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ERRATA

Several figures received as digital files from Environment Canada were

+ - scanned incorrectly, resulting in a landscape orientation, or, in one case, a full

180° change in orientation.. This problem can not be flxed within the

s WordPerfect for Windows software

. The following figures (from the Literature Reviews) require changes:

Figure 8, Tsang, 1979 (vertical axis label is cropped) pg 422

- Figure 8, Topham 1979 ) T pg4-106
Figure 2, Wotherspoon et al., 1985 pg 4110
‘Figure 4, Scott 1973 (flgm'e is upside down) pg528

Figure 6, McMinn 1972 pg 6-6
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1.0 INTRODUCTION

11 Project Objectives

The overall objectives of this project are as follows:

1. To cornp.le.ﬁt'e a 'compreheneiVe review of all available material (pubslii'she.d and

unpublished) which relates to an understanding of the fate and behaviour of

* oil in ice (one of 17 topics identified as part of the overall BOSS project);

2 To prepare a summary by é}red'ﬁt sub-fopirﬁ (or situations) in accordance with
: ‘_speafxcatlons established for the overall Behaviour of Spilled Oil at Sea (BOS5)

project. The BOSS section in each sub-topic area includes both reviews of

:1nd1v1dual pro;ects that contributed data or process equations and a discussion

summarrzmg the present understanding and identifying suitable data and

o processes equatlons.

|
| E - 12 Scope of Work

" ‘The project scope covered essentially any written material pertaining to the subject
| E ; . of cil and ice whether the material was available as a consultant's report, internal
memorandum, part of conference proceedlngs or pubhshed in the scientific literature.

. The only limitation was that the material had to contribute in some way to the

| .understandmg of physrcal processes governmg the behaviour of oil under, in, among,

: E L - or on top of ice.

- In searchmg the available literature, no limitation was placed on the form of the ice

 cover (rlver, lake or sea) Nelther was there any limitation on the time period

- covered; the quality and content of a report were deemed more important than the




age of reference.

Chermical processes are discussed in this study in summary form only to form a link
with the other BOSS topics which deal directly with problems of dissolution,
evaporation, emulsification. This link is established by describing how the dominant
chemical processes are modified, inhibited or advanced by the presence of ice and /or

cold temperatures in different situations.

1-2
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2.0 Background

- The problems of dealing with oil in ice have been the subject of intensive study over
the past twenty years in Canada and overseas. Much of the work in rhis counfry was
motivated by Dome Petroleum'’s apphcatxon for offshore drilling authority in the mid

1970's.  That development gave rise to the Beaufort Sea PrO)ect and the first

large -scale splll of crude oil under sea ice at Balaena Bay (Norcor, 1975)

- QOver the last ten years, a numerous other medium to iarge-scalé experimental spills
have explored the interactions of crude oil with ice in different scenarios; examples
‘include landfast ice in the presence of compressed air (Dickins and Buist, 1981), the
mteractlon of emu151f1ed 011 w1th landfast ice (Bulst and D1ckms, 1983), and the

behaviour of crude oil in broken east coast pack ice (S.L. Ross and DF chkms, 1987). |

.- Various 1ndustry groups have sponsored tank or basin tests aimed at documenting

the interaction of oil with new ice and the behaviour of oil in lead situations;

. examples include Env1r0nrnent Canada sponsored work (Wllson and Mackay, 1987;
' Buist et al., 1987a), Esso's studies in their Calgary outdoor basin ( MacNeill and
‘\Goodman 1985) and ESRP sponsored expenmental work (Comfort 1986 SL Ross

1987).

| Information from accidental spﬂls is available for a limited number of cases.

B ..__‘Examples are the 1977 Ethel H. sp:ll (Deslauners 1979), the Bouchard #65 Buzzards

P

Bay (Welsh et al., 1977; Ruby et al., 1977) “the Kurdistan splli (Reimer, I980a) and
- the Antonio Gramsci spill in Finland in 1987 (Hivri, 1990). The Kurdistan spill
observations are particularly important as they demonstrated the importance of brash

- ice in controlling oil fate and behaviour under certain conditions.

2—1
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A number of brainstorming sessions and workshops have dealt with the problems
of arctic oil spill cleanup (e.g., 1979 joint government/industry workshop entitled Oil;
Ice and Gas, 1982 COOSRA workshop, and the 1988 workshop on Arctic Offshore
Oil Spill Response Technology).

A number of studies have dealt specifically with ice properties affecting oil-in-ice
behaviour. Included in these are studies of under-ice roughness and storage capacity
(Kovacs, 1979 and 1981; Barnes 1979a; Goodman and Holoboff, 1987), development
of grease and pancake ice (Martin et al., 1976), and statistical characterization of the

different pack ice environments {Dickins et al, 1986).

Work to date, including accidental spill observations, experimental field spills, and
laboratory experiments has identified a number of processes and parameters which

significantly affect the fate and behaviour of oil in ice.

These processes include:

. changes in oil spreading characteristics due to containment by ice
-pieces and brash ice; '

. oil entrainment in freezing situations and oil absorption in snow and
slush mixtures;

. oil particle adherence to the underside of ice;

. high under-ice currents to move or redistribute oil pools under ice;

. oil holding capacity under ice by virtue of natural variations in ice
thickness;

. sea ice motion transporting oil trapped on floes;

. vertical oil migration through the ice during periods of natural brine

drainage in the spring; and

2-2



.. e therate of 011 propertv changes in the presence of ice (e.g,, weathermg
“of encapsulated oil or oil in snow, emulsion formation in seas affected
by wave dampmg in broken 1ce)

Appendlx A lists the ice termlnology used in thlS report Flgure 2 1 (after Bobra and

Fingas, 1986) graphically depicts the various processes governing the fate and

behaviour of oil in different ice situations.

The oil in ice S1tuat10ns deplcted in Flgure 2 1 could arise from a varlety of scenarios,

S for example

¢ rupture of a tank farm in a coastal area leading to oil runoff onto the
bottom fast ice along the shore as well as collection in the tidal cracks

“=iparalleling shore in a salt water environment

s subsea blowout during oil exploration from a moored drillship in deep

water leading to oil under pack ice of different concentrations or oil

incorporated into newly forming ice (dependent on time of year)

; E ) © e giirface blowout from a gravity based d'r'i'll;ing' structure in ice covered

waters leading to 011 deposmon and mcorporatxon into the SNOwW cover

on the ice surface '

. “subsea blowout from a wellhead in shallow water leading to poésible

-~ accumulation of oil partlcles underneath the ice (and eventually

" area (several square kilometres)

23

."encapsulated in the case of spills prior to May) over a relatively large



subsea pipeline rupture leading to oil underneath and encapsulated
within both landfast and pack ice (depending on water depth). Pipeline

ruptures in a river crossing situation could also lead to oil deposition

beneath the ice (subsequently swept downstream depending on flow).

holing of a commercial cargo ship’s bunker fuel tanks leading to release .

of oil in a short period of time into a broken ice field

collision, grounding, or severe ice damage leading to rapid loss of

tanker product or crude from one or more tanks into a pack ice field or

near an ice edge

sinking of bafgé or ship with potential for slow release of cargo over

months or years

2-4
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E;j " Figure 2.1  Oil Behaviour and Fate in Broken Ice (after Bobra and Fingas, 1986)
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3.0 METHODOLOGY

‘3.1 Data Sources and Acquisition

 There are a number of Arctic-specific oil opill biloliograp'hies available (e.g., Keevii,

1974; Young, 1986), specxﬁc oil spill conferences (AMOP plus the bi-annual U.S.
conferences), reports series of research agencies (COOSRA, ESRF, APOA, CRREL) as

well as numerous generic bibliographies dealing with worldwide spill incidents. All

of these were mves’ugated for p0551ble literature. Full use was made of the resources

of the River Road Env1ronmental Technology Centre (RRETC) throughout the project.

A comprehenswe search of international literature and spills of opportumty was

* carried out to uncover stud1es that m1ght not be reported in the North American

hterature Author contacts (see dlscussmn below) were also used to confirm that all

possible literature was reviewed.

All literature thh any p0551b111ty of value was skimmed and ancxllary material was

identified (e. g., overviews, literature reviews, contmgency plans, countermeasure

studies). Deta11ed screemng ‘further limited the literature to those sources that

present original data or new analytxcal models. Al literature elunmated during the

prehmmary screening and detailed screenings are included in the Ancillary

References (often with comments attached) to provide a starting point for future

researchers.



3.2 Report Structure
The oil and ice section has been divided into three major topics:

1. Qil Under Continuous Ice

- including spreading, encapsulation, and migration of oil under ice
2. Qil in Leads and Broken Ice

- including oil in developing ice
3. Qil Behaviour On Snow and Ice

- mainly spreading of oil on ice

Literature was divided along these topic lines as the oil spill scenarios and processes

acting in each situation are quite different.

Within each topic the key papers are grouped according field tests, laboratory tests,
theoretical or modelling studies, and spills of opportunity (where applicable). The
papers are then presented by date, starting with the earliest paper. A discussion of
the key processes in each topic follows the literature reviews. Table 3.1 lists all of the
key studies reviewed according to study type. Key physical properties of the oils

discussed in the reviews is given in Table 3.2 and ice terminology is defined in

Appendix A.
The individual literature reviews are structured as follows:

- author, date, title, and source of paper reviewed,

- reference to any other papers from the same study,
- study background or methodology,

- study results, and

- study conclusions.



e !F"}. &
& il

s DRt |

.....

o 'papers

All text in the review that is quoted from the orlgmal paper is indented 1 /2 inch on

the left and is smgle spaced Elhpses are used if only part of a sentence is quoted or

if ohe or more sentences or paragraphs is omitted. All other text is left ]ushﬁed and

is spaced at 1 1 / 2. Fxgure and table numbers were left unchanged from the or1g1na1

-H.:-;‘.;.--.:‘-. i v -,;,'jfif L i

' The key papers included in the literature reviews are cited in Oil and Ice Refefeﬁces
... The Ancﬂlary References mclude citations of papers that were not considered to be

' 'key references on oil fate a:nd behavxor but would be hsted inakey ‘word search of

oil-in-ice literature and papers cited as part of a quote in the literature reviews.

Where appropriate, comments on the ancillary references are included.

b S r L e o i« i s e T,
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Table 3.1 Summary of Oil-in-Ice Interaction Studies

SPILLS OF OQPPORTUNITY

Location

References

Arrow

N.S.

McLean, 1972

Tank Rupture - Fuel Oil Spili

Deception Bay, Que.

Ramseier et al., 1973

Bouchard #65 - No. 2 Fuel Oil

Buzzard's Bay, MA

Deslauriers & Martin, 1978; Ruby et
al., 1977; Welsh et al., 1977

Ethel H. Spill - No. 6 Fuel Oil

Hudson River, NY

Deslauriers, 1979

Spill at Fjord Shore

Spitsbergen, Norway

Carstens & Sendstad, 1979

Diesel Oil No. 2 Spill on Snow AK Allen, 1578

Kurdistan ‘NS Reimer, 1980a & b, 1979, 1981;
C-CORE, 1980; Vandermeulen &
Buckley, 1985 '

Cepheus - JP-5 Jet Fuel Cook Inlet, AK Payne et al., 1984

Spill in Grease Ice Field

Matane, Que.

Wilson & Mackay, 1987 & 1986

Neva Bay AFKhimenko, 1989
Antonio Gramsci Gulif of Finland Hirvi, 1990
LARGE-SCALE FIELD TESTS Location References

Oil under Static First-Year Ice

Balaena Bay, N;W.T.

NORCOCR, 1975

Oil under Static Multi-Year [ce

Griper Bay, NWT.

Comfort et al., 1983; Comfort &
Purves, 1980 & 1982; Arctec
Canpada Ltd., 1983

Ol Recovery Under River Ice with Slots

N. Saskatchewan R.

Tsang, 1979; Quam, 1978

Oil & Gas Under Static First-Year lce

McKinley Bay, N.W.T.

Dickins & Buist, 1981; Dickins et
al., 1981; Buist et al,, 1981

Emulisfied Oil Under Static First-Year
Ice

McKinley Bay, N.W.T.

Buist & Dickins, 1983; Buist et al.,
1983

Oil in Pack Ice

Cape Breton, N.5.

S.L. Ross & D.F. Dickins, 1987;
Buist & Dickins, 1987; Buist &
Bjerkelund, 1986
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Table 31 | tbntinﬁed |

_ 5 SMALL-SCALE FIELD TESTS Location References
™ Qil Spreading on & under Ice Chukehi Sea Glaeser & Vance, 1971
i L’j Qil Spreading on Snow & lce Bering Sea McMinn, 1972; Chen, 1972,
McMinn & Golden, 1973
' E Qil in Freezing Ponds Ontario Scott, 1973
Oil Spreading on Snow Ont., NW.T,, & Lab. Mackay et al, 1975
Qil Spreading Under Freshwater lce Ont. Greene et al., 1977
‘: Effect of Petroleum on Snow-lce Cover | Arctic ‘ Izmaylov, 1980
] Qil Migration & Effect on Sea Ice Prudhoe Bay Nelson & Allen, 1981
Oil Spreading on Snow. Norway Bech & Sveum, 1991
i E _ Spreading Chemicals on Ice & Snow Ontario Kawamura et al. 1986
s Modelling of Oil Spiils on Snow Ontario Belore & Buist, 1988; S.1.. Ross &

D.F. Dickins, 1988

% é RELATED ICE STUDIES Location References
: Ficld Measurement of Under-Ice Prudhoe Bay Kovacs, 1977
Roughness '
Field Measurement of Under-ice Prudhoe Bay Barnes et al, 19792 & b
Roughness
Field Measurement of Under-Ice Prudhoe Bay Kovacs et al., 1981
Roughness
; Field Measurement of Under-Ice Prudhoe Bay Comfort, 1986
s Roughness
‘ ' Storage Capacity of Under lce Surface Cdn. Beaufort Sea Goodman & Holoboff, 1987
| @ Goodman et al., 1987
o Dynarmics of Leads and Floes Cdn Arctic Dickins et al., 1986
! Oil Encapsulation and Vertical Balaena Bay, N.W.T. Martin, 1979
‘ Migration
LARGE-SCALE LABORATORY Location References
TESTS
. Qil Movement in a Lead Esso, Calgary, Alta. MacNeill & Goodman, 1985 & 1587

0il & Ice in a Freezing Lead SL Ross Env. Res. Ltd. | Buist et al,, 1987a

5

i
i
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Table 3.1 Continued

SMALL-SCALE LABORATORY Location References
TESTS

Qil & Gas Undér Static Ice

0il Entrapment Under Static Sea lce UsCG Wolfe & Hoult, 1972 & 1974

0Oil Spreading Under Static Freshwater CCIwW Keevil & Ramseier, 1975; Chen et

lce al, 1976a & b

Containment by Simulated Ridge Keels CCIwW Moir & Lau, 1973

Qil-Ice Interfacial Tension Esso, Calgary Rossenegger, 1975

Oil-Ice Interfacial Tension Univ. of Toronto Mackay et al,, 1976

Qil & Gas Migration Arctec Canada Ltd. Purves, 1978

0il & Gas Spreading, Encap. and Univ. of Toronto Mackay et al, 1979; Kisil, 1981.

Release

Oil-lce Interfacial Tenéion Memorial Univ., Nfid Malcolm, 1979; Malcolm & Dutton,

S - 1979

Equil. Thickness & Oil-Gas Memorial Univ., Nfld Malcolm & Cammaert, 1981a & b;

Configuration Cammaert, 1980

Oil Migration in First-Year lce | SAIC, San Diego, CA Payne et al,, 1984

Ol Behaviour in Multi-Year Ice SAIC, San Diego, CA Payne et al., 1987

QOil Spreading Under Ice Clarkson Univ., NY Yapa & Chowdhury, 1990, 198%a &
: b

Oil Under Ice - Current Driven Transport

Smooth Ice | Fleet Tech. Ltd,, Ont. | Uzuner et al., 1979; Weiskopf &
Uzuner, 1977

Recovery Under River lce with Slots CCIwW Tsang & Chen, 1978; Tsang et al.,
1978; Tsang, 1979; Quam, 1978

Transport Under Rough Ice ACRES Cammaert, 1980; Malcolm &
Cammaert, 1981a & b

Transport Under Rough Ice with Arctec Inc. Cox et al., 1980; Cox & Schultz,

Currents 1980, 1981a & b

Transport Under Smooth Iee Waterleo Univ. Puskas et al., 1987

Shelon River, Gulf of Finland AlKhimenko, 1589

3-6



o Table 31Cont1nued B

Qil with New Ice Growth

_ Oil in Pancake Ice L Univ. of Wash. Martin et al., 1976
ﬁ R || Oil in Developing Ice Field | Esso, Calgary, Alta. Metge and Telford, 197%; Metge,
- VT 1978
ey il with New Ice Growth Univ. of Toronto Wilson & Mackay, 1987 & 1986
Qil in Winds/Waves wiéh New Ice Ottawa, Ont. Buist et al., 1987a & b; Joyce, 1987
Qil in Broken Ice | R - '
Transport in Broken Ice Arctec Inc. Free et al., 1982 & 1981
Spreading in Broken Ice UsCG, Groton, CT Tebeau, 1983
Tests in Muiti-Year ice with Waves SAIC, San Diego, CA Payne et al., 1987
Spreading in Broken lce Clarkson Univ., NY Belaskas & Yapa, 1991
ANALYTICAL MODEi.LING . | | References
Qil & Gas Under a Meoving Continuous Sheet NORCOR, 1977
Rupture of an Ice Sheet by a Gas Bubble Topham, 1977
Cornfiguration of Oil and Gas Under Pressure Topham, 1979 & 1980
Qil & Gas Under Static Ice with/out Currenté - Wotherspoon et al.,, 1985
Qil & Gas Under Static [ce Without Currents Comfort, 1987
gj‘ i‘: . L Spreading Under Ice & in Broken lce Venkatesh et al., 1990a & b;
El-Tahan et al.,, 1988

37




Table 3.2 Crude Gil

and Oil Product Properties (from Bobra et al., 1990)

Type of Oil Weathering Density Dynamic Pour Interfacial Tension
(%) (g/mL) Viscosity Point with Seawater
(mPas) °C) {mN/m)

Adgo Crude Oil o 0.959 165 26 168
Alberta Crude Qil 0 0.85 17.6 -24 -
Alberta Sweet Mixed Blend 0 0.847 473 -8 17.5
Atkinson Crude Oil i 0.9219 65.1 -38 187
Automotive Gasoline 0 0.746 0.75 - 19.8
BCF 24 Crude Oil 0 - - -51 -
Diesel Fuel Oil 0 0.838 39 -20 to -30 28.2
Diesel Fuel Oil 279 0.845 - - -
Kopanoar Crude Oil ¢ - 57 -37 -
Mixed Sour Blen;i Crude(il 0 - - =] -
No. 2 Fuel Oil 0 0.849-0.908 7.74 2706 16.2
Neo. 4 Fuel Oil 0 0.914-0.938 472 Fto-3 -
No. 5 Fuel Oil Q 0.932-0.957 - 5.4 -
No. 6 Fuel Oil (Bunker C) 0 0.980-0.9941 1.4 E6-735 E6 -1to 12 -
Norman Wells Crude Qil 0 0.840-0.8581 8.76-142 -85 to -3¢ 16.5
North Slope Crude Oil 0 - - -21 -
Prudhee Bay Crude Cil 0 0.9037-0.915 18-577 2700 15-23.8
Prudhoe Bay Criade Oil 162 - 24.1 0.9342 1700 -18 242
Virgin Motor Oil 10W30 ¢ 0.8892 7274 -37 18.2

Note:

approximately 20% weathering.

