L sumvevap:&: I, “ysumvdis:&:3) g
with thin do :
wrteln{‘thin ‘,area:8:0,’ fykhickmess:TIT, fyvalume:16:3,
‘ * ,sumvevap: 633, fysumvdisi &3}
with Ic20il do begin
writaln(’'Onlice ‘,area:7T:0,’ ‘ysumvel _on:s: 3,7 ‘L sUmvevap: 3
3 ' '
' writeln(‘Inlce ‘ . “ysumval _im1&6:13};
end3 '
with totslick do begin :
writaln(’'total’,area:8:0,"’ ‘e ‘Y
‘ ', sumvevap: 6332, ‘,sunvdisi6: 3, ‘)3

writaeln{’available for cleanup ‘yvalumes b:3)



ends;
writelns

writsln(’ . density viscasity water content thickness‘);
wricaln{’ail - ‘yoil.density:S:0, ‘yoil.viscosity:sé6:0);
writeln (‘emulsion ‘yemul .density: 510, f,amul . visgcosity:&: 0,

’ ‘ywater_content:Si 4, fazthick:T:iT)

writaln;:

wrritaln (‘theta’ ,ték:iBr )

writeln{’ "3
end;} '

procadure datacutF;

begin
wr.teln(lst, ' time’ ,tcount/3&600:3:0);
writaln(lst,”’ area thickness valume avap dispersed’);
with thick do
writeln(lst, thick ‘,area:7T:0,’ ’,thickness:;?:17,° - ‘,vOlume:é:3,
’ ! ysumvevap: &3, ‘sumvdis: &: 33
with thin do
writeln(lst, ‘thin ’,ar2a:8:0,’ ' thickness: 717, ‘yvolume: 6:3,
‘ ' ysumvevap:b:3, ’ ysumvdis: &3} '
with IzeQil do begin :
writelni(lst,’Onlce ’,area:7T:0,’ ‘ sumvel_on:s: 3, ¢ sumveav
p:b:3)s :
writelni{lst,’Inlce ‘ssumvel _in:1b: 3
and;
with tetslick do begin
writeln(lst, ‘total’,area:8:0," fe! ‘y
’ ‘ ysumvevap: 6313, ‘ ssumvdis: 6:3, ‘)3
writaelni{lst,’available for cleanup fyvclume:&:3}s
ends . '
writeln{lst):
writelnilst,’ density viscosity water content thickness’ ) ;
writeln(lLst, ‘oil f,o0il.density:3:0,’ ‘yeil.viscosity: &0l
wre'teln(lst, ’emul sion ‘yemul ..densifty: S0, ‘yemul . viscosity:4:0,
' ' ,water_content:S5: 4, fLohibhickiTITY;

writeln(lst)
writaln(lst,
writeln(lst,
writeln(lst)
writalni{lst);
writaeln{lst);
writalin{lst):
2nds
furchion SaveData:Bool=zang
begin :
Cirscr:
Cantar (‘Do vou require the saving of madel-run data “,1,8,80)3
Canter (‘faor graphic display?® ‘,1,9,80);
Sighvides; Canter (' Answer (Y/N} ,1,11,80); lowvideos
~apeal
Op=ion; i+ not (Ch in C/Y’,’N’1) then beep (350,130}
wntil Ch.in Z7Y7, NI
Savelata:r= (Ch in £7Y"1)

theta’ ,ttk:8:0)

~ » tae
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a2nd;

funchion Screenfut:Booleans
bagin
Centar (‘Do you require screen output for data? ’,1,11,80);
" highvideo; Center (‘Answer (Y/N) ‘,1,13,80); lowvideo;
repeat
Cption; if mot (Ch in LY’ ,’N’1} then beep(3J30,150);
until Ch in LY’ ,"N73;
Screenlut:= (Ch in 0¥ D)
=2nd;

function PrintQut:Boolesan;

N _ ‘ begin

!?ﬁ © Canter (‘Do you require printer output for data? *,1,14,80);

T : highvideq; Center (‘Answer (Y/N) 7,1,16,80); lowvideeo;
repaat

Cption; if nmot (Ch in [’Y’,’N’1) then beep (350,150);
until Ch in C’Y’/,“N’1; :
PrintOut:= (Ch in C‘Y’I}

: end;

- - procedure HowCften(var Qutliintager);

. var

z Result,
vCh:intager:

. begin

-~ Centar (‘How often should data be put to screen? ‘,1,146,80):
highvideo; Cantar {’Answer (Hours:1-3>%) 7,1,18,30); lowvideo;
repeat '

Option; if net (Ch in [71/..7971} then beep(380,1%0);

wntil Eh in E/°17..7971:

i val (Ch,vCh,Result);