3-8

All properties listed above are based on a temperature of 0° C. All properties for weathered oils assume
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3.3 Author Contacts

" The intent here was to obtain the author's permission to reprint data directly from

published papers and to obtain previously unpublished data for inclusion in the

- reviews. The first author of each paper was contacted and requested to consent in

wr1t1ng to the use of their material. (It should be noted that thIS written consent does

not 1mp1y ‘that the ‘original pubhshers ‘copyright restrictions have been waived).

Only authors of papers used in the literature reviews were contacted. References

listed as ancillary were not included in this task.

The task of contacting the authors was particularly difficult in the case of older

material where individuals have changed companies and/or careers. In the cases

" where first authors could not be reached, often the second author, the corporate

source, or the sponsor of the study was contacted for consent.

Consent was received for two thirds of the papers. The remaining authors either did
not return correspondence (at least two phone call plus facsimile transmission of

request were made to each author) or thelr whereabouts were unknown. In many

cases, the author’s organlzatlon and even other authors of the same paper could not -

provide the whereabouts of some individuals.

Appendix B provides a summary of the authors contacted.
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40 CONTINUOUS ICE

* This section p"r(')\'ri'des a summary of the available literature that relates to the fate and
L behav1our of oil arld gas released under a statlc Contmuous ice sheet This case has
" been studied extenswely and the processes that will occur are relahvely well
o __understood In sequence startmg w1th the release of the oil and gas the followmg

will Qccur:

Under-ice spreédiiig. The oil and gas will rise to the under-ice surface and

spread laterally, accumulating in the under-ice cavities.

E - Encapsulation. For spills that occur when the ice sheet is still growing, the
pooled oil and gas will be rapidly encapsulated in the growing ice sheet. An
o ice lip will form around the 'edges' of the oil and gas within hours of the

discharge and subsequently, ice will grow beneath the oil and gas. Once

“encapsulated, the oil and gas are effectlvely immobilized.

§ 7 Vettical Migration and Release of the Oil and Gas in the Ice Sheet. In the

spnng, as the ice sheet begms to deteriorate, the encapsulated oil and gas will

rise to the surface through ‘the brine channels in the ice. Oil will also be |

5 o rel_eased__by ablation of the ice surface down to the level of the lens.

Some of the reviewed papers deal with several aspects of the above cycle while
others are focused on one of the processes. As all of the above processes relate to
one case {i.e., the fate and behaviour of oil and gas released under a static continuous

| sheet of sea ice).

SR |
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The reviews have been grouped into five sections:

Feld Studies
Associated field studies of under ice roughness
Laboratory tests of under-ice spreading , encapsulation, and release

Laboratory tests of under-ice spreading only

G W=

Analytical and modelling studies

Programs with both field and laboratory components are reviewed in Field Studies.

Within each section, studies are reviewed by date.
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Field Lab  Anal. Spread Encap.

Al'khimenko, 1989
“Barnes et al,, 1979, 1979b X

Buist and Dickins, 1983; Buist ct al,
1983

Comfort and Purves, 1980, 1982 X
Comfort et al., 1983; ARCTEC, 1983

- Comfort, 1986_ X

”Cofnfm;t; 1987
Cox et al., 1980; Cox and Schultz,
1980; Cox and Scuhulz, 1981a;

1981b

. Dickins et al., 1981a; Dickins and X

" Buist, 1981; Buist et al., 1981

Glaeser and Vance, 1971 | X
Goodman and Holoboff, 1987; X
Goodman et al., 1987 '
Greene, Leinonen, and Mackay, X
1977 '

Keevil and Ramseier, 19;/';5;"Chc.n .et
al., 1976a; 1976b

' Kisil, 1981
Kovacs, 1977
Kovacs et al., 1981 s X
Mackay et al., 1976 -
Mackay et al,, 1579

Malcolm, 1979; Malcolm and
Dutton, 1979

: Maleolm and Cammaerjt, 1981a;
1981b; Cammaert, 1980

Martin, 1979 X
.Moir. and Lau, I'.975

_ Nelson and Alien, 1981

 NORCOR, 1975

P



Referencels) Stu&y -l:}'Peﬁ T T Process(es) Addressed
(See Note Below)

Field Lab  Anal fee- Spread Encap. Release
Related

NORCOR, 1977 X X
Payme et al., 1984
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Topham, 1977
Topham, 1979; Topham, 1980
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Tsang, 1979; Quam, 1978; Tsang et X X
al,, 1978; Tsang and Cheng, 1978

Uzuner et al., 1979; Weiskopf and X X X
Uzuner, 1977

Venkatesh et al., 1990a; 19%0b; El- X X
Tahan et al. 1988

Wolfe and Houit, 1972; 1974 X X
Wotherspoon et al., 1985 X X —

Yapa and Chowdhury, 19892; X
1989b; 1990

Note: Multiple references that refer to the same project were reviewed together. These are grouped together
above.




L ;ﬁ; © 4.1 Field Studies - Literature Review

; Hoooo “Glaeser, LTIG J.L. and Vance, LCDR G. 1971. A Study on the Behaviour of Oil Spills
i r'; _ : - in the Arctic. NTIS Report AD 717 142, U.S. Coast Guard Headquarters,
Emﬁ - " Washmgton B B - R _
S " Small scale spills were conducted in the Chukchi Sea in July 1970. The subjects that

. were mvesngated include (a) the spreadmg behav1our of crude 011 on an ice surface

 and (b) the spreading of oil under ice.

ki

| 'Results |

7]

i,

8

Spreading of Qil on Ice

1

- "The purpose for conducting the spreading expenments on ice was to obtain
qualitative information on the spreading process in an arctic environment and
to obtain quantitative data which could be used to scale the experimental

e spreadmg rates to large spxlls

b

[

” .. | | TeStS Were_conducted by releasing oil in volumes of 50 to 100 gallons above the ice
- surface. Two oils (_diésél_ and North Slope crude) were used for the tests. The
f1 .. authors describe the ice surface as follows: |

- . The surface had gradual undulations ranging up to approximately six inches
B ) o and generally sloped downward from the center of the spill. In addition, the
upper surface consisted of recrystallized ice which had the appearance of
snow but could withstand a fairly large amount of weight. Measurements

“epeon showed the recrystallized ice thickness to average approximately two inches,
and core samples showed the density of the upper layer to range from .46 to
61 gm/cm’.
. . It was observed that "any oil released on the upper surface was quickly absorbed into

o
o

1

P
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the ice". Based on an analysis of cores taken, "the ice absorbed approximately 25
percent of its volume in oil." The oil drained down through the surface ice, which

was quite permeable, and collected on the surfaces of melt pools (which were below

the surface ice level).

Glaeser and Vance, 1971, found that the following equation fitted the test data:
1= 275 v/

where: 1 = slick length
V = oil volume

t = time

They advise that

.. . specific gravity, temperature, and viscosity, which are interrelated, are not
taken into consideration in this equation because either the effect of each is
minimal on the resulting spread or the differences in the test conditions were

too small to have an effect.

Spreading of Qil Under Ice
The objective of these tests was to provide qualitative insight into the under-ice .

spreading process, and in particular, the effect of under-ice cavities.

One drum of crude oil was pumped under the ice at each of two sites and its
spreading was photographed by divers. At both sites, the oil rose to the ice bottom

where it collected in under-ice roughnesses.

The authors note that the oil remained in the under-ice depressions and suggest that




" 'this "was most likely due to a lack of turbulence in the area at the time of the tests."

~ They conclude that "it appears that the various large pockets, pressure ridges, and

* other under ice obstructions would be able to contain a 'fé'li'rly'lﬂérg'é volume of oil,

provided that non-turbulent conditions exist.”
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NORCOR Engineering and Research Ltd. 1975. The Interaction of Crude Oil with
Arctic Sea Ice. Prepared for the Beaufort Sea Project, Department of the

Environment, Victoria, Beaufort Sea Technical Report No. 27.

Summary of Study Objective and Scope (after NORCOR, 1975)
The principal objectives of the study were to assess the impact of an offshore
oil well blowout on the thermal regime of the Beaufort Sea, and to evaluate
potential countermeasure techniques.

The main program, which consisted of nine controlled discharges involving
54 m® (11,900 gallons) of crude oil, was undertaken in a small bay 20 km to
the south west of Cape Parry (70°01' N, 124°53'W). Two types of crude were
injected under the ice at various stages of growth, between October 1974 and -
May 1975. The initial spreading and entrainment was documented by means
of divers and a remote video system. An array of eleven point thermistor
chains was logged hourly to assess the rate of migration and the effect of the
oil on the thermal regime of the sheet. Qil, water and ice samples were
recovered at regular intervals to determine the degree of weathering and
dissolution of the oil: Detailed radiation studies were undertaken in the
spring to assess the impact of surface oil on ice depletion. As well, two small
discharges were conducted 30 km north of Cape Parry in April 1975, to
determine the importance of currents on the fransport of oil under solid ice
cover. The oil was injected under the ice in the presence of a 10 cm sec?
current, and the movement documented by means of divers.

Results

Under-ice spreading and pooling
NORCOR, 1975, observed that

When oil is released in the water column, it rises towards the surface in a
conical-shaped plume. The oil tends to be unstable, and breaks into small
spherical particles about 1 ¢m in diameter or Jess. On striking the underside
of the ice, the oil radiates outward, progressively filling depressions in the
sheet. . . .
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- NORCOR, 1975, fut_ther observed that

71

.The areal extent of spreadmg along the underside of the sheet is controlled by
4 number of factors. ... A very small quantity of oil was deposited on the ice
~ in the form of smalil spherical particles {editor's note: with diameters of 1 cm

or less). These normally occurred near the periphery of the contaminated ice,

o b

iy

1

& e

=71

il |

in areas where the currents were feeble, and the chance of collxszon with other
| orI partlcles was small

. In the tests at Balaena Bay, over 95 percent of the 011 was contamed in
pools larger than one metre [m dlameter]

The max1mum fllm thlckness is determmed by varrahons in ice thlckness,
which take two basic forms. Due to differential growth at the skeletal layer,
there is a small scale variation which is randomly oriented, and produces
pockets about 5 to 10 cm wide and up to several centimetres deep late in the
_.season. It is this pattern which likely accounts for the meandering in the oil
‘rivulets. Consequently, although lenses as thin as 0.8 cm are possible, the
minimum thickness tends to be in the range of one to two centimetres. The
- second form of 1rregular1ty is of much larger scale and is caused by variations

" in snow cover.

" These large scale variations effectively contained the oil and controlled the
" “maximum lens thickness. With the exception of the early tests, 7.3 m? (1620
gals) was insufficient to fill even a single depression. On NW4, [this refers to
a discharge no.; i.e.,, discharge no. 4 with Norman Wells crude oil] When the
ice was about 64 cm thick, the oil covered approximately 400 m’ for an
average lens thickness of 2.0 cm. With NW7, when the ice was 154 cm thick,
180 m?* was covered, yielding an average lens thickness of 45 cm. The
maximum oil thickness measured was 20 cm, whrle the average oil thickness

for all tests was 2 1¢cm. |

Encapsulation

1

' NORCOR, 1975, observed that

bk

My IEy omxm
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.Within a matter of hours of the oil coming in contact with the ice, a lip of ice
“forms around the lens, preventing horizontal movement. During the depth of
winter, a new layer of ice forms beneath the oil within several days. Once



entrapped, the oil is stabilized until spring. The properties of the oil remain
unchanged and there is little evidence of weathering or degradation.

... The time required for a new sheet of ice to form beneath the oil is
primarily a function of the thickness of the oil and the thermal gradient.
During the late fall, when the gradient is steep and the lenses relatively thin,
new ice was detected within about five days. This period increased to
approximately seven days for a typical lens during the depth of winter, and
over ten days in the spring. . . .

NORCOR, 1975, noted that the ice lip is an important part of the encapsulation
process and attributed its formation to the addegi__thermal resistance of the oil. See

Figure 6.1.

The thermal conductivity of most crudes is about one fifteenth that of natural
sea ice, and the insulating effect is detectable within hours. Although free
convection could be significant in very thick oil lenses . . . the required

Figure 6.1: Initial Effect of Oil Lens
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conditions are rareiv encountered in the natural environment. For the more
typical lens thicknesses encountered in Balaena Bay, the added thermal

~ resistance of the oil caused a depression in the thermal gradient through the
- ice. Temperature drops of over 1.0°C were observed immediately above the
oil within 24 hours. The horizontal transition from a normal temperature

- ' gradient through the uncontaminated ice to a depressed gradient above the

b - 0il, caused sub-freezing temperatures at the edge of pools, which resulted in

the formation of an ice lip. Figure 6.1 shows schematically the depressed
* thermal gradient and the realignment of isotherms.

~Vertical Mtggation
NORCOR 1975 observed that

“Throughout the winter the oil only penetrates between 5 and 10 cm into the
loose skeletal layer on the bottom of the sheet. As the sheet begins to warm

- +-in the spring, activity intensifies in the brine channels and the oil begins to

migrate upwards. Initially the movement is slow; typically in the range of 15

to 20 cm during the months of February and March. The rate of migration
;mcreases with the level of solar radlatlon and the arnblent air temperature

011 released in Iate Aprll under 150 cm of ice was detected on the surface within one
‘hour. However, all the oil is not released until the melt actually reaches the level of

““the lens . . .. The maximum concentration of oil in the ice, even late in the season,

is about 5 percent by volume.

The '.ndigratioh. or upward movement of oil throdgh the ice is controlled primarily by
the condition of the ice, and to a lesser extent, the physical properties of the oil. The

. process can be reasonably correlated with the dominant periods in the growth and

depletion of the ice sheet. During the depth of winter when the sheet is cooling and
growing rapidly, the ice is relatively solid, with the exception of the skeletal layer.

“i#:Although the oil is less dense than water or sea ice, there are very few passages for

it to penetrate, and movement tends to be limited. As the sheet starts to warm in the
spring, brine channels begin to open, and the oil slowly moves upward, filling the

voids. As the oil approaches the surface, increased solar radiation is absorbed and

the process is accelerated [see Figure 6-8]. Late in the spring, when the ice is very
porous, the oil flows freely through the sheet.



Effect of Oil on Ice Growth and Depletion
'NORCOR, 1975, observed that

Although the thermal conductivity of most crude oils is about one fifteenth
that of natural .sea ice, the insulating effect is partially offset by free
convection, once the lens is encapsulated. Convective heat transfer increases
as the thickness of the oil increases, and under certain conditions a lens can
actually enhance rather than retard ice growth . ... In general, the effect of
the oil tends to be relatively insignificant in comparison to natural variations.
The thermal resistance of the average oil lens at Balaena Bay was equivalent
to between 5 and 8 cm of ice, or less than 20 percent of the natural variation
in ice thickness late in the season [see Figure 7-3].

On reaching the surface of the ice, the oil saturates the snow cover, and
substantially reduces the albedo [see Figure 7-20]. This causes an increase in
the level of absorbed solar radiation, which accelerates the process. Oiled melt
pools quickly develop. The albedo of an oil film on water is about one quarter
that of oiled snow, and consequently the melt is further accelerated. QOil is
splashed on the surrounding snow by wind and wave and pools gradually
enlarge until interconnected. New oil is continually being released until the
melt reaches the initial level of the oil lens . ... Once the meit holes develop
and surface drainage patterns are established, the sheet rapidly deteriorates.
Depending on the nature and location of the sheet, oiled areas are likely to be
free of ice between one and three weeks in advance of the gross failure of the

sheet.

Oil Spreading in the Presence of a Current
(excerpted from NORCOR, 1975)

The principal objectives of the offshore studies were to investigate the
spreading of crude oil under sea ice in the presence of a current, and the
interaction of oil with a pressure ridge keel. B :

Norman Wells crude oil was discharged under the ice at two sites. A quantity of
0.82 m’ (180 gallons) was discharged at each site.
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NORCOR, 1975, concluded that

The offshore study was hampered to some extent by the relatively small
quantity of oil finally permitted, and the reduction in tests. It is impossible,
with the limited data, to draw any firm conclusions as to the influence of
current. The oil performed in a similar fashion during static tests in Balaena
Bay. For example, rivulets were generated when the oil was released beneath
a dome in the ice, while a pool was created if the release was below 2
depression. However, there were some notable differences offshore:

1.

'With both discharges, the direction of fingers tended to be oriented in

the direction of the current. The direction was random with stafic tests.
As well, the fingers were far more elongated.

In both cases, the mass of oil moved down-current from the discharge

point. The probability that the first discharge hit on the up-current side
of a depression, and the second discharge on the down-current side of
a dome is remote.

Although there were gravitational forces present in the second offshore
discharge, current did appear to have a definite influence on the
movement of the oil at the offshore site. In static tests at Balaena Bay,
even with an exit velocity 20 times greater, and with the oil striking a
well defined dome on the undersurface, rivulet velocity was much less
than that observed offshore in the presence of a current.

The tests provided some indication of the importance of surface
roughness and under-ice topography. The numerous clear patches in
discharge No. 1, are indicative of small irregularities on the ice. . . .
Since the average oil thickness was about 1.75 cm, and the maximum
stable thickness was about 0.8 cm, the clear areas had to be a minimum
of about 1.0 cm thicker than the surrounding ice. This roughness
would have a considerable influence on the boundary condition for
both the oil and the current. The large area coverage of the oil would
suggest that the sheet was relatively smooth. It is more difficult to
interpret the behaviour of the ocil and the current for the second
discharge. The fact that the trough existed gives some indication of the
influence of the pressure ridge keel on current flow. However, the oil
stabilized once it reached the main pool, suggesting that gravitational
forces were dominant.
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" The presstire ridge keel, although small, presented a minimum barrier

of about 75 cm over the entire length examined. Even in the presence

. of a considerably higher current, the trough and keel combined would
. hold back an enormous volume of oil. .

Once encapsulated in the ice, the oil performed in an identical fashion

" 'to that observed on static tests with much larger volumes. Other work

indicated that this process of being included in the ice sheet with a

Sy fresh interface below the oil took less than one week.
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Greene, G.D., Leinoen, P.J., and MacKay, D. 1977. An Exploratory Study of the
Behaviour of Crude Qil Spills Under Ice. Canadian Journal of Chemical
Engineering, Vol. 55, pp 696-700.

This paper describes an experimental spill of 0.88 m® (84 Imp. gal.) of crude
oil in an ice covered fresh water pond in Ontario. The objectives were to
study the nature of the processes of oil rise and coling through the water
column to an ice-water interface, impingement on the ice surface, movement
along the subsurface of the ice sheet, dissolution of hydrocarbons, and finally,
to test some clean-up techniques.

Mixed sour blend Alberta crude oil was released 1.5m below the ice sheet, which was
0.2 m thick. The spread of the oil was followed from above the sheet by observing
the silhouette of the oil, which was illuminated by lights on the bottom of the pond.’

Water and ice temperatures were also measured.
Results

Under-ice Spreading
After impinging on the ice surface, the oil radiated outward. Initially, the under-ice

spreading occurred as a series of waves in concentric circles emanating outward from
th oil contact point. Later on, the boundary of the oil became more elongated as the
oil began to follow the topography of the under-ice relief. Greene et al. report that
“the flow was dominated by the under-ice topography and no evidence of oil

adhesion to the ice was observed.”

Greene et al., 1977, summarize the fate of the released oil as follows:

An estimated 0.04 m? of oil reached the surface of the ice through cracks. The
remaining 0.34 m® of oil spread to cover an area of 16 m’, and thus acheived

4-16



o anaverage thickness of 2.1 cm after thirtvmlnutes Durinig the hiext 15 h there
was no further spreading the the oil appeared to be at equilibrium under the
. ice sheet at the jce-water interface.

Oil Interaction with New Ice Growth

© " Although the principal aim was to study the behaviour of oil under ice, two
*cracks in the ice permitted the oil to reach the surface and provided an
opportunity to examine the behaviour of crude oil spreading on a freezing
. water surface. Two surface oil slicks formed of areas 1 m? and 3 m’ with an
“oil thickness of about 1 cm.  These slicks stopped spreading within a few
minutes of formation and did not spread further during the 16 hours of
_ observation, The slicks appeared to have a stable edge about 0.5 cm thick
"“which showed no tendency to become thinner. The slick was easily herded
into a smaller area by light wave action but returned to this original coverage
" when the waves stopped. This is in contrast to behaviour on warmer water
"'surfaces where some oils may spread to form very much thinner slicks, under
. the influence of surface tension and viscous forces. Whether the spreading
. behaviour is a function of temperature or oil composition or both is not

oW, Hon O =Y

" Overnight a thin film of fresh ice formed on the surface water and partly
under the oil at the edges of the slicks. No ice formation occurred under the
 slick centres probably due to the lower thermal conductivity of the oil. The
.. ‘easy herding and relatively thick oil slicks observed suggest that cil spills on
near freezing open water may be more easily contained than under warmer

- conditions.
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Tsang, G., 1979. Recovery of Oil Spilled Under River Ice Cover. Proceedings, Oil
Spill Conference, American Petroleum Institute, pp 387-39.

This study is also reported in Tsang, Chen, Carson, 1978; Tsang and Chen, 1978; and
Quam, 1978. o

Editor's Note: This project involved a combination of analytical studies,
laboratory tests and a field experiment. Tsang, 1979, provides an

- overview of the_projed and presents results for all portions of

the work. More detailed information on the analytical and

'llab'o,ratory work is provided in project reports by Tsang, Chen

and Carson, 1978, and Tsang and Chen, 1978. Quam, 1978,

describes the field experiments. As these references all relate to -

the same project, they have been summarized together in the

following review.
The objective of the work was to investigate the containment and diversion of oil

spilled under a river ice cover by means of slots cut in the ice cover and/or barriers

extending below the ice cover. Both laboratory and field tests were carried out.

Results

Holding Capacity of a Slot Normal to the Flow

Laboratory experiments were conducted in a recirculating flame. An ice cover was
formed on the flame, and after a slot was cut in it, oil was released upstream. Three

oil types (Norman Wells crude, Texas Blend crude, and Coleville Smiley crude) were

used.

The holding capacity was found to depend upon the thickness of the oil slick (T)),
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. The holdmg capaaty was found to depend upon the thickness of the oil shck (T,
" the width of the slot (b) ‘the ice thickness (T)), and the Weber number. See Figure

4.
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Figure 4 Holding Capacity as Function of Weber Number for a Slot
5 .. Field experiments were conducted on the North Saskatchewan River in March, 1978.

Rapeseed oil was released upstream of slots that were cut in the ice normal to the

flow. These data are also shown on Figure 4.

Tsang, 1979, notes that the laboratory tests underpredicted the holding capacity of
the slot and attributed this to the higher turbulence levels that were present during
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Laboratory tests were undertaken (using the same experimental setup and oil types)
to investigate the conditions under which slicks, patches, and droplets moving under

an ice cover would be trapped by a slot. Results for the Norman Wells crude oil

tests shown in Figure 7.

Containment and Diversion of Qil by Angled slots

Laboratory tests were conducted (using the same experimental setup and oil types)

to investigate the conditions under which oil moving under an ice cover could be

contained and diverted.

This was found to depend upon the angle of the slot, the oil type, the Froude
number, and ratio of the slot width to the ice thickness. See Figure 8.

Figure 7 Weber Number and Froude Number Criteria for Critical Trapping
Norman Wells Crude
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** Field experiments were condiicted on the North Saskatchewan River in March, 1978,
__ usmg Leduc-2 crude oil and rapeseed oil. The fleld results were round to correlate

 well w1th the laboratory test results. See Figure 8.

Laboratory tests were ‘conducted (using the same experimental set up and oil types}

to investigate the conditions under which slicks movmg beneath a riverice cover can

be diverted by barriers fixed beneath the ice sheet.

- The experimental results are summarized in Figure 9.

~ Field tests were conducted subsequently m the North Saskatchewan Rlver using

rapeseed oil. The field observatlons were found to agree with the laboratory test

~-'results. See Figure 9. |
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‘Martin, 5. 1979. A Field Study of Brine Drainage and Oil Entrainment in First-Year
Sea Ice. Journal of Glaciology, Vol. 22, 1979.

This paper “describes the growth and development of first year sea ice and its
interaction with petroleum." With respect to oil-ice interaction, the paper discusses
observations that were made during an extensive field spill program that was

conducted at Balaena Bay, N.W.T. (by NORCOR, 1975).

Results

Qil Behaviour During the Winter Period

In summary, when oil is released under young columnar ice sheets, it collects
in pools under the ice, where some of it is entrained in between the platelets
in the skeletal layer, and some of it flows up into the brine channels. The
observations made at the site through March 1975 shows that once in this
configuration, the oil in the ice remained essentially static, with only a slight
rise of oil up the brine channels as the ice began to warm.

Martin, 1979, notes that the spilled oil was rapidly encapsulated in the growing ice
sheet and an ice cap formed immediately below the oil which tended to pressurize

the oil layer. This is supported by observations at the Balaena Bay site in that cores

drilled into oil lenses in the fall resulted in a rapid upward flow of oil. Martin, 1979,

concludes that

... The oil, therefore, is ready to flow upward and move out of the lens as
soon as a path presents itself.

Qil Migration: Spring Behaviour of Oil and Ice
Martin, 1979, presents a detailed discussion of the oil-in-ice behaviour that was

observed at the Balaena Bay site during the spring period. The migration process

was summarized as follows:

... sometime in late April, top-to-bottom brine channels in the ice opened up
and observers at the site in early May saw oil on the ice surface under the

SNoOw.
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e ..__The most 1mportant oil absorphon mechanism is this opening of the top-to-
""bottorn brine channels. This allows the oil both to rise through the ice to the
ice surface, and to permeate the channel systems within the ice. There is also
-+ 4 complicated region near the ice surface where the oil is absorbed lateralty
in horizontal layers, apparently because of the interaction of melt water from

o the snow percolatmg down and oil rlsmg up

Martin, 1979, uses data collected durmg a test conducted at the Balaena Bay 51te on
'May 15 1975 (m which 1.95 m®  of Norman Wells crude oil was dlscharged under the

1c_e)_to determm_e an average rise veloaty for the 011 durmg rmgranon of 0.7 mm/sec.

.‘ The volume of 011 in the ice is another sub]ect dlscussed by Marnn, 1979 Typ1ca11y,

core contained 5. 5% oil by volume and was found at a site where the sea ice had a

preferred crystal orientation. Martin, 1979 states that this

.. suggests that large feeder czhannel systems within plane parallel crystals
may absorb more oil than ice with non-aligned crystals.

" Martin, 1979, summarized the interaction of the oil and ice in the spring and summer

~as follows: _

A L L

In the spring, this oil flows up to the surface through the newly-opened brine
.. channels and distributes itself within the brine channel feeder systems on the
ice surface, and in horizontal layers in the upper part 'of the'ice. The paper
‘shows that these layers probably form from the interaction of the brine
-+, drainage with the percolation of melt water from surface snow down into the
“ice and the rise of the cil from below. Finally in the summer, the oil on the
. _surface leads to melt-pond formation. The solar energy absorbed by the oil
-, on the surface of these melt ponds eventually causes the melf pond to melt
through the ice, and the oil is again released into the ocean.



Comfort, G., Roots, T., Chabot, L. and Abbott, F. 1983. Oil Behaviour Under Muiti-
Year Ice at Griper Bay, N.-W.T. Proceedings of the Sixth Arctic and Marine

Oilspill Program Technical Seminar, Environment Canada, Ottawa.

This study is also reported in ARCTEC 1983; Comfort and Purves, 1980 and Comfort
and Purves, 1982.

Editor's Note: This was a longterm project and the above references relate to
| individual site visits made in 1979 (Comfort and Purves, 1980;
1982) and in 1982 (Comfort, Roots, Chabot, and Abbott, 1983;

ARCTEC, 1983). In order to provide an overall description of

 the project, the above references have been summarized together

in the following review.

This experimental spill program was undertaken at Griper Bay, N.W.T., toinvestigate

the interaction of crude oil with multi-year ice.
Results

A total of 1.83 m® of Norman Wells crude oil, equally distributed between three
different sites, was discharged under multi-year ice on June 1, 1978.  Little
information is available to describe the oil-in-ice behaviour soon after discharge. In
general, the oil behaviour is believed to have been similar to that observed during
other field spills (e.g. NORCOR, 1975) in that the oil rose to the under-ice surface
where it spread and pooled in the under-ice depressions. It then became
encapsulated in the ice. The area was overflown during the 1978 summer and a
considerable amount of oil was observed on the ice surface at sites 1 and 2. A large

crack which crossed site no. 3 was observed by July 1, 1978.

Comfort and Purves (1980, 1982) describe the results of a field visit made during

September 1979. The three sites were drilled and cored to determine the amount of
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"~ oil within the ice. Oil was found in the ice at sites 1 and 2. The amount of ol within
the ice at site 3 was very small. However, oil was on the surface and bottom of the

ice, in the vmmty of the crack crossing site 3.

The sites were next visited .'during 'S'éptérﬁbei", 1982 (Comfort et al., "1'98'3; Arctec,
1983). No oil was found at any of the sites. '

- Table 1 (from Comfort etal, 1983) summarizes the results of the September, 1979

 site visit.
‘Table 1 Summary of September, 1979, Site Investigation

Site No. 1 2 3

Qil Volume in [ee

Amount of oil remaining in ice

relative to total volume discharged at
site 1% 10 % -
e e ——— =
Estimated Mass Percent Evaporation | Surface Sample | Oilin Ice

Sample
Oil Weathering:
Minimum = 37% 12%
Maximum 43% 20%
Mean 42% 17%
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Table 2 summarizes the oil-in-ice concentration data collected during the field

program.
Table 2 Oil-in-ice Concentration Data Summary
Time Area of Mean ice Volume of Mean Oil-in-ice
Qiled Ice Thickness QOil in Ice Concentration
{m?) (m) () (%)
l_.___..—-—-—-——\____.\_————- .
Spill Site 1
June, 1978 . 6.1 2.7° 0.61 37
(i.e.Discharged)
Sept. 1979 263 1.0 0.0038 0.007
Sept., 1982 0 0 -0 0o
Spill Site 2
June 1978 ch 2.7¢ 0.61 73
(i.e.Discharged)
Sept., 1979 116 22 0.065 025
Sept., 1982 & ¢ o o
‘ Area of oil pool underneath ice immediately after discharge.
® Mearn ice thickness at time of discharge.
¢ Below measurable limits.

This field survey has provided

information on the rate at which the quantity of oil remaining in a multi-year
ice environment, due to smail spill, will decay with the passage of time
through the natural processes of dispersion and evaporation.

The available data can be bounded by an inverse exponential equation of the
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forr'n:."
-V =me

where: = mean oil-in-ice concentration (in percent)
t = number of melt seasons after the oil discharge occurred

- Constants for the above equation have been evaluated on the basis of the

%,5 : - .. available data to determine upper and lower bound solutions using the

' " following assumptions: '

(a)  mean oil-in-ice concentrations of 0.00001% will not be
detected by a visual inspection; consequently, this value has

ey been used as the endpoint value for the available data.

| g_:i? (b) The lower bound solution is based upon an observed

oil-in-ice concentration of 0.007% (i.e., site 1 data) after two
‘melt seasons had elapsed, and an assumed oil-in-ice

| % 3 o ~ concentration of {0.0001% after three melt seasons. _
(c) The upper bound solution is based upon an observed
"'% S . o “oil-in-ice concentration of 0.25% (i.e., site 2 data) after two
E;i S melt seasons had elapsed, and an assumed oil-in-ice

concentration of 0.0001% after five melt seasons.

| _ The following constants were obtained:

| ‘ SOLUTION m _b_j_rz__
M: |l Lower 4.4 -3.5 0.994
Bound
2 Upper 113 23 | 0988
b - Bound
-
5

“Figure 7 graphically shows the decay of the oil-in-ice concentration as
predicted by the above lower and upper bound descriptors.
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Figure 7 Decay of Oil-in-Ice Concentration
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- D:ckms, D.’ and Bu1st I ‘1981 Oxl and Gas Under Sea Ice Prepared by Dome
| '_ Petroleum Ltd for COOSRA Report CV-I Volumes I a.nd II o

~ This study is also reported in chkms Buzst and Plsb'uzak 1981 and Bulst Plstruzak
and Dickins, 1981. ' ‘ ‘ o = :

A field program was undertaken during the 1979-80 winter to investigate the fate and

. behawour of oil and 8as mlxmres that are released under a static, contmuous sheet

.
o
i.éﬁag"_-“‘i. 1

7

7

Cidd |

3

ot

v
o2 il

Cof £ f1rst year ‘sheet i ice; and the cleanup of these materials by combustion.

P I SN :
’ S el e

Prudhoe Bay crude oil and compressed air were released under the ice at McKinley
-, Bay, N.W.T., at flowrates mtended to simulate a subsea blowout in 20m of water.

Four dlscharges were conducted as summarized below

Discharge Phase No. | Total Volume of | Total Volume of Air
Date Oil Discharged | Discharged
(m?) (m*- Ambient
Conditions)
Dec. 17,1979 | 1(Dry Run) 0 950
Dec. 18,1979 |1 5.85 1711
Apr. 10, 1980 |2 6.56 435
May 2,1980 | 2a 6.8 1219

" An extensive monitoring program was carried out. The behaviour of the oil and gas
~during discharge was documented usmg divers and underwater photography.
.."'\::'Subsequently, a ¢ cormg program ‘was carried out which prov1ded information
, regardmg the conﬁguratxon of the oil and gas in the ice, and after analy51s of the

. oiled ice samples, data to define the oil droplet size distribution. Measurements were

4-31



made of many physical environment parameters including the ice thickness
distribution, under-ice currents, the size and shape of the plume (using an
echosounder), the temperature profile, the ablation of the snow and ice surface, the

incident solar radiation and the surface albedo.

Results

Plume Dynamics and Under-Ice Spreading
Dickins, Buist and Pistruzak, 1981, describe the dynamics of the plume as follows:

As the gas and oil mixture left the discharge pipe, the violent turbulence at the
oxit broke the oil into droplets. At the same time, the gas flow set up around
the discharge pipe a inward current that drew in some silty sediments from
the sea floor. The rising gas carried with it the oil droplets and entrained
sediment as it rose in cylindrical "jet" towards the surface.

Apprroximately 6 m above the discharge pipe, an upwards and
outwards water current was generated by the rising gas “jet." This
outward current, or plume, carried with it some of the oil particles and
sediment. The sediment settled out of the plume and the oil droplets
rose, due to their buoyancy.

When the jet stream rose to within 7 m of the ice-water interface, it
began to spread radially outwards, creating turbulent eddies that
decayed within 15 to 20 m to a laminar outward flow. The gas quickly
rose to the ice-water interface; the oil droplets floated up, but much
more slowly, to impinge on the ice or collect in gas pockets. The
entrained sediment "rained" out of the plume.

Figures 6 and 8 show the oil droplet distribution.

The interaction of the oil, gas, and ice was summarized by Dickins, Buist, and

Pistruzak, 1981, as | follows:

As the gas rose out of the jet stream, it quickly collected in pockets under the
ice. Once collected tunder the ice, the gas would flow "uphill,” following
natural under-ice contours and a slight tilt in the ice sheet until it reached a
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point of equilibrium . ..

... During the Phase I dry run, when the ice was only some 65 cm thick, the
gas pocket pushed the ice up in a dome some 50 m wide and 1 m high. The
domed ice cracked and vented off the gas.

During the Phase I discharge, an estimated 50 percent of the gas vented
through the auger holes and carried with it water and some 0.5 m® of ail,
which pooled on the surface and quickly froze. Since the Phase II discharge
was performed at a reduced air flow rate, the area of oil contamination was
much reduced over the Phase I discharge (30-m radius as opposed to 50-m,
or one-third the area).

The oil behaviour in the Phase IT and TI-A discharges was different from that
in the Phase I discharge. In December, the under-ice surface was relatively
smooth: thus, most of the oil was oserved as discrete particles, and a few
pockets of oil and gas were found.

In April and May, the under-ice surface was typically "wavy", as a result of
differential freezing due to the insulating effects of snow drifts. Much of the
oil collected in the "pockets” under the ice.

Editor's note: The gas did not vent through the ice for the April and May discharges.

Dickins and Buist, 1981, concluded that

There were three basic configurations of oil and gas under the ice:

1. oil droplets;
2. gas bubbles with a coating of oil; and
3. large pools of oil underneath gas pockets.

The oil droplet and gas bubble configuration predominated for the discharge
under new flat ice [configurations 1 and 2] and oil pool configurations
[configuration 3] predominated for the discharge under older ice with under-
ice undulations.

Dickins and Buist, 1981, further observed that the presence of gas was an important
factor affecting under-ice spreading. They stated that "The areal extent of

contimination was reduced by 65% by reducing the gas flowrate and the GOR [gas-
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to-oil ratio] by. 90%"

" They also noted that the areal extent of contamination was not affected significantly

“by venting of the gas through the ice sheet.

_ :E_ngamgl_am
“Dickins and Buist, 1981, observed that, for all tests, the oil was encapsulated by the

: growmg ice sheet within 24 to 48 hours after bemg dlscharged Encapsulatlon was

“not adversely affected by the presence of § gas

'Vertical Migration

. «The encapsulated 011 surfaced durmg the sprmg melt as a result of two proceses {ie.,
“ablation of the ice surface down to the level where the oil lens was located in the
_sheet and mlgratlon through the brine channels in the 1ce) The ablation * process

 was respon51b1e for exposing the ma}onty of the oil in the Phase I test site, since this

5 .t‘:;dlscharge took place under relatwely thin ice". Vertical m1gratlon through the brine
_channels was consxdered to be the main process responsxble for releasmg the oil

- spilled durmg the Phase 2 tests, partlcularly the April 10 test in Wthh a reduced

volume of air was released WIth the oil.

The observed oil behaviour (with respect to migraﬁon) was cornpared to that which

' “occurred during the Balaena Bay oil spill program (conducted by NORCOR, 1975).