N CutC:= vCh#3600 div tgtap:’ -

ud Qutl: =0utC {Get the debugger %o stop herel

=nd;

pracadure ResetGraphFile;

begin
assigm{Qut_File,0utFileaName);
£ if Zuist(QutFilaMame) then
reset (Qut_File)
=21se
> rawrite (Cut_Fils)
2nd;

arocadure SavebraphicData;

" - wvar

G vevanp,
vdisp,
vice,
VSLIrF




sthkness,

gthknass,

w_2Z,

density, .
visgasity: stringllals

begin
recCount:= RecCount + 13
{turn the reals into stringsk
str (TotSlick,sumvevap: 1O,vevapl:;
str (TokSlick.sumvdis: 10,vdispl;
str (Jeeil.sumvel _in:10,vica)d);
s=r (TotSliek. volume: 10, vsurt};
if thick.thickness > 2.48-02 fhen
thick.thickness:i= 2.4E-02;
str(thick.thickness:10,sthkness);
it zthick > Z,.4E-02 then
zthick:=s 2.4E-02;
str{zthick: 10,ethkness);
str (water_sontent * 100:10,w_c);
str (emul .density: 10,density);
str{emul .viscosity:10,viscesityl;
{and get rid of the ex%tra digit in the exponent’t
{don’t use this if the receiving routine expects 3-digit exponentiation
i.e. compiled by Turbo-87
b
SEZ(vavap)l
SEZ(vdisp)}
SEZ(vice)s;
SEZ{vsurf);
SEZ (sthkness);
SEZ (ethkness);
SEZ(mw_C)%
SEZ (density};
SEZ (viscosity);

writeln(Out_File,’Reccrd #’ ,Reclount:il);

writaln(ﬂut_File,vevap:ib,vdispzlé,vice:lé,VSurﬁ:lé};

writeln(Dut_File,sthkness:lé,ethkness:16,w;::16,density:16,visccsity:ié)
ends

procedurs SavaRunStats{DataFreq,
Vinit:real;
PointNum: integer;
sTitle:rstringll);

var
sDatar~aq,
sVimit,
sPointrum: stringlliéld:

begin
st~ {DataFreq: L2,s3Datafregl;
s=r(Vinit:10,sVinit);
51 'Tointnum: 10, sPaintnum’;



y S ~ { Eliminate one digit af eupanehtiaticn to makg acceptable to

- the VAL rcutine when used in MAKEGRAF
} .

SEZ (sDataFreq);

; SEZ(sVinit);

. ‘ SEZ {(sFointnum)j

H writaln(Qut_File);

- writ2ln(Out _File,sTitle);

- writeln(Qut _File,sDatafreq:1é&);
writeln(Qut_File,sVinit:14);
writaeln(Qut_File,sPointnum: 1é)

ends; '
' {L=2ads header?
-
- const
maxw_c = 0.7o; {maximum water content cutoffl
var .
£ HE® AR RREEEX4S [ o3ds Inputs e - 6 M e o3k b e e e

. Len, {iength of lead parellel +to wind}

o Wid, {width of lead perpendicular *o wind}

o ' T iles, : {initial ice cover as fraction

of lead areal

p _ rSnow, snowfall rate - m/s72

' : " rClose, {lead closure rate ( '+’ = close
o o f=' = agpen)¥
dSpill:ireal: {distance from center of spill to

. downwind edge of lead (m}
<= Lan ps

{ N e 3 2 M N B e e e N T I Y 2R e e T N P S 3 S A e e e A A N I e e e e e I >
procedure Dil_In_Leads:
var

test,
alpenWater:ireal; {area of open water}

-,
et

pﬁocedure Lead Spread;

begin
alpenWater:= Lan # Wid; {Len has been adjusted for Ica cover’
with Thick dg begin
if area ¥= alpenWater then {area »= lead areal
beagin

ﬂ if Tcheck then begin

N thickness:= thickness + (0.J30072 * WindSp):

araa:= volume/thickness;

Tcheck:= false

2nd; )
thickspread:= false;
thinspread:= falses
thin.area:=1.0;3

{4l thinm.valume: =1, 0e8~0&;
testi= sion;




slLan:s Leni
if sLenr= test then
slen:= test:
cWide= Wid
and
plse begin
if slL2m <= 0.0 then
slam:=0.0;
tegt:1= slLen;
slLean:= sqrt(area);
if sbemn » Wid then
sLen:= area/Wid
else
eWid:= area/sken;
if (sLenm »= test) and tslen »= 2#¢Spill) then
sLen:= test: .
if slLen »= Len then {sben »= Len’
sLean:= Lenj
if (sLen »= Len) or (sien s= 2%dSpill) then begin £{8lick has hit ice
i+ FirstRun and (not lceHit) then begin
IceHit:= truesg .
clrscrg
gotoXY(10,14); .
writeln(’The slick hit the ice after ’,(100.0*pass:aunt)=6:0,
¢ seconds’);
delay (300} ;
writaln(lst, The slick hit the ice after ’,(loo.O*pass:ountk:ﬁ:O