Although ablation and vertical migration occurred during both field programs, it was

concluded that the _abl_atidn process was responsible for releasing more of the oil

spilled at McKinley Bay while the reverse was true for the Balaena Bay tests. The

.dominant 'fact'or"resporis'ibie for this variation was considered to be differences in the

under-ice oil distribution (and possibly, the oil viscosity).
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Dickins and Buist, 1981, observed that

Jce ablation accounted for the majority of the oil exposure at the discharge site
under new, flat ice where the oil was present as discrete droplets. Migration
accounted for the majority of the oil exposed at the discharge under older
undulating ice where the oil was present in pools.

At Balaena Bay, most of the oil was preseﬁt in pools rather than as discrete droplets.
As effective oil migration cannot occur unless there is hydrostatic communication

between the oil pools, the air and the seawater, less vertical migration is to be

expected when the oil is distributed under the ice in discrete droplets.

The release timing was also investigated.

Figﬁre 9 {llustrates the timing of the appearance of oil on the ice surface. Two
facts were apparent: first, that the oil began to surface slowly and then, in a
matter of days, the majority was exposed; and second, that the oil's surfacing
seemed to be dependent on the time of year (ie., ice thickness) that it was
spilled under the ice: the earlier it was spilled, the earlier it appeared. Prior
to breakup, approximately 85 percent of the oil had surfaced. None of the oil
rising from the ice sheet was in an obvious emulsified (water-in-oil) form.
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Buist, I. and Dickins, D. 1983. Fate and Behavior of Water-in-Oil Emulsions in Ice.
prepared by Dome Petroleum Ltd. for the Canadian Offshore Oil Spill
Research Association (COOSRA), Report No. CS 11, Calgary.

This study is also reported in Buist, Potter and Dickins, 1983.

A field project was conducted to investigate (a) the fate and behaviour of stable
water-in-oil emulsions that are released under first year sea ice and (b) the cleanup
of these materials. This experimental spill program was carried out at McKinley Bay,
N.W.T. It was commenced on Mar_cll 20—_21, 1982, when 192 L of a 60% oil-in-water
emuision was released under a 1.65 m thick sheet of first yéar sea ice at each of two

sites. An equal quantity of Kopoanoar crude oil only was discharged at a third site

as a control.

Results

Buist, Potter and Dickins, 1983, made the following observations regardihg oil fate

and behaviour:

Discharge and Encapsulation
All discharges were characterized by the following general

observations:

a) oil (emulsion and crude) broke onto discrete globules
within 15.3 cm of the hose end;

b) these individual viscous globules floated slowly up
against the ice and remained at the point of contact, with
a distinctly irregular shape;

o spreading laterally from the point of first contact was negligible
for the emulsions and less than 61 ¢m for crude-oil;

d) on completion of the discharge, the emulsion distribution
remained static, with an irregular, "lumpy" fexture; many
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" highly Gigébﬁé"p‘r?ajé“ct{ohé'aind”glbﬁmes of emulsion were
v151b1e resultmg in a rather grotesque appearance

" The crude 011 adopted a somewhat more umform coatlng than the emulswn, |
as would be expected from the significant viscosity differences (26 vs 184 ¢St
@ 10°C )

- Within 24 hours of dtscharge new ice crystals were observed forrmng within
~the emulsion itself. By 48 hours, both the emulsion and crude oil were almost
completely incorporated within a thin skim of 2 fo 3 mm new ice growing
beneath the oil. The visual appearance and colour of the oil did not change
‘during this incorporation process.

Buist, Potter and Dtckms, 1983, found that by June 20 about20 cm of new ice growth

" had occurred beneath the oil and the water-in-oil emulsion layers A similar increase

was observed for natural ice over this same period. They note that these results

' agree with previous field studies (conducted by Norcor, 1975, and Dickins and Buist,
.-1981) which also found that the presence of oil layers w1th1n the ice had no

measurable effect on the max1mum ice thickness reached.

Vertical Migr' ation ‘
" The water-in-oil emulsions and the crude oil both migrated to the ice surface in the

spring as the ice sheet deteriorated.

Buist and chkms 1983 observed that the crude 011 began to appear on surface melt

- 'pools by mld-]une whereas 51gn1ﬁcant quantmes of water-in-oil emulsions did not

surface until July 5. They attnbuted this delay to the high viscosity of the water-in-

~oil emulsions (in comparison to the oil) which prevented them from flowing up the

open brine channels. The release of the emulsions was effected by other processes.

. The dominant ones were considered to be ablation of the ice surface and “en masse”
| meltmg of the emu151on layer up through the ice (due to the absorpnon of i mcommg

solar energy by the black emulsion Iayer)

Buist and Dickins, 1983, found that most (about 90%) of both the oil and the water-in-
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oil emulsions were released from the sheet by July 8 (which was one day prior to the

breakup of the sheet).

Effect of Physical Behaviour of the Oil
Buist and Dickins, 1983, found that "the emulsion did not "break” during its

encapsulation in the ice sheet or during its exposure on the ice surface”.
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Nelson W.G., and Allen, A. 1981 ol Mlgratlon and Modlflcation Processes in Solid
Sea Ice. Proceedmgs 1981 Gil Spill Conference, Amencan Petroleum Institute.

Small scale field tests were conducted over the 1979/1980 winter at Prudhoe Bay,

| Alaska, .t'd'i}i\'r'é'siigéfe “the "fﬂi'g;i‘éﬁbn of Pfﬁdhééﬁhay crude oil and diesel fuel within

sea ice, and the effect of oil mclusxons on ice growth rates." A total of 18 tests were

conducted by dlscharglng small quantl'aes (e, 1.5t0 18 gal) of dlesel Prudhoe Bay

- crude oil and emulsmns under first year sea ice at various stages of its growth. The

" ice thickness at the time of dlscharge ranged from 15 to 57 cm.
.f{esult's

Mig- ration'

Only surface observations were made during the winter months. Nelson and Allen,
1981, report that “surface migration of the injected diesel fuel and crude oil was

observed".

The tests were terminated on March 25, 1980 when the oiled ice at each site was

removed from the parent ice.

For the d1ese1 fuel tests, no lenses were observed in the ice. Nelson and Allen, 1981,
report ‘that this indicates that "the diesel fuel had rmgrated rapidly before the ice
could form below the diesel fuel”. They further report that diesel fuel inclusions,
ranging in size from those just visible to the ejré to 1 cm, were observed at the

injection sites and along the diesel fuel migration paths.

~ For the crude oil tests, Nelson and Allen, 1981, report that “significant vertical

migration of crude oil was observed at all hot il injection sites.” The authors

~ compare their results qualitatively with observations that were made by NORCOR,

1975, dﬁring field tests conducted at Balaena Bay, NW.T. Their results seem to
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indicate that significant vertical migration occured earlier than was the case at
Balaena Bay, N.W.T., where oil migration was observed to be most significant during
spring when the brine channels had enlarged. However, the authors point out that,
at times, the sites were covered by abnormally deep snowdrifts. This could have
resulted in warmer ice temperatures that would be more_represeniative of spring

conditions and the authors postulated that the observed vertical migration occurred

during those time periods.

For the emulsified oil tests, Nelson and Allen, 1981, report that "the injected

emulsions did not migrate in the vertical direction to any extent.”

Thermal Resistance of Included Oil Layers

“The thermal resistance of included oil layers was computed on the basis of
temperature and ice growth measurements by comparing the growth rates of
surrounding unoiled experimental sites with those of the sites in question.” At sites
2 and 3, the thermal conductivity of the oil layer was found to be "lower than the

thermal conductivity of sea ice by a factor of at least 20.”

Nelson and Allen, 1981, present preliminary results obtained from a laboratory cold
room study that was conducted to determine the thermal conductivity of Prudhoe

‘Bay crude oil encapsulated in an ice sheet. These results are summarized in

Table 2.

Table 2. Laboratory Mcasurement of the Thermal Conductivity of
Prudhoe Bay Crude Oil Layers

Crude oil layer | Temperature of | Temperature of Thermal
thickness layer bottomn upper surface | conductivity
cm °C °C W/m-C
125 -0.1 -3 0.78
125 01 -28 029




i T s

A lower conductivity was measured for the case where the oil'layer had a lower
- average temperature. This trend was attributed to the "higher viscosity of the oil and

thus lower convective motion".

(72

rm e

bkl |

443




4.2  Associated Field Studies of Under Ice Roughness
- Literature Review ' '

Kovacs, A. 1977. Sea Ice Thickness Profiling and Under-ice Oil Entrapment. Paper
2949, Proceedings of the 9th Annual Offshore Technology Conference.

Field studies were conducted to measure the thickness profile of continuous sheets
of first year sea ice and multi-year sea ice near Prudhoe Bay, Alaska. An

electromagnetic impulse radar system was used to obtain a continuous record of the

ice thickness profile.

Results

The under-ice storage capacity was computed by determining the area of the cavities
in the profiles that were above the level of the mean ice thickness. The results are

summarized below:

fce Type Length of Profile Mean Ice Thickness Computed Under-Ice
{m) (m) Storage Capacity
(m/m?)
First year sea ice 3825 191 027
Multiyear sea ice 930 Not given in paper 293
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- % Bames, P., E. Reimnitz, L. Toimil, and H. Hill. 1979. Fast Ice Thickness and Snow

Depth in Relation to Oil Entrapment Potentlal Prudhoe Bay, Alaska USCG
- Open File Report 79-537, Menlo Park, CA.

‘Field studies were conducted to document the under-ice relief at three sites in the

- landfast ice near Prudhoe Bay, Alaska. The- relatlonsh1p between the under-ice

topography and the surface snow cover was investigated and an assessment of the

. under-ice oil storage capacity was made.

_ The fleld work was camed out over the Apnl 29 to May 15, 1978 penod at sites
': representmg three different fast—1ce environments - protected bay, deep, open lagoon,

‘and narrow tidal channel™

One hundred metre long trenches were cut at each site parallel to and perpendlcular

to the predomlnant snow r1dge direction. The ice thickness was measured at 2 m

' intervalsand observatlons of the under-ice morphology were made usmg an upward—

lookmg s1de—scan sonar, underwater television and dlvers A tlme-lapse camera was

- also used to monitor chenges in snowdrift patterns at one of the sites. |
“Results

" Barnes et al., 1":9"79a,' summarize the dn_der-:ice"morphologj? as follows:  ~

-~ Snow depth and ice thickness vary 30-40 cm along the trench transects and
exhibit a negative correlation - thin ice coinciding with a thicker insulating
snow cover .". . . FElongate ridge and trough patterns on the ice bottom

- - parallel the surface snow ridge patterns with wavelengths of typically 10 m.

. Diving observations indicate a smaller set of depressions 5 cm or less in
depth oriented parallel to the ice crystal fabric, and show rapid release of
.+ .. exhaust air through the ice canopy at the ice surface.
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Barnes et al., 1979a, observed that the surficial snow was mobile while the underlying
snow ridges were stable. They suggest that "the oriented snow ridges and troughs
form early in the ice growth season, to allow sufficient time for the development of
ice thickness variations” and that the transport of surficial snow has little effect on
the further development of under-ice roughnesses. They state that "the results imply

a seasonal stability for the snow ridge pattern.”

The under-ice storage capacity was determined based on the following rationale and

description of the spreading process:

Oil rising to the ice bottom will spread laterally, equalizing at some level
beneath the ice, depending on the elevation of "passes” between adjoining
ridges and troughs. Intuitively, "passes” in the under-ice ridge and trough
pattern should exist near the mean draft computed for the ice. Thus the
potential oil collecting pools, determined from our calculations, are based on
the relief above a computed mean draft at each site. . . .

The computed storage volumes are summarized below:

Site No. and General Site Measured Measured | Volume of Sub-ice
Location Description Average Average Pools Above
(after Barnes et | Ice Thickness | Snow Depth Average Draft
al. 1979a) (m) {cm)
1-Prudhoe Protected bay 134 24 47,000 m®/km?
Bay S
2-Stefansson | Deep, open 157 15 25,400 m*/km®
Sound lagoon
3-Tidal inlet | Narrow tidal 153 24 36,200 m*/km’
channel

Barnes et al., 1979a, compare their results and approach with that of Kovacs, 1977,
who determined an under-ice storage volume of 27,500 m*/km? for the fast ice based
on ice thicknesses measured along a linear profile using electromagnetic techniques.

Barnes et al,, 1979a, point out that they estimated the under-ice storage capacity
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* based on fhe area of the under-ice pockets that were above the level of the mean

draft while Kovacs' 1977 analyses were based on the under-ice cavity areas above the
level of the mean ice thickness. Barnes et al., 1979a, state that " draft values take into

account the isostatic effects and result in lower volume estimates”.
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Kovacs, A., RM. Morey, D.F. Cundy, and G. Decoff. 1981. Pooling of Oil Under Sea
Ice. Proceedings, POAC 81: Sixth International Conference on Port and Ocean

Engineering under Arctic Conditions, Quebec, pp 912-922.

The objective of this study was to assess the volume of oil that could be stored in the
roughnesses that are present beneath a continuous, undeformed, sea ice sheet.
Kovacs et al. (1981) note that "oil released under fast ice will spread, systematically
filling up depressions or pockets” and that “the under-ice relief will govern which
directions the oil will advance in, which pockets it will accumulate in, and the depth

to which it will pool up in the pockets”.

Field measurements of under-ice relief were made at six sites near Prudhoe Bay,
Alaska. The measurements were made using an impuise radar sounding system
which provided a continuous record of the ice thickness profile. Contour maps of
the under-ice relief were produced at one site while linear profiles were obtained at

the other sites.
Results

Kovacs et al., 1981, observed that

The sounding data revealed in detail the undulating relief of the bottom of the
sea ice in which oil could pool up if released under the ice. In general. ice
bottom morphology was found to reflect variation of the surface snow cover
thickness and ice deformation. However, at several sites the ice bottom relief
could not be correlated with these factors. Slush ice accumulations of up to
0.5 m were apparently the cause of this bottom roughness. . .

The under-ice storage volume was computed by assuming that all cavities above the
level of the mean ice thickness were filled. The reported results are summarized

below:
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Site Measured Measured Computed Data Basis
Mean Ice Thickness Storage for
fee Standard Volume Storage Volume
Thickness Deviation (m*/km?) Estimate
{m) (1)
Tigvariak 1546 031 32,000 Average of 18 linear profiles, each 150m long
Istand spaced 1.1 m. apart.
Reindeer 1.33 001 10,060 Estimated based on an expected minimum oil
Island slick thickness of T em. The ice thickness
data were not used to produce this estimate.
West Dock 1.83 0.15 60,500 Mapping over a 127m X 165m area with lines
Site spaced 1.65m apart. The ice was reported to
have undergone "minor pressuring” during
early fall freezeup as uplifted ice blocks 15
cm thick were observed.
Site A 1.52-1.53 Not 23,700-25400 | Range of values for three 220 m long linear
Avg. 1523 Reported Avg. 24800 | profiles that were configured in a triangie
Site B 1.57-1.61 Not 20,900-26,400 | Range of values for three 220 m long linear
Avg. 159 Reported Avg. 23,900 profiles that were configured in a triangle
Site C 1.37; 1.60 Not 45,200; 57,400. | Two 220 m long linear profiles. Kovacs et al,
Reported 1981, report that "slush keels" were present

and caution that "the effect of slush ice relief
and structure on potential under-ice pooling
is for the most part unknown".

]
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Comfort, G. 1986. Under-Ice Roughness Measurements, ARCTEC Canada Ltd. For
the Environmental Studies Revolving Funds, ESRF No. 265-26-04.

The objective of the work was to obtain data on under-ice roughness for a continuous

ice sheet and to assess the under-ice storage capacity.

Measurements of the ice thickness were made along six profiles over an approximate
60 m X 60 m grid by drilling the ice at intervals of one to two metres. Ice thickness
data were collected for a 1.2 m thick sheet of first year sea ice at Seal Island, Alaska,

(which is located in the Beaufort Sea) and for a 0.8 m thick freshwater ice sheet at

Thunder Bay, Ontario. .
Results

Under-Ice Storage Capadity
"The under-ice storage capacity was computed for each of the measured thickness

profiles for a range of fill depths. For the case where the under-ice depressions are
only filled to the level of the mean ice thickness, the average under-ice storage
capacity was determined to be 0.023 m 3/m? and 0.022 m®/m? for the Seal Island and
the Thunder Bay sites respectively. If the under-ice roughnesses are filled to the level
of the maximum ice thickness, the average storage capacity was increased to 0.13

m3/m? and 0.092 m®/m? for the Seal Island and the Thunder Bay sites, respectively.

The following power curve was fitted to the data:
s=akFS

where: s = storage capacity
a = a dimensional constant

F,= depth of oil and/or gas in the under-ice depression
maximum variation in ice thickness
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“/*The above constants were evaluated for the Seal Island and Thunder Bay data
sets as follows:

Table 4.2 Power Curve 'Cons'ta.nt‘s

Measurement a X Correlation
Locations (m*/m?) Coefficient

" |l Seal Island 0.140 2.67 093
{f Thunder Bay 0.083 2.70 0.94

The calculated storage volumes were compared with values determined by Kovacs,
1981, on the basis of ice thickness n‘iapping and profiling that was carried out near

" . Prudhoe Bay, Alaska. Kovacs, 1981, computed values Tanging from 0.021 m*/m? to

0.061 m3/ m? for the case where the under-ice depressu)ns are ﬁlled only to the level

BN mean ice thxckness
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Goodman, R., and and Holoboff, A.G. 1987. The Use of Polysulphide Rubber Molds
to Measure Oil Storage Volumes, Proceedings of the Tenth Arctic Marine

Qilspill Program Technical Seminar, Edmonton, pp 459-467.
This study is also reported in Goodman et al., 1987.

The objective of this work was to obtain information regarding the under-ice oil
storage capacity of continuous, undeformed sheets of first year sea ice. This study
examined the under-ice oil storage capacity for small scale roughnesses (Le.,
roughnesses that occur "at a scale of a few centimetres with an amplitude of a few

millimetres").

The work was conducted by making molds of the under-ice surface which were
analyzed subsequently using stereo photography and by making volumetric
measurement using progressive flooding techniques. A total of 12 molds, each with

an area of about 1 m?, of the under-ice surface were obtained. The field work was

carried out at ARNAK, an artificial island in the Beaufort Sea, where the ice cover

consisted of a landfast ice sheet. At the time of the field program, the ice cover was

"at its maximum thickness, (about 2 m)" and "there was litile ablation".

Results

Table 1 summarizes the storage volumes that were measured when the molds were

fully-covered with oil.

Goodman and Holoboff, 1987, show that the under-ice storage volume increases
greatly as the under-ice voids become filled more completely. Their data, and visual
observations of the mold, indicate that “the surface roughness of the ice does not
have a continuous spectrum, but rather consists of a few large features which occur

on a generally flat surface.”
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TABLE 1
Average Ice Roughness Values
Location Average Roughness Average Roughness
Photogrammetric Volumetric
U mYm? m¥/m?
Site A
Hole 1 0.009 _ 0.008
2 0,013 0.014
3 0.010 0.010
4 oo 0012
Site B
Hole 1 0.012 0011
2 0.013 0014
3 : - 0.014 0.013
4 0.011 0.010
Site C
Hole 1 0.010 0.011
2 0.011 0.010
3 0.018 0016
4 0.010 0.011

Goodman and Holoboff, 1987, compare the average under-ice 'storage volume

measured during their experiments (i.e, 0.012 m*/m’) with other values in the

literature. Kovacs, 1981, and Comfort, 1986, determined storage volumes ranging

“*“from 0.010 m*/m to 0.130 m’/m.

Cood'm’ari'and H’olobbff,l 1987, cbncludé_ tha.tt'

Initial observations in the field showed that there was a significant structure
at a length scale of several centimeters, with a roughness of a few centimeters.

~ This roughness contributes to the ability of ice to store oil spilled under the
ice.
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43 Laboratory Tests of Spreading, Encapsulation and Release
- Literature Review

Wolfe, LS., and Hoult, D.P,, 1972. Effects of Oil Under Sea Ice, Fluid Mechanics

Laboratory Publication No. 72-10, Department of Mechanical Engineering,.

M.LT., Cambridge, MA.
This study is also reported in Wolfe and Hoult, 1974

The objective of this study was to observe, at laboratory scale, "the mode by which

oil that is released beneath a sheet of sea ice becomes entrapped in the ice.”

The tests were conducted in a 30.4 cm X 30.4 cm tank using a sheet of laboratory-

grown saline ice. Two oil types (No. 2 diesel and North slope crude) were released

under the ice during the test program.

Results

Encapsulation
It was found that the bulk of the oil was deposited under the ice and encapsulated

as a lens in the ice by the subsequent ice growth which occured beneath it. A small

amount of oil was observed to rise up into the skeletal layer of the ice.
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Keevil, BE. and R. Ramseier. 1975. Behaviour of Oil Spilled Under Floating Ice.

Proceedmgs 1975 Conference on Prevention and Controi of Qil Polluhon

American Petroleum Institute, PP 497-501.

“This study is also reported in Chen, Keevil and Ramseier, 1976a and 1976b.

Laboratory tests were carried out to provide an "understanding of the mechanisms

“involved" when oil is spilled under floating ice.

The objectives of the study are. . . to (1) conduct cold room experiments to
- 'determine the fate and behaviour of spilled crude oil under floating ice; (2)
‘correlate the behaviour of spilled crude oil in cold room tests with accidental

_spills in the field.

The tests were conducted ina cyhndracal basm l 5 m in drameter by 0. 7 m deep, that

was installed in cold room.

" Results

Under-ice Sbr'ea'd'ing
When reieased from the m;echon pipe, the 011 was observed to separate into

"hundreds of small globs or parhcles 0.1t 2 0 cm 1n drameter The partlcles rose

up to the under-1ce surface where they assumed a' “flattened” shape due to the

a ‘presence of the under -ice boundary and the action of buoyanc:y forces. Slicks with

a thickness of about 1 cm were produced under the ice. Keevil and Ramse1er 1975,

" observed that the "oil par’ncles spread in fa1r1y unlform circular r1ngs “under the

- "smooth planar ice" that was present in the tank.

g The following spreadmg model was developed based on a spreadmg coefflcnent S,

which reflects the "energy expended in formmg the 1ce-011 interface":
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Yw = Yo + Yow C0s O

S =Yw-Yow Vo= Yo (c056-1)
For spreading, S is positive and for non-spreading, S is negative.

interfacial tension at the ice-water, the ice-oil, and
the oil-water interfaces, respectively.

i

where:  Yws Yior Yow

<
i

oil-ice contact angle

Keevil and Ramseier, 1975, caution that

The spreading rate of oil under ice depends on interfacial tension forces and
hydrostatic forces derived from density differences between oil, ice, and water.
In addition, the spreading rate depends on the injection rate, particle
formation, ice roughness, and the ability of the oil to fractionate according to
different solubilities of some components. As a result, the spreading
mechanism is complicated and there is no simple realistic equation to predict

spreading rate.

Encapsulation
Keevil and Ramseier, 1975, observed that

While the oil particles spread under the ice, coalesce, and form an oil lens, the
ice continues to grow. First, the ice grows down around the sides of a lens
and then underneath, sandwiching the lens betwen ice layers. Even with a
slow ice growth rate (0.5 cm/day) or when the oil covers the whole ice-water
interface, the oil is not pushed ahead by the growing ice. During one
experiment, 5 litres of cil was sandwiched under 10 cm of ice.

Keevil and Ramseier, 1975, observed a large temperature drop across the oil lens and
attributed this to the added thermal resistance of the oil in comparison to the

surrounding ice. However, the ice growth rate was not significantly altered by the

presence of an oil lens.
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Purves, E. 1978, The Interaction of Crude Oil and Natural Gas w1th Lalberatdry;

~ grown Saline Ice. Prepared by Arctec Canada Limited for the Environmental

“ Protection Service, Environment Canada, Report No. EPS—47EC-7'8—'9'.

. E " The obje'ctit/:e of the work was to dpsertre, at lébora‘to'r:j} .'scale,.tl:te behav1ourof011and o
| @ - gas bubbles released under a static, continuous sheet of saline ice. The test program
examined the resulting configuration of oil and gas bubbles under the ice, and

. R vertical migration of the Qil and gas.

- The tests were conducted in 1.2 m X 1.2 m tanks in a cold room. Droplets of

" Norman Wells crude oil and bubbles of methane gas were m]ected under the ice at

i a gas/oil ratio of 100:1.

. Results

- Configuration of the Oil and Gas Under the Ice and Under-ice Spreadmg

-, Gas bubbles were released initially. These spread and coalesced to form a large
_ é IR bubble which underlald most of the sheet. Oil droplets were then released which
| - rose up and 1rnp1nged upon the bottom of the gas bubble. The oil droplets formed
“ oy Targe ‘sessile pool and spread over the bottom of the gas bubble. However, the oil

. volume was insufficient to fully coat the bottom of the gas bubble. The final
| E S conﬁguranon consisted of a gas ‘bubble under the ice with oil beneath it which coated

an estimated 80% of its bottom surface.

Purves, 1978, concludes that "at gas to oil ratios of 60:1 or greater the pool of

Norrman Wells {crude oil] will not coat the entire bubble surface" and that "oil layers

‘as thin as 0.2 cm w111 probably be encountered when well blowout products

ik B

- accumulate under ice". He further concludes that “the presence of gas greatlv |

increases the area contarninated by oil spilled under the ice."

s |
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Encapsulation
The experiment was extended by allowing the ice to continue to grow. Purves, 1978,

reports that “the gas/oil bi-layer will freeze in, as has been observed with pure oil
lenses, and will be stable until (in first year ice) the minimum temperature in the

sheet profile reaches -3.6°C".

Vertical Migration and Release Timing of the QOil and Gas

After the oil and gas had been encapsulated into the sheet by the growing ice, the

air temperature was gradually raised and the release of the oil and gas was observed.

It was found that release of the gas and oil did not occur until the minimum
temperature in the sheet profile reached -3.6° C. The gas was released first through
the brine channels. The gas release rate was small initially, but it became greater
with increasing thawing-degree hours. The gas release rate was estimated at about
10° cc/cm?-min when the ice had been exposed to about 70% of the total thawing
degree hours required to fully release the gas. Although a few drops of oil were

drawn to the surface with the gas, the bulk of the oil surfaced later.
Purves, 1978, concluded that "gas will be released much earlier than oil in the course

of thawing a contaminated sheet" and that "the presence of gas has little or no effect

on the release timing of oil trapped under first year ice.”
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" Kisil, C.A., 1981. A Study of Oil and Gas in Fresh and Salt Water-ice Systems.

~ University of Toronto, M.S5c Thesis, Toronto, Ontario.

Gty

- The ob]ecnve of the work was to examine the behav1our of oil and gas bubbles under

" “a static, contmuous ice cover. The followmg were 1nvest1gated

@ theconfxguratxon of oil and ga§ bubbles released under an ice cover.

(b) the effect of the oil and gas on ice growth rates.
© n‘ugratlon and release of the oil and gas in the ice.

| Analyiic'él. models were developed to 'p'red':i'ct. the oil and gas bubble configuration,

" " the effect of the oil and gas on the ice growth rate, and migration. .

. Experiments were carried out in an 11 litre aquarium which produced resuits that

were compared with the analytical predictions. Tests were conducted in fresh and

“salt water by first releasing air under ice sheets that were grown in the tank and then

adding oil. Norman Wells crude oil and pure hydrocarbons (toluene, mineral oil,

- cimene, and n-hexane) were used during the tests.
‘Fora de'scrip:ti"on' of under-ice Spreading'éee the review of Kisil (1981) in Section 4.4.

:En'cdg:sula'ti'or{:‘;M'E:ffeét'of Oil ‘and Gas on Ice Growth Rate

| Expenments were conducted by releasmg 011 under an 1ce sheet after gas bubbles had

already been m;ected beneath it.

| Analyses were carried out by considering heat flow across the trapped oil and gas |

layer to occur by conduction only, and by a combmanon of conduchon and

convection, driven by buoyancy forces. These results were compared to the ice
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thicknesses observed during the laboratory experiments.

For all tests, the injection of oil and gas resulted in a reduction in the rate of
subsequent ice growth. For all the freshwater ice tests and for the saltwater tests
with oil only, the predicted ice thicknesses were within 10% of the measured _{r_alues.
It was found that the inclusion of convection-induced heat transfer "did not pfovide
predicted values of ice depth closer to the experimental values than those obtained

by considering heat transfer by conduction only".

For tests in which oil and gas were injected under saline ice at an oil-to-gas ratio of
0.06, the predicted values were “much lower" than the measured ice thicknesses. For
tests in which relatively more oil was released (i.e., an oil-to-gas ratio of 0.24), the
predicted results "agreed well" with the measured data. This variation was attributed
to convective heat transfer resulting from surface tension gradients at the interfaces

which was not modelled.

Kisil, 1981, recommended that future studies be conducted in a larger tank.

Migration and Release of the Oil and Gas

Kisil, 1981, proposed that the cil migration rate is controlled by melting of the ice,
which acts to open up the brine channels and allows the oil to rise due to buoyancy

forces.

The following expression was developed to predict the oil migration rate, U:

U= m [I;—TO
p,Hf VA

o

1

where: K = thermal conductivity of the ice
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“s T, T, "= ‘temperatures at the ice surface and the oil location,
respectively
e 'ZO = distance from the ice surface to the oil lens
H;, = latent heat of fusion of the ice
p = ice density '
j E ' #% Kisil's experiments (described previously) were continued by thawing the ice, which

_ _hhad oil and gas trapped in it. The gas and 011 mrgrated to the surface. Kisil, 1981,

- values from -2.2°C to 6.0°C.

»... The results glven by the above model were compared to the observed elapsed times
for appearance of the oil and gas. For tests conducted with 011 only, the predrctedh

.and the measured elapsed times agree within about 10%. The variation was

51gmﬁcant1y greater (e. , up to about 50%) for the tests in which. gas, and gas and oil,

- were released. This d:screpancy was attributed to gas migration into the brine

" found that the gas escaped when the minimum ice temperature reached a range of

- * channels during the encapsulation process, which thus reduced the distance that the

% .~ .gas had to travel before escaping.
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Payne, J.R,, McNabb, G.D., Kirstein, B.E., Redding, R,, Lambach, J. L., Phillips,
C.R., Hachmeister, L.E. and Martin, S. 1984. Development of a Predictive
Model for the Weathering of Oil in the Presence of Sea Ice. for
NOAA /OCSEAP Office, Research Unit No. 640, Anchorage, Alaska

The overall objective of the work was to develop a model "to predict the chemical
~and physical weathering behaviour of oil released in the presence of first year sea
ice." A number of studies were conducted to assist in the development of the model.
These included tests in a refrigerated seawater tank about 0.8 m X 0.9 m X35min

size, which are summarized in this review.

The experiments were commenced by growing a thin sheet, consisting of about 8 cm
of grease ice underlain by about 8 cm of columnar ice of simulated first year sea ice.
About 5 L of fresh Prudhoe Bay crude oil was then injected under the ice and the ice

sheet was allowed to continue to grow.

Results

The authors report that "within 23 hours, the spilled oil was completely encapsulated

by a 5 mm (minimum) layer of columnar ice. . ."

Qil Migration
A thaw cycle was initiated subsequently. Qil flow rates through the brine channels

were measured and compared to the brine channel migration equations developed

by Cox et al. (1980).

The expression, given by Cox et al. (1980), for the minimum brine channel diameter,
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" d, that will aliow oil migration is

. where: G, = oil/water interfacial tension
= angie of contact
Ko = under-ice eil lens thickness
L., .Lo = water and oil dehsity, respectively

g - = acceleration due to gravity

. For the parameter values in Payne etal’s experlment the above expressmn ylelds a

" ""'5"--“value for the minimum brine channel ‘diameter of 3.6 mm, ‘which the authors

consider to be “reasonable”.

CE

The rise rate veloc1ty, Uz, is glven by

" - (L, - Lo)gadz_"
f 8Ly

. _where: L is the ice 'thiekness and p is the oil viscosity. o

" "“Payne et al,, 1984, determined’ t’li"e"':i‘fié‘"é"'iéafé":"vélocity;'U' "f'dr' their exp'ériniéht to be
B ’0 35 mm/Sec which 'seems approprxate and is also in good agreement with the rise

e rate veloaty of 0.7 mm/sec expenmentally determmed by Martin (1979) o
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Finally, the volume flow rate to the surface, V, can be expressed by

2
4y NA

Vv =

where: N'is the number of brine channels per unit area and A is the area

of the spill.

Payne et al., 1984, determined a value of 27 mL/hr for the volume flow rate, for their

experiment. They comment that

... When compared to experimentally determined values, presented in Table
4, this value is somewhat higher yet not extremely excessive. [The average
flow rates for the experiment, that are listed in table 4, range from 0.09 to 6.2
mL/hr]. Obviously, additional refinement of the modelling of oil migration
in brine channels appears warranted; however, to our knowledge, this is the
first comparison of measured data with predictions based on Cox's approach.

Qil In Broken Ice

An ice cover consisting of grease ice and test floes was produced by continuing to

thaw the ice sheet described previously. At this time, "an estimated 90% of the oil

was present on the ice/water interface”.

Wave turbulence was produced in the tank. Payne etal, 1984 report that

 The micro-scale turbulence introduced by the grinding action of the frazil
ice and grease ice crystals between the major floes, significantly enhanced the
formation of a stable water-in-oil emulsion. . . . This grinding action also led
to lead matrix pumping, as described by Lee et al. (1974), causing oil to
surface on the ice floes and around the rims. Subsurface observations and
water sampling . . . illustrated that elevated levels of dispersed oil in the water
column also resulted from this lead matrix pumping which causes oil droplets
to disperse. This enhanced dispersion quickly became self-limiting, however,
due to the enhanced water- in-oil emulsification behaviour.

i
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44 Laboratory Tests of Spreading - Literature Review

: M01r, ]R. ‘and Y.L. Lau. 1975. "S‘c')rr"ie Observations of Oil Slick Containment by

Simulated Ice RJdge Keels. Project Report by Environment Canada (CCIW)

" to the Frozen Seas Research Group, Department of Fisheries and Oceans,

_ Govemmen_t of_ Canada.

~ The objective of the work was to observe the ineéhanism(s) and the conditions by
which an ice ridge keel may contain oil in the presence of a current. The study was

“of limited scope and was exploratory in nature.

Tests were carried out in a tlltmg flume with a length width, and depth of 15m,
0. 06m and 0.06 to 0.6 m, respectwely The tests were conducted by releasing oil
upstream of a plexiglass barrier with a triangular cross-section that was intended to
simulate an ice ridge keel. Three "keel" angles (30, 45, and 90 degrees to the
horizontal) were tested. Some tests were conducted with a simulated ice cover (by
placing sheets of vinyl-wrapped foam on top of the water) while the others were

carried out in open water conditions. No information is given to describe the oil that

was used.

Initially, tests ‘were conducted with a single "keel". Slibéequently, tests were

- undertaken with two "keels" in series.

'Résu_lts

~ Single Keels.

Moir and Lau, 1975, report that two types of containment failures occurred as
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follows:

... 1) Droplets formed at the leading edge of the slick, or droplets formed
at the barrier, and carried under the barrier and (2) a "sheet" type failure. . .
[ie., where the oil flowed under the barrier as a sheet].

The containment provided by the barriers was related to the densimetric Froude
Number, F,. The table below summarizes the maximum densimetric froude numbers

observed before containment failures occurred.

Barrier Test with Open Water Surface . Tests with Simulated Ice Cover
Angle
(Deg) .
U D Maximum - 3) D Maximum
- (m/sec) {em) F, (m/sec) (em) F,
90 234 150 0477 289 1395 57
45 227 169 0437 243 15.7 487
30 225 170 0431 242 158 480
where D = depth of flow
U = average flow velocity
A = @,-P)/P, '
G =  acceleration due to gravity

P, P, = densities of oil and water, respectively

Ul/lvGDA

ol
1l

Moir and Lau, 1975, noted that the oil retention capability of the barrier is slightly
sensitive to the barrier angle and that the available theories for slick failure do not

include the barrier shape as a parameter. They concluded that “ice ridge keels will
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“ fetain oil and conditions for containment are similar to oil slick retention in open

water. However shcks coutamed behmd the slopmg rldges are prone to longterrn

' Ieakage

- _,_..;:JWith respect to the effect of the ice cover, Moir and Lau, 1975, concluded that “the

presence of an ice sheet upstream of the barrier does not srgmfrcantly alter the slick

g ':'proflle or the max1mum ‘volume of oil contamable in companson to the’ open water

case".

Series of Keels
Tests were conducted with two "45 deg." barriers in series to assess whether ol could

be stored in between two closely-spaced ridges.

‘Only qualitative observations are presented for the case where the barriers were

spaced at 10 times their draft. It was found that oil was only retained at the

' downstream face of the upstream barrier for hlgh densxmetnc Froude Numbers for

a larger spacmg (of 21 times the barrier draft) “Moir and Lau, 1975, observed that

011 was retained downstream of the flI'St barrier and upstream of the second barrier".

They found that a separanon pomt ' occurred in the oil slick in this cavrty “about 5

% 'barrier drafts downstream of the first barrier". =
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Rosenegger, LW. 1975. The Movement of OQil Under Sea Ice. Prepared by
Imperial Oil Limited for the Beaufort Sea Project, Department of the

Environment Canada, Victoria, Beaufort Sea Technical Report No. 28.

This report presents the results of laboratory tests to determine the interfacial
tension and motion of crude oil bubbles under sea ice. Two different crude
oils were used in these experiments (Swan Hills and Norman Wells). An
assessment has also been made of a) the ability of oil to penetrate sea ice from
beneath, b} the equilibrium thickness of crude oil film on water under arctic
conditions, and ¢) the redistribution of solutes in the oil.

Objectives
The major objectives of this study can be summarized as follows:

1. To determine the interfacial tension between oil and water at the
"temperature of freezing water for Normal Wells and Swan Hills crude
oils by the sessile drop method.

2. To study the movement and/or absorption of sessile drops at an
interface between sea ice and water in response to gravitational and
drag forces produced by ice sheet tilt. '

3. To determine the movement of an oil film in a lead in response to
continuous oil input at a given point in the lead. '

4. To determine whether oil will penetrate from beneath into a growing
sea ice sheet due to buoyancy forces and to assess the effects of the
redistribution of solutes in the oil on the ice sheet.