¢ seconds )

{area < lead areal

and;

if slem = 0.0 then begin
cWid:i= Wids
glon:=0,01
and
2lse
cWidi= area/stan;
rRim.area:= 1.03
£min.valume:=1.0e-063
thinspread:= false;
i+ cWid »= Wid then begin
i€ Tcheck then begin _
rmickness:= thickness + 0.00072 *» WindSes
area:= volume/thicknesss . .
Tehecks= false:

d:= falsa;

and {sian »= Leanl
and far2a ¢ lead arsal
and; {with %nick?
- with thin do
i+ arca »= alpenkater shen
arca:= alpenuWatar;



-~
-

end; {Lead_Spread’

prcdedure Dil_I;e_Appanch;

" wvar

abDif+, _ .
ddEpillireal; {change in distance from spill centre to icel
bagin
" aDiff:= a0OpenWatar - thick.area;

if aDiff <= 0.0 then aDiff:= 0.0;
ddSpill:= 3.08—04 # tstep * ((price % alis+/Wid:
S+ (01346 # (WaterT — AirT) # thick.area/cWid))/ WindSp;
Len:= Len -~ ddSpill:
if slen < 2 #* dSpill then ) o
d8pill:= dSpill - ddSpill -~ (0.03 * WindSp * tstep)
else with Icelil do begin {slick has hit icae?
dSpill:= dSpill -~ ddSpill;
{25 slan:= sLan - ddSpill;
{%> if ddSpill >= slLen then
> ddSpill:= sien;
L& ar=as= area + cWid#ddSpill;
{2 thick.area:=thick.area — ddSpill#cWid;
{%> if thick.area <= 0.0 then thick.area:= Q.0;
{%3> vol_an:= ddSpill #* cWid #* thick.thickness;
- if hiave > ©.0 then
val_in:= (3.1e-04 % amul.density — T.1e-05 % emul.viscosity) #* vol _on
alse begin .
“wvol_int= (=0,2 + 3.1i2-04 * enul.density - 7.1e=0S * amul.viscosity}
o * vol_ong '
if vol_in <= 0.0 then
val_in:i= 0,03
i€ vol_in »= vaol_pon then
val _in:= vol_on
end;
vol_on:= vel_an - vel_ing
sumvol_in:= sumvel_in + val_ing;
sumvel _on:= sumvel_on + val_cn

and:
{Snow>
Wt o ' ) ater_content + rSnow * tstep/i0/thick.thickness;
if watsr_content »= maxw_t then with Ice0il do begin {if snow-coversadl

water_content:= maxw_c3
sumval _in:= sumvol_in + sumvol_ong
sumvol _an:= 0.9
Elal=H
and;

beagin {0il_In_{ =ads
Lead_Spread:
0il_Ic=a_Approach
and;

LR RS RRSRE anT OF Qil _In_Leads T 2 T e I I e e I e I B S S e

begin {fatamodel>



CutC:= 3463 ' {give

usar

if SaveData then
begin

Doublafun:= true;
i¥ Screenfut then
ScreenDatar=true
aelse
begin
ScreanData:= false;
clrsars
end; ‘
if PrimtOut then begin
FrintData:=true;
clrscr
end
2lse
PrintData:= false;
i{ ScreenData or PrintData then begin
HowQf ten (Qutl);
clrscr '
andz: '
if (nct Sereenbata) then begin
textcoler (14+blink);

it a non=zero
doesn 't}

value in case the

Canter ('Doing calibration run with no screen output.’,1,132,80);

textcolar (14)
end '

end

else

negin

DoubleRfun:= false;
Screenlata:= ifrues
FrintData:= true;
Howl<ten (Qutl?