Results

Conclusions

An evaluation of some of the parameters affecting the flow and areal
distribution of crude oil under a sea ice canopy has been presented. It was
found that the interfacial tensions between oil and brine (12°/4) for Swan Hills
and Norman Wells crude oils were 24.5 and 23.8 dynes/cm respectively.
Interfacial tensions at salinities other than 12°/,, have also been presented.
Effects of aging on the interfacial tension could not be determined due to the
scatter in the measured data. The equilibrium thickness of these two crude
oils under ice was found to be 0.80 and 0.88 cm for the Swan Hills and
Norman Wells samples respectively.
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*“Expressions relating the force required to initiate motion of an oil bubble have
also been presented. For the Swan Hills crude, this force is given by F =
~ 48.5M*® while for Norman Wells crude it is given by F = 23.4M**. In these

expressions, the force, F, is in dynes and the mass, M, is in grams. Data
relating the mass of oil to the shape of the bubble has also been presented.
This will enable calculations of the minimum currents ‘required to initiate
motion of an oil bubble to be made.

When considering the spread of oil on water under arctic conditions, as would

be the case of oil spreading in a lead, it was found that a minimum

~ equilibrium film thickness of 0.25 cm should be expected for the two crudes
tested. Taking into account the effects of evaporation and the leaching of
natural surface active agents present in the oil into the water, it is reasonable

to expect this figure to be conservative in most cases. A determination of the

‘maximum areal spread of the oil, barring any external forces (e.g., effects of
currents, etc.), is therefore possible. '

" It was also concluded that the presence of dissolved salt in the oil, if indeed
it does exist as a dissolved species in the oil, would not cause the under-ice
surface to rot. Penetration of the oil into the ice sheet is not normally

" “expected. When the oil encounters an oversized brine drainage channel of

approximately 0.7 mm radius, limited penetration will likely result. As
. melting proceeds in the spring, and the brine drainage channels open, a

- ‘significant amount of oil penetration should be expected.
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MacKay, D., Medir, M. and Thornton, D.E. 1976. Interfacial Behaviour of Oil Under
Ice. The Canadian Journal of Chemical Engineering, Vol. 54, 1976, pp 72-74.

The objective of the work was to observe the interfacial behaviour of oil droplets

under an ice surface.

Small scale tests were conducted using a 20 cm X 20 cm X 10 cm chamber. A
freshwater ice sheet was grown on the surface of the tank and oil (Prudhoe Bay

crude oil and Norman Wells crude oil) was injected under the ice.
Results

Under-ice Spreadin

It was concluded that large volumes of crude oil spilled under plane ice in
water or sea water will adopt a thickness of 0.8 to 1.2 cm and have a contact
angle of 140 to 170° thus displaying "non-wetting" behaviour. ... Oil droplets
of volume less than 1 cm?® will behave as mobile non-wetting, nearly spherical,
particles whereas large oil volumes will behave as lenses also with non-

wetting behaviour.
The authors go on to discuss the implications of their observations.

There are several important implications of the observed behaviour. First,
since oil drops do not “wet" ice, they may tend to remain mobile and may be
subject to movement by currents until restricted by the growing ice. There is

_apossibility that oil removal from under-ice may be facilitated by inducing a

" water current if the under-ice topography does not dominate the oil
configuration. Second, surface tension forces will act to retard spreading of
oil under ice and it is unlikely that oil films will be thinned appreciably below
Tem. ...
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 Maléolm, T.D. 1979, Studies of Oil Spill Behaviour Under Ice. Oil, Tce and Gas,

“Environment Canada, Toronto, pp 47-53.

. This study is also reported in Malcolm and Dutton, 1979,
-Results

Under—Ice Spreadmg Wettlng Behaviour

The ob;echve of the work was to measure the mterfac1a1 tensxon and the contact angle

of oil droplets under ice. These properties were determmed by analyzing sessile

~ drops that were observed during laboratory tests with two crude oils under ice in
- _both fresh water and seawater. The tests were conducted using a 20 gallon
~aquarium. Two crude ofl types (Guampa Venezuelan crude and a blended sarnple

con51st1ng of Tnmdad (24 8%), B. C E. (56 2%) and Leona (19 O%)) were used in the

test program

An irﬁprbved method for determmmg the mterfaaal fension and the contact angle

- was developed. A contact angle of 180° was measured during each test. Malcolm

| and Dutton, 1979, comment that “this is interpreted to meén that the oil is separafed '

- from ’the solid surface by a thin water film, so that the oil does not wet or coat the

solid".

The measured interfacial tensions range from 19.09 dynes/cm to 24.75 dynes/ cm and

" Malcolm and Dutton, 1979, conclude that “interfacial tensions of the various crude

oil/ water systems is in the range 20 45 dynes/ cm'.

_ Malc91m,vl979, states t_hat .

It has been established that pools of oil under solid horizontal ice or glass
- sheets possess a maximum thickness at an intermediate volume, and when
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more oil volume is added, the pool thickness is reduced, approaching a
limiting thickness which is smaller than the maximum thickness.

The limiting thickness for the Guanipa crude oil was found to be 10.5 mm and 6.7
mm for freshwater and seawater, respectively, and for the blended crude oil, 10.0

mm and 8.0 mm, respectively.

Under-Ice Spreading: Oil Droplet Behaviour

The objective of this work was to examine the behaviour of oil droplets before,

during and after contact with the ice bottom.

Laboratory tests were conducted by releasing oil droplets in a 1.2 m high tank under

plate glass.

Malcolm, 1979, reports that "the rising oil drop flattens out on impact with the
submerged glass cover plate . . . and then recovers a more spherical shape as it
attempts to rebound”. The oil droplet behaviour then became transient. Malcolm,

1979, reports that

.. .After about two cydles of the flattening and rebounding oscillation, the
drop shape fluctuations are damped out and the familiar sessile shape of the
stationary drop is achieved. Subsequent drop motion depends on whether the
surface supporting the drop is tilted to the horizontal, or whether there are
currents present along the surface which can move the oil drop.

Glass plate tilt angles as low as 2° to the horizon are found to be sufficient to
cause oil drops to slide along the glass surface. . . .

Malcolm, 1979, observed that the oil droplets slid along the tilted glass after impact
without leaving traces of oil. He states that "this shows that the thin water film
remains intact during the impact and is not penetrated or removed by the impact

process”.
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" Mackay, D., Buist, L, Hossain, K., Kisil, I, Mascarenhas, R., and Paterson, S. 1979.

A Laboratory Study of the Behaviour of Oil and Gas Under Ice. Proceedings
of the Arctic Marine Oilspill Program Technical Seminar, Environment

~ Canada, Ottawa, pp 101-109. - '
The objective of this work was to investigate the oil and gas configuration that occurs

when they are released under a smooth ice sheet.

Tests were conducted in an 11 litre aquarium, which was located inside a cold |

chamber., Freshwater ice sheets, about 5 cm thick, were grown in the aquarium.
'Fir"s.t, gaé bubbles ‘were dlscharged under the sheet andthen,oﬂ droplets were
released under it. "Norman Wells crude oil and pure hydrocarbons (toluene,
cumene, n-hexane and mineral oil coloured with red SUdéﬁ IV dye were used in

these experiments."

: .Results

Under-Ice Spreading: Spreading Oils
'~ The injected gas rose through the water column as bubbles which impacted
on the ice surface. In a few seconds, the bubbles coalesced to form a single

sessile bubble. . .

“The injected oil drops rose and impacted on the bubble. ‘The first three or four
drops quickly impacted and coalesced on the underside of the [gas] bubble to
form a thin layer. Subsequent oil drops added impacted but tended not fo
coalesce. Rather, they travelled up to the ice surface and rested close to the

" edge of the gas bubble. After some time, the drop would coalesce with the oil
layer around the bubble and flow to the bottom of the bubble. . .

“ Further addition of oil tended to increase the thickness of this layer until it
reached a maximum thickness of approximately 0.8 cm after which the oil
tended to accumulate at the side of the bubble as a separate oil sessile drop.

Und.er-ice Spreéding: Non-spreading Qils

These oil drops tended to remain at the water-ice interface for some time then
‘they coalesced with the gas bubble. They did not, however, spread out over

473



the entire bubble area, rather they formed a floating lens under the bubbie. .
Addition of more oil resulted in the lens becoming larger until it
completely enveloped the gas bubble. '

A theoretical analysis was undertaken which gave results entirely consistent
with the experimental observations. The analysis suggests that a third regime
may exist, non-coalescing behaviour in which the oil will remain entirely apart
from the gas. This requires a combination of inter-facial tensions which we
believe cannot be realised in practice. '

The authors close by stating that
'In summary, the oil behaviour is dominated by its spreading tendency at the

gas-water interface. This behaviour is ipﬂqenced by coalescence time and oil
rheology, neither effect being capable of easy characterisation.
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: Uzuner, M.S,, .Weiskofjf B, Cox J.C., and Schuitz, L.A., 1979. Transpoft'of Oil

under Smooth Ice Env1ronmental Protectlon Agency, NTIS Report No. PB
299235 o ' ' '

o Thxs study 1saIso reportedln Wetskopf and Uzuner, 1977.

" The objé*'cti\'fe of the 's_tu'd'y was

to develop a model for predicting the behaviour of an oil slick in a stralght
stream or river of uniform depth, covered with a consolidated ice cover of

. u_mfor_m thlckne_ss

The work was compnsed of analytlcal studles and Iaboratory testmg Expenments

" were conducted i ina refngerated flume with dimensions of 0.61 m X 0.94 m X 13.7
- m Oll was injected under an ice sheet that was produced on the flume and

" observations were made of its transport under a range of currents. Two oil types (ie.

No. 2 fuel oil and crude oil) were used during the test program.
Results
U_zuner et al. 1979, state that
The experimental results md1cate that the slick movement depends on
' whether the shck ahgns 1tself longltudlnally or transversely to the current.
The analytical treatments developed have not been successful in defmmg the
. distinguishing characteristics for the two types of behaviour, however, the
~ proper relationship can be selected for field application after observing the
_ _onentatxon of the shck relanve to the flow.

The conclu510ns Wthh can be drawn from the work " are as follows: -

1. For an oil slick beneath a smooth uniform ice sheet, the slick
velocity is related to the current velocity as follows:
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Oil Type Viscosity ~Threshold Relationship of Slick Range of
cp Velocity ~ Velocity, U,, to Water  Applicability
_cm/sec  Velocity, U, cm/sec cm/sec
No. 2 Fuel 7 4 U, =038 U, - 1.26 0-36
Crude 24,500 8 U, =86X10°U % 8-28
U, = 1.10 U, - 16.60 28-36

2. For current velocities significantly greater than the range of
applicability specified above, the tests indicate that the oil slick will
become entrained in and distributed throughout the water column.
The oil will then be transported in suspension with the water flow
in this distributed manner, rather than along the underside of the
ice surface in well-behaved slicks. Further investigation of this type
of oil spill transport is beyond the scope of this study.

3. For oils other than the No. 2 fuel oil and crude oil used in the test
program a theoretical analysis of the forces controlling slick
transport and a comparison with the data yields a first
approximation for predicting the relationship between slick velocity
and water velocity for oil slicks transported beneath smooth uniform
ice cover as follows: '

(1-v)2 - 2198, g450

F

© for slicks oriented parallel to the flow direction.

(1 _ U)2 =215 (_15) 115
F

for slicks oriented transverse to the flow direction.

where: U = non-dimensional {relocity = U/U,
where: N; = densimetric Froude Number
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g = acceleration due to gravity
h = oil slick thickness
A = relative density difference
P
Pws P, = water and oil density, respectively

. Significant differences were observed in the behaviour of the crude

oil slicks and the No. 2 fuel oil slicks. Crude oil slicks typically
became shorter and wider as they moved downsiream, with some
thickening of the upstream portion at higher velocities. The crude

il slicks appeared to slide along the undersurface of the ice.

Additional analysis beyond the scope of this study would be
requ1red to explaln the reasons for these dxfferences in behaviour.

6. A smgle fest perforrned using plexxglass as a sunulated ice sheet

revealed that the behaviour of the oil slick beneath such a simulated

‘ice cover was completely different. The crude oil used in this test

adhered to the plexiglass, leaving a stationary 0.25 to 0.50 an thick
coating on the plexiglass. Neither crude oil nor No. 2 fuel oil
adhered to either fresh water or salt water ice in these tests.

. Any significant discontinuities in the ice cover, such as an open
~ water ice edge or a slot, provided a region of containment and

retentlon for the 011 shck

8. It should be noted that the results of these tests apply founbourded

underice oil slicks. Any contact between the slick and a boundary,
such as the shores of rivers or streams, would be expected to resuit
in the retardation of slick movement.



Cox, ].C., Schultz, L.A., Johnson, R.P., and Shelsby, R A. 1980. The Transport and
Behavior of Qil Spilled in and under Sea Ice. Arctec Incorporated for

NOAA /OCSEAP, Research Unit 568, Final Report, 170 p.

This study is also reporte_d_ in Cox and Schultz, 1980; Cox and Schultz, 1981a and
1981b. '

The objective of the work was to study the transport and behaviour of oil that is
released beneath an ice sheet. The project was mainly focussed on current-driven

transport. An analytical predictor for vertical oil migration was also developed.
Tests were conducted in a 0.9 m X 0.6 m X 13.7 m long refrigerated flume.
Freshwater ice sheets were produced with a range of roughnesses and oil was
injected upstream. Four different oil types (No. 2, No. 4, No. 5 light and No. 5 heavy
fuel oil) were tested.

Resuits

Smooth and Small Réughness Ice

The study was commenced by observing the equilibrium sheet thicknesses of the oils

under smooth ice. The following exhpirical expression was found to fit the test data:

3, = 1.67 - 8.5{(A p,) (14)
where: §, = static equilibrium slick thickhess, cm
A = relative density difference = (p,, - p,) / Pu
p. = water density, g/cm’
p, = oil density, g/can’.

The smooth ice equilibrium thickness was determined to range from 0. 52 ¢cm for No.
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2 ol to 1. 16 cm for No. 5 heavy oil.

Next, the threshold velocity (i. e., the current at which under-ice slicks start to move)

was observed for smooth ice. For the four oils tested, the threshold velocxty was

' found to be related to the oil viscosity as follows:

U, = 30579 /88.68 - u, | @

threshold current speed for slick movement, cin/sec

where: U

p, = viscosity of oil, g/cm-sec.

The relationship between the slick velocity and the current velocity was also

investigated. The following expressions were found to fit the test data:

U, =015U,-060  forU,<18cm/sec 3)

5

o U, =U,-156 for U, > 18 cm/sec

fl

‘where U, = slick speed, am/sec

U, = mean current speed, cm/sec

5

Tests were then conducted using ice sheets with small roughhessés. A small

' roughness was defined as one that was less than the smooth ice equilibrium slick

thickness of the oil. This was found to increase the threshold velocity substantially.
Equation (15) below summarizes the observed slick velocity relanonshlp for both the

smooth ice and the small ice roughness tests.
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(15)

AN K
U,) 0.155F:2+1.105

where: K = friction amplification factor for rough ice,
(which was determined experimentally)

F. = sli’ck densimetric Froude Number, U /‘/A g0

local slick thickness

acceleration due to gravity

g O
I ||

Single Large Ice Roughness Elements

The next series of tests were conducted using ice sheets that contained single large
roughness elements (ie., a roughness that was larger than the equilibrium slick
thickness of the oil). For the four il tested, it was observed that “oil trapped
upstream of a single large roughness element can fypically be flushed out at a
current velodity in the range of 15 to 25 cm/sec.”. This failure velocity was found to

be related to the oil properties as follows:

1f2
Uga = 1.5{2(fﬂ3)[0wg(p,—p,)]m} a7)
o PoPw
where: U = freestream velocity when (l:o.ntainme.nt failure occurs,
cm/sec
o, = interfacial tension, dynes/cm
g = 'gravitati.onal constant, cm/sec’.

The volume of oil per unit width trapped upstream of a large roughness element

could be approximated by the following relationship:
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VI _ [n+(Uwzl4Ag)] 4Ag
. ntal =
fro . 2 f:Uw2

2_( v’
43z

= slick volume per unit width contained upstream

where: V omtal
a large roughness element, cm®/cm

R 1 roughness héight, cm
£ = interfacial friction factor.

However, after flushing events, some oil was found to remain in the wake of the

roughness. This oil volume was approximated as follows: -

(23)

= GCD':] Bgq
where Ve = shck volume per umt mdth contamed downstream d')
Toor Y large roughness element in the wake region,

cm®/cm,

» = roughness form drag coefficient.

Ice Cavities
Tests were then conducted w1th ice sheets that contained a series of large roughness

sia‘.:g;. !

elements. A vortex zone was observed to occur immediately downstream of the
roughness element while a shear zone developed beyond the vortex zone. See figure

3. This produced an offset behind the roughness element which grew in size with

rzt

_increasing current velodity, until oil drained from the cavity.

In the vortex zone, the depfh of the offset was determined to be g:ri;re'n by the
... empirical relation

| ] 0.29U,2 ®
% 15—



offset of the oil-water interface in the vortex zone,

where: g =
cm and the length of the offset by the empirical
relation:
1=41U, (18)
where: I = vortex cell length, cm.

The shear zone will develop with an initial offset of

1150w | (10)
=0.16—
€2 Ag
where: g, = offset of the oil-water interface at the stagnation
point, an.

- Figure 3 Generalized Description of Oil Contained in an Ice Roughness
‘Cavity under the Influence of a2 Current
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It will continue to grow parabolically to the back wall of the cavity according

to
X- 250 (a’- -8% ) (11}
* where: X = slick length, cm
‘ (12)
_ (A-1)fU2 €2
B L8R e Y 4 (q-2) ,com?
. vy (n 2)cm
: E _ (21)
| 2 . 2_.(.1".115(]3 2
B B TV
A = ice roughness spacing, cm
i Qg = thickness of contained slick tail, ¢cm
84, = thickness of contained slick at point of flow
_ __regttachmo_r_lt,_m
g . Application of Results

Cox and Schultz, 1981a developed the followmg methodology for utxhzmg the study's

m

results to predict oil spill behav1our

£z

- Equations in Fig. 5 Not Already Listed in Text

Tl

. 2 ‘
U (16)
346Ag
e 4Ag e e _ IS
_ X -( -..,.
g fu2 [n n )] (19)

.
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Figure 5:  Flow chart of the procedure for calculating the transport or —
containment of oil beneath ice in the presence of a current.

V/i=1Mm-e) +| 1 (A1) B
vielin e -k oy (24)
2 dAg _
where: £ = vortex zone offset in a cavity, an -

Xgear = length of the shear zone, cm

A = cavity length, cm



.~ Vertical Migration
Cox et al., 1980, developed the followmg expresswn to predict the minimum diameter
" of a brine channel d, to allow oil migration by balancmg the buoyancy and the

interfacial tension forces:

] ;_4 5. cos o
5 (o,-p)8
where: Pu P, = densities of water and oil, respectively
o, ,;, = interfacial tension between oil and water
! 3 = thickness of the oil slick
« = 'contact angle of the oil with the ice

The rise rate, U was predlcted as follows

B e T
where: u, = oil viscosity
| ' 'L = ice thickness
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Kisil, C.A., 1981. A Study of Oil and Gas in Fresh and Salt Water-ice Systems.

University of Toronto, M.Sc Thesis, Toronto, Ontario.

The objective of the work was to examine the behaviour of oil and gas bubbles under

a static, continuous ice cover. The following were investigated:

(a) the configuration of oil and gas bubbles released under an ice cover.
(b)  the effect of the oil and gas on ice growth rates.

()  migration and release of the oil and gas in the ice.