2nd:

FirstRuns= true
GraphFiag:= fal
= false;

Dona:

H
alses

ReadInitFiles

repeat

if

tmat FirmstRun} ang DoubleRun then
begin
FeintNum:z= 1003

OutC:= trunc (2esunt/PointNum/tstep);

DatafFreq:= DutC*xtistep;
ScreemrDataz= false:
PrintData:= falsa;
GraphFlag:= trues
clreers

{until Done = truel}

{steps per outputl

Center (‘Daing graphis data run = WaLEeeswses 91,132,800

ResetSraphFiles

SaveRunStats (DataFreq,r{23],PointNum,sTitlel;

RacCount:= 0
=2ngas



{ initialize for cil fate model run >
-~ T for i:=l to 40 do val (Filvarlil,riil,code);
- g ttke:s=rL11;
init.density:=r{21;
init.viscositys=rid4l;
water _content:=0.0;
sfacti=1;ttki=0,0; {sfact passed to SFREAD as a real'?
# amul .density:=init.density:
-~ . emul.viscosityi=init.viscosity;

' cil.densityi=init.density;
oil.viscosity:=init.viscosity;
thnoil.viscasity:i=init.viscosity;
owint:=r[?I;
aint:=rL10]g
sigma:=0,07-oaint-ocwint;
SpillDur:= 100 # r[191;

WindSp:= rl201;
AlrTe= L2113

WaterTi= »[22]7;
Astmar= rL37];
Astmt:= L3813

o

0

thinspread:= %Lrue;
thickspread:= trues

{initialize leads'parameﬁabs}

{2 Lani= r[121;
{3 Wids= »I{137;
{*> ilces= r{141;
S rSnows= r{1353;
rSnow:= rSnow / B&40000.0; {from m/s to cm/day’}
L) rllosa:= rLL1&73; ’ '
{*¥ dSpill:= r{171;
L% lWave:= r{181];

S

4 { Initialize for First Pass }

with thick do
begin
. thickness:i=0.02;
i : ‘ favap:=0,0;
= | Fdis:=0.0;
vevap:=0.03
. sumvevap: =0, 03
i : S vdis:i=0,.0;
: sumvdis: =0.0Q
ands

with thin do
) ‘begin
ﬁ - _ thizkness:=0.000001;
. ' tevap:=0.3; '
$ ' fdis:=0.0;
3 vdisg:=0,0;
sumvdisi=0.03

i3
%,




end:
with totslick do

begin
fadigi=0.0;
vevap:=0.10;
sumvevap:=0.0;
vdiz:=0.03
sumvdis:=C.0;

endz:

with Ic=20il do
begin
sumvevap:= 0,03
Cvevap:= 0,03
favap:= 0.03
vol_ ini= 0.03
vol_oni= 3,03

sumval _in:= 0,03
sumvol _on:= 0.0;
arear= 0.0

and;

dvol:=r[231*{(tstep/Spilllur};
totslick.volume:=dvol;
thick.area:=totslick.volume/ (thick.thickness+8.0#thin.thickness}
thin.ar=a:=8.0%thick.are=a;
rotslick.areas=thin.area+thick. aresay
with thick do volume:sthickness+araag
with thin do velume:sthickness*area:
viatni=thin.volumea:;
thin.vevap:=thin.volume*thin.fevap;
thin.sumvevap: =thin.vevap:
tcgunt:=tstep;

passcount: =03

{Initialize le=ads’}

{#} cWid:= Wid; {corrected width}
{#} Len:= Len * (1 - ilca): {roughl’ .
{#*r siian:=10000000000. 05 i{slick lengthlX

IczHit:1= false;
Tchecgk:= falsa;

{Ice stuffr

{%)r HeatWave:= falses

L) WindChill:= WindSp #* (WaterT - AirT);

{#> i+ WindChill »= Z00.0 then

{#7F price:= 3.0 + 00,0204 % WindChill {kg/m*m*s}
{#*r alsa i+ (WindChill < 200.0) and (WindChill > Q) then
L&) prica:= 1.2 + 0.0312 * WindChill

L% 2lze {WindChill <= Q.Q: i.e@., it’'s a heat-waval
L% HeatWave:= true; ‘

L% Teheck:= true;

L#3



i not HeatWave then
{*>bhegin

- { Repeat until dene ¥
while (thick.volume > 0.0) and (thick.thickmess>iSe—&)
: do
: {shauld be 0.0001#~L23] - testing omly}
_ tegin )
fn if tcountsd SpillDur then
= begin
E thick.velume:=thick.volume+dval;
thick.thickness:=thick.thickness+dvol/thick.area;
ﬁ end;
: tocount:=tcount+tstep:
; : p= scount:=passcount+l;
}3 T {*} hidave:= 3.112e-04 * sgrt(len) * WindSp;
. RS hWaveFDS:= 2,482e—02 #* sgr(WindSpi;
{%®} ' dispFact:= hiWave/hUWaveFDS;
{*X if hibave <= lWave then
’ hWave:= Q.03
evap (dfevtk,dfevin,thick.fevap,thin.fevap,ttk,thick.thickness,
WindSp,thin.thickness,Astma,Astmt ,AirT); )
- . : spread(thick.area,thin.area,sigma,thick.thickness,rfé&],WaterT,
sfact);
emulsion(thick.thickness,emul.viscosity,emul.density,
. water_content,WindSp,cil.density,cil.viscosity,ttk,ttke);
dispers(thick.fdis,thin.fdis,WindSp,emul.density,cil.density,owint,
emul . viscosity,thick.thickness,thin.thickness,thnoil.viscosity,
{#*} dispFact); '
o L#*Y il _Im_Leads;
CilProp;
: SlickChar; )
: i+ (passcount mod outc) = O then begin
- _ i¥ ScreenData then
datacut;
if PrintData then begin
if passcount = outc then {Print the title on the first linesx
CentrePrint(sTitle);
datacutP
: and:
o . - : ' if SraphFlag then
: Save@raphicbata