Analytical models were developed to predict the oil and gas bubble configuration,

the effect of the oil and gas on the ice growth rate, and migration.

Experiments were carried out in an 11 litre aquarium which produced resuits that
were compared with the analytical predictions. Tests were conducted in fresh and
salt water by first releasing air under ice sheets that were grown in the tank and then
adding oil. Norman Wells crude cil and pure hydrocarbons (toluene, mineral oil,

cumene, and n-hexane) were used during the tests.

Results

Under-Ice Spreading: Configuration of the Oil and Gas
The behaviour of a gas bubble under the ice was analyzed and observed. The

following theoretical predictor was developed to determine the gas bubble depth, b,
based on the configuration which minimized the energy of the system:

h’= 2 Ac/g Ap

where: Ap = density difference between the water and the gas
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AG = interfacial energy per unit horizontal area of the bubble

acceleration due to gravity
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The above expressioﬁ ;;redlcts bubble depths that corféla{'té well with the laborat.ory

" testdata when the value used for Acis close to twice the alr-water interfacial tension.

Kisil, 1981, concludes that this indicates that "the gas bubble is enveloped by water,

o ‘as has been suggested by Malcolrn 1979".

* The addition of oil to the system was next considered and observed. For the case

where a large area of gas is underlain by an equal area of oil, the following

~ expression was developed to predict the optimal depth, h, for the gas bubble:

Ch=vAc/gl05 oLtV A+ V290, - pI] |

where: Vv = oil and gas bubble volume, respectively

P.. P, = densities of water and oil, respectively

For the case where the gas bubble is "completely engulfed by spreading oil”, Kisil,
1981, developed the following expression to predict the gas bubble depth:

h=2A06/g(,-py

These analyses led Kisil, 1981, to conclude that “oil will generally accumulate at the

bottom of gas bubbles when volumes are large and edge effects can be ignored.”

Experiments were conducted by releasmg oil under an ice sheet after gas bubbles had

already been m;ected beneath it.

For spreading oils (i.e., toluene and Norman Wells crude oils), it was observed that

the gas bubble "tended to flatten and spread .. . until an "equilibrium” configuration
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was reached when the gas was totally enclosed in oil". Kisil observed that

.. at cil to gas volume ratios below 0.1 there is a regime in which the
dominant effect of the oil is to envelope the gas . ... When the ratio is in the
range 0.1 to 1.3 the oil accumulates at the bottom of the gas bubble . . .. At
higher oil to gas ratios the oil tends to form adjacent sessile drops, the depths

‘remaining constant. . . .

For non-spreading oils (e.g. mineral oil), the depth of the gas bubble was unchanged
when the oil was added. |

Kisil, 1981, made the following comments regarding the oil and gas configuration to

be expected for the case of a blowout:

Since gas to oil volumefric ratios in blowouts are typically 100 and most fresh
oils tend to spread on water it appears that the predominant regime will be
that of oil covered bubbles. A major factor will be the under ice topography
which typically varies by about 20% of the ice thickness, thus pockets of gas
will probably form tens of em thick underlain by cil films which may be up
to a mm thick. The extent to which the gas vents through the ice and carries
oil with it are unknown at present. An additional factor which will alter the
behaviour is the crystalline and slushy character of the sea ice undersurface
which will probably retard horizontal movement, especially of small bubbles
or drops. :

For a description of encapsulation and migration resuits, see the review of Kisil

(1981) in Section 4.3.

4-88



s

“+ "Malcolm, J.D. and Cammaert, A.B. 1981b. Transport and Deposition of Oil and Gas

Under Sea Ice. Proceedmgs of the Fourth Arctlc Marine OllSle Program,
" Environment Canada, Ottawa, pp 45-73. |

“This study is also reported in Malcolm and Cammaert, 1981a, and Cammaert, 1980.
Results

e Under~Ice Spreading: . Ol Pool Thrckness Under Smooth Ice |

Equations (1) and (2) were developed by a computer solution of the nonlmear

'ordmary differential equatron which governs the shapes of all axisymmetric

_mterfaces“ to predrct the maxrmum 011 drop thrckness, Hw, and the thickness for

© drops of infinite volume, H,_

H, = 20(c/p"* | (2)
2. where: G ==__ 1nterfac1a1 tensron _

: denS“Y difference between oil and water -

ho]
n’

= - grav1tatronal acceleration

oo

" The predicted limiting thickness for API gravity 25 and API gravity 45 oils in

seawater ranges from 5.81 mm to 10.06 mm and 4.27 mm to 7.40 mm, respectively
for a range of interfacial tensions from 10 dynes/ cm to 30 dynes/ cm. The authors

state that this range of mterfacral tensmns was selected based on work by Malcolm

" and Dutton, 1979.

. Uhcf:ler'-lce'spree;dir’\g:"" Potential for Fractuire of a Smooth Ice Sheet by a Trapped Gas

__ Bubble

' The thickness of a gas Bubble beneath a smooth ‘horizontal ice sheet was calculated



using equations (1) and (2) to be "no more than 6 mm". This value is less than the
40 to 50 mm bubble thickness predicted to be necessary to cause failure of an 0.5 m
thick ice sheet by Topham's 1977 analysis. Malcolm and Cammaert, 1981b, conclude
that "only gas bubbles trapped in Véfy large undulations are capable of fracturing the

"

ice”.

Under-Ice Spreading: Configuration of Oil and Gas Bubbles
Photographic observations were made in the laboratory of the behaviour of cil and

gas bubbles released under smooth plate glass which was selected to simulate a

smooth ice sheet.

Air bubbles were released first, followed by oil droplets. It was found that
individual oil drops" coalesce with the gas/water interface and spread over it to form
either a very thin film extending to the edge of the bubble, or a thick lens of oil
confined to the bottom of the gas bubble.” Malcolm and Cammaert, 1981b, further

observed that

___ the arrival of a successive train of oil drops at the gas bubble interface
produces a growing ol lens in the gas bubble after each drop coalesces with
the lens. Drops that land near the edge of the gas bubble slide upward along
the bubble contour since the bubble surface is not horizontal, but curved. . .
. Some drops slide off the gas bubble and onto the ice {or glass in our
experiments) before coalescence takes place. . . When a thick oil lens covers
the bottom of the gas bubble, oil drops tend to slide off the bubble more
readily, and in the process, drag oil from the lens up the side of the gas
bubble. . . .

Under-Ice Spreading: Effect of Currents for a Continuous Ice Cover

A total of eight tests were conducted to investigate the effect of currents on crude oil
motion under undulating ice covers when gas is trapped between the cavities. The
tests were conducted in a 1.2 m high X 1.2 m wide X 12 m long refrigerated flame.
A saline ice cover was grown and undulations were produced by selectively

insulating the growing ice sheet with styrofoam. Undulations with respective depths
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Malcolm and Cammaert, 1981a, conclude that

“and wavelengths of 15 ecm and 1 m, 75 c¢m and 1.5 m, and 2 ¢m and 1.5 m were

produced Air and oil were 1n;ected at gas/ oil ratios of 150:1 and 15:1.

£ e el y e S St T

. .the spreading of oil under an ice cover, when released in the "pre'sen'ce of
gas depends on the effective configuration of the underside of the ice cover.

"’ The volume of gas and undulation geometry combine to determme the

behaviour of the oil slick on the gas/water interface.

For the meter-long undulations tested, if the gas' volume is small or the

undulation depth is large enough that the gas/water interface is more than
about 5 cm above the bottom of the undulation of lower ice surface, the oil

“slick seemed to be fully protected from the flow. The only effect on the oil

slick at velocities as high as 44 cm/s was herding or migration of the oil slick

_ to the downstream hmrt of the gas/ water interface below the gas pocket

However when the ice extended only 1 5 cm below the gas/ water 1nterface,
the oil slick was forced out of the undulation at a flow velocity of 44 an/s
and migrated under the ice cover. When the ice cover extended 0.5 cm to 1.0
cm below the gas/water interface, a flow velocity of 25 cm/s was able to force
the oil out of the undulation. (It should be noted that the size of the ice lip

" Ywas difficult to observe under a fluctuating water level.).

Under—Iee Soreading- Cnrrent;indnced Tr.ans'.p.or:t for 'arﬁBroken ice'éo\fer

One test was conducted with a poorly-consohdated ice cover that consisted of blocks
with dimensions of about 15 cm on each side. The released gas qulckly vented
through this ice cover. This test was conducted with currents up to a maximum of

34 cm/sec. The 0il remained trapped in the under “ice surface for all currents tested.

- Cammaert, 1980, observed that .

Most of the oil was trapped in the slushy ice between blocks and was not
“carried away with the flow. When the thin film of ice on the surface {of the

" ice cover] was broken, the oil contained in the slush ice seeped to the surface.
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Payne, J.R.,, McNabb, G.D., Hackmeister, L.E., Kirstein, B.E., Clayton, [.R.,
Phillips, C.R, Redding, RT., Clary, C.L., Smith, G.S., and Farmer, G.H. 1987.
Development of a Predictive Model for the Weathering of Qil in the Presence

of Sea Ice. for NOAA/OCSEAP Office, Research Unit No. 664, Anchorage,
Alaska. |

Editor's note:  Although results from laboratory tests in first year sea ice are also
presented in this reference, they have not been included in this
review. The first year ice test results are summarized in our review

for the reference Payne et al., 1984, which describes these tests in

more detail.

The objective of this program was "to develop a predictive model that describes the
qualitative and quantitative weathering of spilled oil and refined petroleum products

in the presence of first year and multiyear ice."

A number of studies were conducted to assist in the development of the model.
These included tests in a refrigerated seawater tank about 0.8 m X 0.9 m X35min

size, which are summarized in this review.

Results

Payne et al's (1987) discussion of the laboratory program commences with a

summary description of tests that were conducted in simulated sea ice (which are

documented in Payne et al., 1984).

With respect to these oil migration data, Payne et al., 1987, note that the predicted
oil flow rates (using Cox et al.'s, (1980) approach) is "somewhat high compared to the

experimentally determined values”. They suggest that "other factors may need to be

taken into consideration” to explain the observed iscrepancies:
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1) The depth of the oil pool in the ice, 2) the rate of temperature increase
" (totally controlled by laboratory conditions), 3) the fact that the
laboratory ice was relatively thin (< 10 cm), 4) the fact that the oil lens

was initially trapped in columar ice 4 cm below a 5 cm canopy of
refrozen grease ice, 5) uncertainties in the number of brine

- channels/unit area in the laboratory and field studies, and 6) the
2 influence of the oil after it had surfaced with additional ice ablation and
meling, ek o et i et Rackex

Payné et al.,, 1987, observe that "obVioﬁsly, additional refinement of the rnodeliihg of

oil migration in brine channels appears warranted".
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Puskas, J., McBean, E., and Kouwen, N. 1987. Behaviour and Transport of Qil Under
Smooth Ice. Canadian Journal of Civil Engineering, Vol. 14, pp 510-518.

The current-driven transport of an oil slick under a smooth, continuous ice cover was
investigated. An analytical model was developed and tests were carried out in the

laboratory to verify the model.

Experiments were conducted in a 0.58 m X 0.67 m X 6.7 m flume located inside a
 refrigerated chamber. Three crude oils (Adgo, Itiyok and Norman Wells) were used

during the test program.
Results

It was found that the light oil (Norman Wells) formed a long narrow slick that was
aligned longitudinally with the direction of the current, while the heavier oils tended
to form short, wide slicks transverse to the current. The authors note that these

observations are in agreement with those of Uzuner et al., 1979.

The authors state that:

For these analyses the slicks were separated into two groups:

1. Long, narrow slicks, whose primary driving force is the shear stress
force.
2. Short, wide slicks, whose primary driving force is the form drag force.

Long, narrow slicks oriented parallel to the flow direction:

Analytical expressions were developed for this case by balancing the shear force at
the oil-water interface with the oil-ice friction force and by assuming no-slip at the
oil-ice interface. The authors note that the Reynolds number was less than 5 X 10°

for all of these experiments and therefore, they have utilized the shear stress
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" Short, wide slicks oriented transversely to the flow:

* coefficient for laminar flow. The following expression was developed to predict the

mean slick velocity, Ug:

R Us: 0-332 h Py R1—1I2 (Uw - 2UJ)2

Bo

where: h = oil slick thickness
S S aensi{y P PPN
p, "= dynamic viscosity of the oil
W, = water .veloéity ) |
1 =slicklength |
Hq = water {relocify at oil-water interface

LS viscosity of the water

- The aﬁfhors préseht :.a‘nalsys.e.s x"eg'ar'di‘n'g the velocxtyprofile,the results of whlch i}{éy '

summarize as follows:

Oils with high viscosities move almost as solid masses, with the majority of
" the velocity variation taking place in the water film separating the oil and the
ice. Through inference, the thickness of this film was determined to be several
orders of magnitude larger than that expected for a static oil slick under
" quiescent conditions.

‘Puskas et al., 1987, observed that "the oils with higher viscosities normally
formed short, wide slicks oriented transverse to the water flow direction.” For
this case, Puskas et al., 1987, note that the dominant force acting to transport
the oil slick under the ice is the form drag force, F,. This motion is resisted

by oil-ice friction, F,, which was calculated by assuming a constant velocity in
the oil slick:
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Fp = Cp pu (Uy - U)2 wh!

U wl
Fe=uq, 3

where: h’ = oil slick thickness in the "head" region
C4 = drag coefficient
w = width of oil slick
y, = dynamic viscosity of the water
A = thickness of the oil film between the oil slick and the ice

By setting the form drag force equal to the frictional force (which reflects the case
when the slick is in equilibrium),‘ the authors attempt to determine information
regarding the drag coefficient of the slick, and its relationship to the dimensionless
ratio h//8 (where & is the boundary layer thickness in water). However, the authors
note that "the uncertainty is large” for A which produces inaccuracy in the calculated

value of C. Also, the authors note that

Due to the scatter of the measured velocities within the water boundary layer,
it is impossible to predict the thickness of the boundary layer from the
measured profiles with any degree of accuracy. This, coupled with the
uncertainty associated with the calculated values for Cp, makes the
relationship between Cp and h’/A indeterminate from these data.
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" Yapa, P.D., and Chowdhury, T. 1990. Spreading of Oil Under Ice. in Journal of
Hydraulic Engineering, Vol. 116., No. 12.  pp 1468-1483.

This study is also reported in Yapa and Choé}.d.hdry, 1989a and 1989b.

The ax1-symmetr1c spreadmg of 011 under a smooth contmuous ice sheet was

" "mvesngated during this work. ~ Numerical predlctors were developed using

theoretlcal analyses Expenments were camed out to vertfy the models and to obtain

" values for constants required for the models.

"'Althdu"gh' eic'.jﬁressidhs"er'e 'p‘resented' to analyze the grawty (buoyancy)-inertia
spreadmg phase, Yapa and Chowdhury, 1990, note that for typical field cases, the
" duration of this phase is of the "order of seconds” and that "the dominant spreading

= _ mechamsrn under ice covers is the buoyancy-wscous phase".

Equahons were derived based on an analysis of the buoyancy-wscous phase. Two
| equatlons were developed depending on whether the oil discharge rate, Q, is

.. constant, or whethexf. a const_ant volume of oil, V, is spilled, as listed below:

R- k1 [(""' ~eo) gQa] 2 (Constant Q)

B,

Sk T

- 2 ‘
_R=k [(p,,, Po) 8V ] ¢ ¥ (Constant Spill Volume)
e T T ua

radius of slick

I}

where: R

@ © .~ . k,k, = dimensionless constants
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Pu P, = density of water and oil, respectively

U, = oil viscosity
g = acceleration due to gravity
t = ‘elapsed time

The “following expression was developed to predict the final slick radius, Rg

g (e TR
Rf - kS [g w o)l V‘I;‘P.
ol
where: v = the total volume of oil spilled
ks = a coefficient that must be found experimentally

Experiments were conducted ina 1.2 m X 1.2 m tank in which quantities (500 cm’ to

1479 cm®) of several different types of oils (ranging in viscosity from 60 cs to 700 cs)

were released under ice sheets with a range of under-ice roughnesses from 0.00015

cm to 1.64 cm.

Yapa and Chowdhury, 1990, conclude that

The equations agree closely with laboratory data. Discrepancies between
theory and the experimental data can be attributed to the experimental
difficulties and errors introduced from assumptions made in deriving the
theory. These assumptions were needed to keep the equations in a
manageable form for application to practical situations. The close agreement
between the experimental data and the theory shows that the errors
introduced from these assumptions were not critical. The calculated percent
standard error estimate for all the experiments and for all data points is 6.24%.

The following values were determined from the laboratory test data for the

dimensionless constants in the models:
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Constant ~ Range o © Value

0 < QOA/(gO.Ze)_S 11 k1 = 10-.407 X -10.105 log )(1

They also caution that -

ky
| Q™ / (g*2e) > 11 k, = 0.495
0> V3 e> 100 k, = 10342 X 10?41 X2
Kk, All tests o o4E7
where: € = mean ice roughness height
X1 = Qo.4 /(go.ze)
X2 = VI/S /8

In ice fields it is possible to have roughness heights much larger than the
mean oil slick thickness. If there are a large number of such ice protrusions
present, the spreading rate can become significantly different from what is
described in this paper.

At extremely hlgh values of Q the gravity-inertia '.p‘haée would last much

" longer than mentioned here. The physical behaviour of the oil at these high

values will differ vastly from the aspects considered in this paper. For
example, the effects of the plunging oil jet would be so significant that its
effects would need to be considered. This aspect is not addressed in this

--paper. Although some plunging of oil may occur even at moderate

discharges, the resulting effects are dampened so quickly that the theory

-.described here can still be used for practical purposes. -



4.5 Analytical and Modelling Studies - Literature Review

NORCOR Engineering and Research Ltd. 1977. Probable Behavior and Fate of a
Winter Spill in the Beaufort Sea. prepared for the Environmental Protection
Service, Department of Fisheries and Environment Canada. Report No.

EPS 4-EC-77-5.

This report describes a numerical model that was developed to predict the fate of oil
and gas released from a well blowout in the transition zone of the Beaufort Sea. The
model is applicable to cases where the ice cover consists of a continuous sheet which
may or may not be moving. The model is not. intended to handle broken ice
conditions. The model was run for a number of cases. The report also presents field
data that were collected over the November 1975 to july 1976 period to document ice

conditions in the transition zone of the Beaufort Sea.