T ends

r if (fhick.volume <= ©.0) and (not SraphFlag) then begin
writeln(’Qil is =ntirely on or in ice.’);

4 _ writelng '

i writeln(lst, '0il is entirely on or in ice.’);

writaln{(lst)

_ 2nd - {whilea}
Elal-# {noct HeatWaver

~{finish output>




if FrintData then begin

dataoutP:
{#*> i+ HeatWave then
{#*> . writalnilst,’No windchill - fix the temperatures, dummy!'! ‘)
{7 else
writalni{lst,’'Passes = ’,Passcount:0,’ Time (sec) = ’,tcount:0:0l;
ond;

if ScreenData‘then begin

datacut;
. gotoXY (1,23
{*> i+ HeatWave then
L#2> writ2ln{'No windehill - fix the temperatures, dummy!’)}
L% alse ‘

writ2ln(’'Passes = ‘,Passcount:0,’ Time (sec) =

writeln(’Hit any key to continue with data generation for graphing.’’

repeat until Kevypressed

ends

if GraphFlag and not HeatWave then begin

-SaveBraphicDatas
close(Qut_File)

ends

‘ytooumE: 0100

{#*F it (neot FirstRun) or (not DoubleRun) or (HeatWave) then
" Domes:= trues '
imstRun:= false

until Done;

writeln(‘model complete’,passcount)

end;

LR BRHSERERRHEXRE4%% Praceduras for using external programs Fktdks ek ek e s -

procadur?® NameErrcr (i:integer);

begin
write (‘Error -
casa 1 of

1: writaln{’Invalid function’):

2: writaln(’Fila/Path not found’)j

8: writeln(’'Not encugh memory tc load program’l;
10: writeln(’'Bad enviromnment (greater tham 32k} )i

11: writeln{’Illagal

and
and;

{ ZXEC.PAS version

-
Ls

-
f.rd

.EXE file format’)

Thisg file cantains 2 functions for Turbo Pascal that allow you to run other
programs from within a Turbo program. The first function,
actually calls up a different program using MS-DOS call 48H, EXEC. The
second funchion, SetComSpec, returns the path mame of the command
interoretar, which is necessary L0 do certain gperations.
main pragram that allows vou to 28t the functions.

Revision history

Subfrocess,

There is also a

-
b



Fi
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4

i

Varsion
Version

Version
Version

1.3 works with MS-DOS 2.0 and up, TURBO PASCAL version 1.0 and up.

1.2 had a subktle but danrngerous bug: I set a variable that was
addressed relative to BP, using a destroved EP!

1.1 didn’t werk with Turbo 2.0 because I used Turbo 3.0 features

1.0 only worked with DOS 3.0 due to a subtle bug in DOS 2.

- Bela Lubkin
Borland International Technxcal Support
CompuServe T10156,1573

Sk

Type

Stré&é=8tringlésls

Function SubProcess(CommandLine: Str255): Integer;
{ Pass this function a string of the faornm
‘D NFULLAPATHANAMENOF\FILE. TYP parameterl parameter? !

- s

Far esxample,
‘CIN\SYSTEM\CHKDSK., COM/
A \WS.COM DOCUMENT. L
‘C:\DOS\L_INK,EXE TEST:’
‘C:\COMMAND.COM /C COPY #*.% B:\BACKUP :FILESCCP.IED’

The third example shows several things. To do any of the fellowing, yaou
must invoke the command procassor and lot it do the worlk: redirectiong
piping; path searching; searching for the extension of a pragram (.CCM,

.EXE,

or .BAT); batch filess; and internal DOS commands. The name of tha

command processor file is stored in the DOS environment. The functidn
GetClomSpec in this file returns the path name of the command processor.
Also notz that you must use the /C parameter or COMMAND will rot work
correctly.  You can also call COMMAND with no parameters.  This will allow
the user to use the DOS praompt tao run anything (as lomg as thers is angugn
memory). To get back to your prcgram, fle can_ *ypa the command EXIT.

Actual sxample:
I:=SubPrecess(GatCamSpec+’ /C COPY *,% B:\BACKUP >FIL=“COP IED )

The value Pe*urned is the rasult returned By DOS after the EXEC call. Th=
most common values are:

Qe

(e

Success

Invalid function (gshould never happen with this routine)
File/path nmot found

Not anough memory to load program

Bad enviraonment {(greater than 3I2K)

Illegal .EXE file faormat

7

If you get any other résult, consult an MS-DOS Technical Reference manual .

VERY

IMPORTANT NOTE: vou MUST use ‘the Options menu of Turbe Fascal to

rastrict the amount af free dynamic memory usad by your program. Only 4n=
memary that is nmot used by the heap is available far use oy other
arograms. >



Const
858ave: Intager=03
SFSave: Integer=0;

Var
Regs: Record Case Integer 0Of
1: (AX,BX,CX,DX,BP,51,DI,DS,ES,Flags: Intager’;
2: (AL,AH,BL,BH,CL,CH,DL,DH: Byte);
End;
FCEL,FCR2: Array [0..3&]1 OFf Bytes
PathName: Strbdg
CammandTail: Str255;
ParmTable: Record
EnvSeg: Integer;
Combin: “~Integer;
FCBiPr: ~Integer;
FCBZPr: “~Integer;
Ends:
I,RegsFlags: Integer;

Begin
I+ Fes(’ ‘,CommandLine)=0 Then
Begin
PathName: =Commandline+#0;
CommandTail :="M;
End
Else
Begin
FathName:=Copy (CommandLine,1,Pos{(’ ‘,Commandline)-1)+#0;3
CommandTail:=Copy {CommandLine,Pos(’ ’,CommandLline) 25351+ M;
Ends .
CommandTaillQl:=Fred(CommandTaili0l);
With Rags Do
Bagin
Fii:iChar (FCB1,8izeaf (FCBL) ,0);
AX:=%2901; '
DE: =Seq (CommandTaillll);
SIl:=0¢5(CommandTailllll;
ES: =Seg (FCB1)
DI:=0fs5(FCBL);
MsDos (Regs); { Create FC2 L
FillChar (FOB2,5izeof (FCED) ,03;
AX:=$3901;
ES:=8ag (FCR2);
Di:=0+s (FCB2);
Msbos (Regs)y; { Create FCB 2
ES: =CSeqg:
BX:=5Seg-CSeg+MemWiCSeg: MemWlCSeg: $0O101I+8112];
Az =8443 .
MsDos (Regs): { Deallocate unused memery ¥
With ParmTable Do
Begin
EnvSeqg: =MemW[CSeqg: $CC2CI1;
Comlin:=Addr (CommandTail)};



FCEBLPri:=Addr (FCB1)}
FCBZPr:=Addr (FCB2) ;
End;

$2E/$8B/ $26/ SPSave / Restaore <{SP>

InLine (88D/%%4/ PathName /$4Z/ <{ <DX>r:=0fs(PathNamel1l); ¥
. $8D/SPE/ ParmTable / { <BX>:=QFfs(FarmTable); b
SB8/500/%48/ { {AX5:=34B0O0; ¥
B1E5/835/ { Save <DS», <BP> >
B16/81F/ { <{DSr>:=8eg (PathNamel11l); >
$16/507/ { {ES*:1=8eg (ParmTable}; ¥
$2E/6B8C/%5146/ SSSave / { Save 458S8» in SS5Save ¥
S2E/SB3F/$%2&6/ SPSave / { Save <SP» in SPSave b
SFA/ { Disable interrupts ¥
sCD/ 321/ { Call mMs-DOS ¥
SFA/ € Disable interrupts >
< >

“a: - B2E/BBE/BLE/ SSSave / { Restore {85> >

’ " SFB/ { Enable interrupts =~ 3

sZD/S1F/ , { Restore <{BP>,<DS> h )

$PC/48F /$8&6/ RegsFlags / { Flags:=<CPU flags> >

€89/3284/ Regs ) " { Regs.AX:=<AX>; b

{ The messing around with SS and SP is necessary because under DOS 2.3,

after returning fram an EXEC call, ALL registers are destroved excegth

CS and IP! I wizh I'd known that before I released this package the
first time... > '
If (RegsFlags And 1}<>0 Then SubProcess:=AX
Else SubPraocess:=d;
Ends '
End;

Function GetComSpec: Strbbd;
Tvpe
Env=Array [0..3Z27471 OFf Char;
Var :
EPtr: “Env:
EStr: Sir255;
JQD , Dena: Boalsan;
' CI: Integer:

Begin
EPtr i =Ptr (MemWlCSag: 3002C1,0) ;
1:=03 ' '
Done: =False;
ESkr:='";
. Repeat .
If ERup~LII=#0 Then ' . -
Begin
: If SPtr"L{I+11=#0 Then Done:=True;
i . L .. 1 Copy{(EStr,1,8)='COMSFEC=' Then
- Beginm '
© : - GetComSpec: =Copy (EStr, 9,100
N . o ‘Dane:=True:
) ' End:
H . . ESEpre=t ‘3
. End
Else EStri=EStr+EPtr~L11;




Ie=I+tg
Until Done;
Endg:

procedure UseDosy

Var Command: SkrI33;
I: Integer;

Begin
CirScr:
Writeln(’'Enter a % to guit.’):
Rapsat
Write(/=s===>’);
Readbln (Command) ;
I+ Command<>’'%’ Then
If Command<>’‘ Than
Begin
Cammand: =GetComSpec+’ /0 ‘+Command;
I:=8ubProcess (Command) ;
If I<>Q Then NameErraor (I}
End;
Until Command = "%’
End; .

procadure RunBGraph;
{Simply call MakeGraf.com using Bela Lubkin’s routine: SubProcess?

var
Command: Str2S55;
Irinteger;

begin
ClrScr;
Cocmmand: = GetComSpec+’ /c MakeGraf’;
I:= SubProcess(Command);
if I<>0 fhen
begin
NameError (1);
writeln(’'Press a key to continue’);
repeat until KeyPregsed
and
=nd; {*% and of axec rutines »*}
{93020 2 S T S T I e e S N e s I S T e T A e e S e e T e e e I T e I N I e e o N I >

procedure Listinputsy

var
1,s2,s3,s4,s5,54,57V,58,s59,310,s511,512,513,s14, 514,516,51(,518 z19,s20Q,
:1.5::,:.‘3, :..,4 S-S,:.ﬂégb-l .=...S Sm9,=30
31,5--,su3 s24,s32,336,5337V,838,539,340real s

intagear;

Lo I.ll UI un

begin



>
readinitfile;
=i3 : : _ foir i:=1 to 49 do val(filvarfil,rlil,code)}
- ' oglr= rL01Ts
g2:= rL23;
s3:= rl31;
gdi1= rl4];
s5:= »[3];
i . sb:= rl41;
! s7:1= rLT7T1;
y s8:= rf31;
g s?:= r[?1;
54 si0s= rC10];
; sii:r= rC111;
' sil:= r{i121;
s$13:= rL131;
stdr= rL143;
. 315:= L1851
4 slés= rl1613;
i si7:= rL177;
N sif:= r{1871;
| g19:= rL191;
g20:= L2075
g2i:= r[211;
: . s22:= {221
i - T g23i= pE231;
o s24:= {2413
i 52%:1= r[25];
} L e o s248s= rL261;
e, T T eRTy= e 02T
O ' s2B8r= prL281:
; 32%9:= r[291;
A 330:= L3011
: s31:= ~C0311;
g . s32:= rL321
B s33:= r{3371;
™ 534:= rL34];
: $35:= rC351;
s36:= r1361;
s327:= r(371;
ghs-= p[38];

s3%:= r{391;
CentrePrint(sTitle);

writelni{lst);

writeln{lst);

writalni(lst, 'Fresh oil properties’}):

writaeln(lst)s '
writaln(lst,

writaln(lst,

‘ Emulsification delay {(theta)

. ! Density (kg/m3}

- writaelni(lst,’ Standard density temperature (K}

| o - writaln(lst,’ Viscasity (mPas) '

o o writeln(lst,’ Standard viscosity temperature (K)
: : : = owritelnllst, Four paint (KD

; y : writeln(lst,’ Agueous solubility (g/m3)

’ writaln(lst,” Flash point (KJ

writeln(lst,”’ Oil-water interfacial tension (N/m}

safervely W
i



writeln(lst,” gil=-air interfacial tensian (N/m} ) f5510:19:3) 3
writzlni(lst);

writ2ln(lst, Leads spill conditiaons’);
writeln(lstly X
writalni{lst,’  Length of lead parallel to wind (m)

f,s12:8:12)
writelnilst,” Widkth of lead perpendicular to wind {m)’,s13:8:2);
writeln(lst,” Fraction of lead initially iced ‘,514:8:2) ¢
writeln(lst,’ Snaowfall rate (cm/day) *4s135:9:3);
writelni(lst,”’ Lead closure rate (m/s) _ ‘,51638:2)
writa2ln(lst,”’ Starting distance: spill to ice (m} f,s17:8:);

writeln{lst);
(* unused in Le=ads model

writ2ln(lst,’ Dispersant application time (sec)’,s:8:2); {15%
writelin{lst,”’ Reduced 0-W interfacial tension (N/m)’,s5:3:2); {142
writeln(lst,’ Dispersant affective time (sec)’,s5:8:2); {17y

4 {Shauld be approx 0.129 (hr}l’
*) :
writeln{lst,Spill canditions’);
writeln{lst);
writeln(lst,”’ Duration of spill (100sec) fys19:8:2);
writeln(lst,” Windspeed (m/s} Y 3820:8: 303
- writeln(lst,”’ Air temperature (K f,521:8:2) 3
writeln(lst,” Water tezmperature (K) f,522:8:2);
writeln(lst, Volume of oil spilled (m3} r,523:8:2)3
writaln(lst);
writeln{lst, 'Corstants’);
wreitaln(lst)s
writalnilst,
writeln(lst,
writeln(lst,
writz2in(lst,
writalni(lst,
writeln(lst,
writaln(lst,
writeln(lst,
writaln{lst,
writaelnilst,
writeln(lst,
writeln(lstr;
end;

Density constant 1

Dengsity constant 2

Viscosity constant 1
Viscosity constant 2

Pour point constant
Solubility constant

Flash point constant
Jil-watar int. tension constant
Oil=-Air int., tension constant
ASTMA constant

ASTMT econstant

2 S32:13:7
y333:13:7
4534:13:7) 5
,83T:213:7);
25361 13:7)
+337:8:2);

1 538:18:3);

T
T
»S31:8:3)
T
T
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procedure ProgramBExit;

tegin
Clrscr; Center{’This Frogram is about to end’,1,11{,80);
nighvideo; Center(’'VYerify Ok (Y/N)’,1,13,80); lowvideo;
rapeat .

Optiong it mot (Ch in [/Y’,’N’1) then beep(350,130);

Luatil Zhoin TY7, NYI;

and:

arocadure MainMenu;
var 1,Tab: integer;
Qkchaoicas: set of char;
begin



J

i¥ First_run then
..D . Begin
’ \ ' clrscrihighvideco:

. center(’0il In Ice Leads Model’,0,54,80);

o . centar (‘developed for Environment Canada,’,0,11,80);

4 C ' zanter ('Environmental Emergencies Technology Division’,0,12,80);
'- ‘genter (‘by 3.L.Ross Environmental Researcgh Litd.’,0,13,80);
center (' {C) 1987, S.L.Ross Environmental Research Ltd.’,0,324,80);

oo o box (14,4,53,16,9);
' writeln(’ )y '
< repeat wuntil keypressed;?

delay (Ta00);
ClrScr; Highvideo;
canter ('S, L. ROSS ENVIRCNMENTAL RESEARCH’,0,4,80);
c2nter (‘LEADFATE MODEL’,0,5,30);
for I:= 1 to 4 do writeln(’’}):
Tab:= 233
writeln(’’:Tab,’<1> Definme initial conditions ‘)i
writeln(’’:Tab, 2> Run ocilfate model ‘)3
writeln(’ :Tab, '<3% List the current inputs’);
writeln (/7 sTab,” to the model )
writeln(’’:Tab, <4> Graph the results ‘)3
writeln(’’ :Tab, <S> Future option ‘};
writeln(’’:Tab,‘<&> Use DOS commands ‘); writeln{’’);
: writein(’/ :Tab, <7> Exit the Pragram’);
- . Box (20,2,50,20,8)1writeln{ "’}
: ' ' SaveScresn; First_run:=false;
: end else FlashScreen;
S . . Set_Cap_num(’ ‘,'N’",’ 7); Say_Cap_MNum;
“ ‘Highviden: Center{'Press Your Selection’,21,1%,38); LowVideoy
Okchoicag:=L’1’..°'7" 1
reseat ' )
Option; if nmot (Ch in OKchoices) then Beep (330,130}
wntil! Ch in Qkcheicasy ’
case Ch aof

)

o~ 1Y initeand:
‘27 1 fatamodel;
‘37 & Listlnputss
‘4’ 1 RunGraph;
- S B
_ ‘& 3 UseDOS;:
- ‘¥ 3 begin
el PragramBExif;
: if Ch='Y" then Sxit 1= true;
ands
end; { case ¥
ands
fﬂb . £ H 1 0 003606 76 96 S T T o 6 T T T I A T I e o H T T
A T L " Program Starts Execution ' #*)

i o e e e e e T A e e N A I S N e T e 6 T T 6 69606 66 I NN )

begin
ClrScr; Exit:i=false: First_runi=trye;
repeaat

-~
aged




MainMenu;
until Exit = true;
ClrSer
and.
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