Results

Mbdelling Approach
The model provides a prediction of the large scale fate of oil and gas released under

a continuous ice sheet. Local spreading and behaviour are not predicted. Oil and
gas are assumed to collect in the undulations that are present under a continuous ice
‘cover. The area of contamination, and the average thickness of the resulting layers
of oil (and gas, if present) are determined ﬁsing a volumetric analysis. This is based
on the volume of the discharged oil and gas, the under-ice storage capacity (which
was estimated based on available data to define ice thickness variations) and the
residence time‘of the ice over the blowout site (which was based on an estimate of
the plume diameter and available ice movement data). Key equations in the model

{after NORCOR, 1977) are listed below:
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. Mean Width of ﬁatu;fate.d. Area - W,

5

v W, =

o el

~ from Topham, 1975

......... 4

el Qo .
- )
oo WL+ RO LW

" Percent Area Below a Given Average Oil Thickness d
: [15]

... %AIC<d) = C, D(1 - L)V

. ., %o

X 100%

b(i;L)' R
R 7N TR A X 100%

" hence, L =proportion of distance travelled by the
' N ice sheet below velocity V

where =~V =Q,/dD m/min’
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. Percent Volume Below a Given Qil Thickness d
(16}

% Vol (c<d) = ¢ 084D

Note: Equation [16) only applies when the average thickness of oil, d,
is less than that required for saturation.

rate of discharge of oil (m*/min™)
total flow of oil and gas (m*/min™)
@Q, = QK,)
ice velocity necessary to achieve
saturation (m/min™)
P, = probability of ice velocities less than
Vs
probability of distance travelled by
the ice at velocities less than V|
mean ice velocity (1.5 m/min™ from
NORCOR camp movement)
(m/min™)
average combined oil and gas film
thickness at saturation (governed
~ for different ice types by formulae [8], [9]) (m)
= average saturated oil film thickness
(m)
= water depth (m)

Where: Q,
Q

\%

"

5

™
Il

-

<y
I

G
y/

The authors recognize that gas venting may occur and an arbitrary approach was

used to include this possibility in the model in order to conduct a sensitivity analysis.

The oil (and the gas, if it is present and not vented) are assumed to be encapsulated
and then released during the spring melt. Vertical migration is assumed to occur at
the average rates observed during the Balaena Bay field tests (conducted by
NORCOR, 1975) and weathering of the oil occurs (at rates observed for Norman

Wells crude oil) after the oil reaches the surface.

The model was run for several cases. The results show that the movement of the ice

is a significant factor as this increases the area of contamination and reduces the
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~average film thickness. The under-ice cavities were predicted to be only partially-

filled. The presence of gas is predicted to increase the area of contamination greatly

(unless venting occurs) as gas is expected to be released in much greater quantities

than oil during a blowout.

Conclusions

" NORCOR, ‘1977 "Caut'io'ns that the available informa't'ion'base is scant and that the

results are sensmve to a number of critical assumptlons (e. g percent ventmg, percent

mulnyear 1ce) They state thaf “the resultmg range of pos51b1e winter oil volumes

represents a combination of several extreme cases.”

However, they conclude that

Several major conclusions can be made regarding the probable behaviour and
fate of a winter oil spill in the Beaufort Sea. Evaporation in the first summer
will likely be extremely effective in quickly reducing the volume of
contaminant (by up to 50%) and the level of toxicity. Unless ice in the spill
area is stationary for more than a third of the time, less than 20% of the oil
will form films greater than 0.5 cm on the ice surface in the spring. With
evaporation and varying amounts of multi-year ice the final volume in thick
~ films will likely be even less. Therefore, possibilities for any significant
cleanup using conventional burning techniques appear extremely limited.

During the following summer opportunities for effective cleanup would be
even less with weathered, thin films spread over a large area.

In spite of these rather grim conclusions, the end result even without human
intervention would be a very small oil loading/km? expressed in terms of the
Beaufort Sea area. If burning techniques could be developed to cope with thin
films, then the impact could be reduced further. Further studies will
hopefully allow a safe estimate which could be made of oil spillage to be
tolerated in the Beaufort Sea.
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Topham, D.R. 1977. The Deflection of an Ice Sheet by a Submerged Gas Source,
Journal of Applied Mechanics, June, 1977, pp 279-284.

The deflection of an infinite ice sheet by a submerged gas source, as would
result from an undersea gas or oil well blowout is analysed utilizing an elastic
thin plate model. . . .

Results

The results show that fracture may occur either at the bubble center or just
beyond the bubble edge, depending upon the bubble depth, the ice thickness,
and the material properties assumed for the ice sheet. For ice one meter in
thickness and a trapped gas depth greater than 100 mm, fracture at the bubble
edge is probable. The critical bubble radius for failure varies rapidly with ice
thickness, bubble depth, and the ice properties, which in view of the
variability of the latter, makes the prediction of actual bubble radii to cause
failure subject to a large degree of uncertainty.
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... Topham, D.R. 1979. The Disposition of Gas/Oil Mixtures Trapped Under Ice. in Oil,

Ice and Gas, Environment Canada, Toronto, pp 55-65.
This study is also reported in Topham, 1980.

The objective of this work was to investigate the probable conﬁguréﬁon of oil and

gas droplets that are released under an ice sheet.

. Results
‘The following possible gas-oil configurations were considered:

(@  oil coating the bottom part of a gas bubble (which was termed the sessile

~drop/lens configuration)

C® a gas bubble inside a sessile drop of oil (which was termed the double sessile

.. drop configuration)

SN "ée'pai'ﬁt'é sessile drops'o".'f"‘bil and gas.

The energies of the various systems were compared and the most probable

configurations are shown in Figure 8.
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.Figure 8 Existence Diagram for an Oil Specific Gravity of 0.8

1

a8 1.0 1

0.6

0.4

0.2

Note: The lowest configuration shown for each region is the one with the minimum
energy. The upper ones show "the most likely configurations which would
result form a finite disturbance of the system or from “a further addition of
oil"

where: v, = surface tension of oil with respect to gas
surface tension of water with respect to gas

¥, = oil/water interfacial tension

surface tension of water with respect to gas

Topham, 1979, points out that "the probable range of normalized interfacial tensions
for crude oils is between 0.3 and 0.7 (Malcolm and Dutton, 1979, Rosenegger, 1975)",
which are shown in the shaded area of Figure 8. Topham, 1979, notes that little
information is available to verify the analyses presented although the observations
made by Purves, 1978 provide some guidance. Purves, 1978, found that all three of

the configurations can exist when oil and gas are released beneath an ice sheet.
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‘Topham, 1979, continues by considering the probable behaviour for the case of an oil

well blowout He concludes that "in the case of a blowout in which large quantities

"“of gas are trapped beneath the ice, oil would tend to accurnulate at the edge of the

gas, and that gas bubbles would advance through the accumulated oil, pushing it

aside.”

" Topham, 1979, cautions that

;.. the analysis is only valid for infinitely large bubbles and that the energies
‘of finite bubbles may change the preferred configuration.”

R R T
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Wotherspoon, P., Swiss, J., Kowalchuk, R, and Armstrong, J. 1985. Oil in Ice

Computer Model. for the Environmental Studies Research Fund, Report

No. 019.

A numerical model was developed to predict the spread of oil and gas released

under a static, continuous ice sheet. Wotherspoon et al., 1985, state that the model

considers the case of oil released under ice;

deals with finite and continuous spills;

allows for the effect of admixed gas on the spreading of the oil;

includes the effects of ocean current on the net movement of the slick; and
models the effect of roughness of the undersurface of the ice.

*® 9 ©° ¢

Results

The model is set up to analyze a total of 16 case types, which are delineated by the

following conditions:

« whether or not the ice bottom is smooth or rough
» whether or not under-ice currents are present
» whether or not gas is released with the oil

» whether the spill is finite or continuous

Figure 2, and Tables 1 and 2, show the approach used with respect to the treatment
of oil transport by currents under rough ice and smooth ice. The Wotherspoon et al.,
1985, model is based on the laboratory tests and analyses conducted by Cox et al.,
1980. Equation [5] (Table 1) is a quadratic approximation that was fitted by
Wotherspoon et al., 1985, to the laboratory test data of Cox et al., 1980.

Wotherspoon et al., 1985, found that Cox et al.’s (1980) formulation (see Equation
[15]), which is listed in Table 1 as equation [6], "yields values of the friction
amplification factor [K] that are too great when the ratio of cavity depth to cavity

length exceeds the domain originally investigated by Cox et al., 1980. To keep the
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_ value resonable, the program restricts the value of X to a maximum of 3.0".

The model conducts a volumetric analysis to determine the area of contamination

taking into account slick transport under the ice for the cases where this occurs. The

‘under-ice storage capacity is determined from the under-ice profile, which is an input

to the model. The model assumes that the under-ice cavities are completely filled.

The spread of combined gas and oil spills is analyzed by first computing the area of
contamination that would result for an oil-only spill in which the same oil volume

is discharged. This area is then increased by an empirically-derived spread factor to

" account for the "prés:'éhée of the gas. Spread factors of 6.3 and 7.0 are stored in the

model as default values for spills with gas-to-oil ratios of 150:1 and 200:1,

| respeéutiir'ely, based on the observations made at McKinley Bay, N.W.T., by Dickins

‘and Buist, 1981. The model is set up such that other values may be entered by the

user. The calculation procedure for determining the area of the spill is summarized

© in Tables 3 and 4.

_The_;rio_del is written in FORTRAN and was run for a number of cases. The results

are sensitive to many factors including the under-ice profile, the presence or absence

- of gas, and the magnitude of under-ice currents (if they exceed about 15 cm/s).

- The authors conclude by stating that

The development of this computer model has relied on a number of
assumptions and predictions. However, the program does provide a method
by which to define the possible location of oil under or in an ice cover.
Whether or not the assumed methodology is proven erroneous by others, the
authors feel that the program provides a supportive base from which
alterations can be made. The software package has been designed to allow for
future alterations.
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Figure 2

Flow Chart to Determine the Calculation Regime

Note: The numbers in brackets refer to equations which are listed in Table 1.
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 Table1 Equations Referred to in Figure 2

5, = 167 - 8806, -p) (1)

5 -owToiEmg ) @)

S, = 0.155 5, - 0.60 for 8, < 18 cm/sec " 3
s =8, -156 ﬁs,,>1§ cmisec | o (4)

G,

s, = s,,ﬁ . J&i A8 FE 1105 |
-1+196(D“,1Lm,)+zm B (5

-Sl(345Ag)‘ @

o sﬂ-wﬁ((p,np,m;»,,p,)) \/('——To.,,.(p, ) ®

Lo = 45, B ©)
Lysw = 488 (Do’ = Doty = Doomed 2 2} 1 (£57)

Vrnst = Lo Doty - Do + Certy = L) (Bt + Doty = Do) 12 (11)

- b,w= \/ (&S.,z (Lmvity_ mez) / (4Ag) + .(Dcm#y - DW’ 2) 2) (12)

a..m. - Doo? - £, 52 (Lo Lm)/(dpg) R (13)

Vo = (Do + 521 (488)) (48g(£5.D) (Duns? - (S2I(8Ag)DY2 14
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Vi = 8Cp Doy B (15)

Vuiss = Lot Doty * {(Pemity = Ll Sw | (485) V2 (16

Note: See table 2 for a listing of the above nomenclature.
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Table 2 Terms Used in Equationsih Table 1

Units

Zefiniton
A, " Krea of slick with cwrent m?
AL Area of slick with current m?
C, Roughness form drag coefficient Dimensionless
o Cp =198 for rectangular prism
- Cp = 1.35 for triangular prism
) Local stick thickness cm
B Zquilibrium oil slick thickness beneath cm
- smooth ice
8 cagrurion Thickness of slick in a cavity at the end cm
of the vortex zone :
8o Thickness of contained slick at the cm
downstream cavity wall
Do Vortéx zone offset into a cavity em
Doy ice roughness height or cavity depth cm
Fy Densimetric Froude number Dimensionless
F, = S (Bg%)
. For this case, §=38,
f, "Gl /water interfacial friction factor Dimensionléss
{Empirically = 0.016)
g Gravitational acceleration cm/sec
K Ice friction amplification factor Dimensionless
Loear Length of the shear-dominated portion of cm
the oil in a cavity
| S— Length of vortex cell cm
Loy “Cavity length cm
u, Viscosity of oil g/em-sec
A ~ Relative density ratio Dimensioniess
/_A?(?u'Pn:/P-
T, " Density of oil g/em?
g ‘Density of water g/em’
Copu Interfadial tension between oil and water dynes/cm
) - typically 30 - 35 dynes/cm for cude oils
R, ““Rate of spill ' m®/hour
S. Speed of edge of slick cm/sec
Suu "Current speed for containment failure em/sec
S, Qil stick speed cm/sec
Sa Threshold current speed for slick movement cm/sec
S, Water current speed ¢<m/sec
T Time hours
Tend Duration of spill hours
v, Valume of stick m*
Vo Volume por unit area without current m*
Ve Volume per unit area with current m?
Vodin Approximate volume of oil trapped per unit cm’fem
: wid:h of cavity
W Wid:h of slick m
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Table 3  Calculation Procedures for Determining the Area of Contamination for
Spills Under Smooth Ice (i.e., No Roughness)

Case . Calculation Procedure

A No current, no gas, finite spill

and;
B: No current, no gas, contnuous spill. A’ = 3

where A, = area of slick, m®
Vga = volume of cil spilled, m,
8,,,l = equilibrium cil slick thickness, m,
{(from equation {1}-see table 1}

No current, gas finite spill and;
No current, gas, continuous spill

g0

17
A = F [-éﬂ
2]

where: Fs- = a spread factor which accounts for the
additional area of 2 gas/oil spill.

Sw < 5,; same as for no-curent case above

Sw > S, the slick area is computed as above and "the entire siick
is assumed to move uniformly downstream at a speed
given by either equation (3) or (™.

E: Current, no gas, finite spill

Similar to E above except that fresh oil is added at each time step
$.,< 54 Same as for case E. The model assumes that the slick will
be circular.
Sw > S, The model assumes that the slick shape will be oval
which is approximated by a rectangle with semi-crcular
ends. The width of the slick, W, is determined as
follows:
W,=R/ 6, 5“?)

where: R, = rate of spill, m*/hour
8, = speed of slick, m/hour {defined by
eq'n. (3) or (4) - see table 1).
8,, = equilibrium thickness of stick, m {defined by
eq'n. (1) - see table 1).

F: Current, no gas, continuous spill

G Current, gas, finite spiil and; Same as for cases E and T above except that the spill area in
H: Current, gas, continuous spill increased by the factor, F,, as for cases C and D above.
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Table 4  Calculation Procedures for Determining the Area of Contamination for
Spills Under Rough Ice

“Case Calculation Procedure

1: No current, no gas, finite spill
and; V il

IE No current, no gas, continuous A, en—————
spill

where: A, = area of slick, m’
V,; = volume of oil spilled, m,
3, = equilibrium ofl slick thickness,
m (from eq'n.[1] - see table 1)
V.., = unit under-ice storage volume, m*/m?

No current, gas, finite spill and; v
No current, gas, continuous spill .
A, = F [—22—]

¢ & aeq+V.mr

r=

Note: See table 3 for a definition of F_,,

M: Current, no gas, finite spill S.> Sy K
- (a) determine the slick speed, S, {from eq'n. [5] - table 1).
E : e If S,< O, then branch to case [
- ' (b) determine the oil volume, that wil be trapped in the
under-ice cavities. See figure 2 for approach.
(© if S_ < S,y lie. V/o, > 0):

4, = Lot
Vo

3

2

P
Bz

where: V', = unit under-ice storage volume {(m°/m?
determined in (b) above.

{d) IfS,> S, (ie. V', <0), which indicates that the under-
ice cavities will be flushed out:
same as for case E - see table 3

S,, < S K: same as for case i
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Table 4 Cont'd.

N:

Current, no gas, continuous spill

Current, gas, finite spill

Current, gas, continuous spill

Sw:vSm}Q

{a)

S, is checked and V', is calculated as described above
for case M.

1€ S, < Sy, the width of the slick is determined using
the same procedure as for case F (table 3). "The slick
is then assumed to be in the form of an oval. the
upstream end of which is centred on the release point,
and the downstream edge of which advances
continuously at an effective speed, S, (m/hr):

S, =5, 8eq / (3 + Vi)

where: S, = speed of body of slick, m/hr

"When the spill ceases, the downstream edge

continues to advance at the same effective speed until

ail the oil in the equilibrium thickness layer is

trapped. The final length is given by™

L* = Ls (3, (5 + VIV

where: L,= length of slick with no

equilibrium layer (which

is the final length}

L, = length of slick with equilibrim layer
(which is the length at the instant the
spill ceases)

Wotherspoon et al. 1985, state that "these calculations assume a
rectangular shape, and the results must be modified for the
oval shape actually used in the model output.”

{b)

If S.,> Sy calculations are done as for case M, but 5,
is equal to S.. "If the spill ceases, the length remains
fixd, but the entire slick moves bodily downstream at
5,

5, < Sy, K:  same as for case |

S, <5, K same as for case K

S, >S5, K same as for case M, except that the spill
area is increased in the same manner as
for case K

Similar to case N, except that the spill area is increased as for
case L and “if the current is sufficient to cause the oil to move,
the width of the advancing front will be greater in proportion’
to the increase in area caused by the gas”.

4-116




ey

i I

71

¥ e
bk

~ Comfort, G. 1987. Analytical Modelling of Oil and Gas Spreading Under Ice. Arctec

Canada Ltd. for the Environmental Studies Research Fund, ESRF Report No.

".'An analytical model was developed to predict the area of contamination resulting

from dzscharges of oil and gas under a static, continuous ice sheet, at locations where

- under-ice currents are neghgrble The model was run for a number of cases. The

modellmg aporoaches and the results obtained were compared to those used in

-~ another rnodel that was prev1ously developed by Wotherspoon et al., 1985.

| Editor's note:  As the Wotherspoon et al, 1985 model has been reviewed

separately, this summary W111 be lrmlted to a descnpnon of the

Comfort 1987 model

B 'R'e's'ults

Modelhng of Under—lce Spreadﬂlg

- A volumetric analy51s is performed The under-ice storage capacrty is predicted
based on the ice thrckness, the ice thickness standard devranon, and the depth to

_which the under -ice cavities are frlled w1th 011 and gas. Based on review of the

ava1lable fleld data, the followmg expressnon was developed and used to predlct the

o under-lce storage volume, S (m3/m2) for Arctic locatlons where the ice thickness is

grea ter than 0.5 m:

03h h
( )” [ ]
where: r = mean ice th1ckness R
hy = ice thrckness standard devratron (expressed as a percentage of the

mean ice thrckness)
.F» = Fill depthratio (whichis defined as the oil pool depth /maximum

ice th1cl\ness variation)
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Editor's note:  The above equation is not listed directly in Comfort, 1987. It was
produced by the editors based on the approach used in Comfort,
1987 to ’)predict the under-ice storage volume. The model assumes
that the under-ice depressions are filled systematically, starting with
the ones nearest to the oil and gas plume. The under-ice depressions

are initially filled to the level of the mean ice thickness.

Based on observations of field spills, an ice lip is assumed to form around the oil and
gas at a faster rate than the unoiled ice growth rate. This effectively increases the
under-ice storage capacity as oil and gas must pc;ol to greater depth in the under-ice
cavities before further lateral spreading is possible. Based on laboratory test results,

the ice lip is assumed to grow at twice the unoiled ice growth rate.

The volume of'gas and oil discharged is an input to the model. Checks are made by
the mode] to determine whether or not failure of the ice, and hence, venting of the
gas, will occur using the analyses of Topham, 1977. If venting occurs, the volume of
gas is reduced. Comfort, 1987, assumed that only 80% of the gas would be vented
when ice rupture occurs as the cracks produced in the ice sheet might not intersect

all of the under-ice pockets where gas was stored.
Gas is assumed to dissipate through the ice during the spring melt period at a rate
of 1.5 X 10 m®/m? per day (which is based on laboratory measurements of gas

dissipation rates made by Purves, 1978). Gas dissipation is commenced when ice

thickness exceeds a user-input value.
The model was run for a number of cases.

The predicted area of contamination is sensitive to the under-ice storage capacity, the

presence or absence of gas, and whether or not venting occurs.
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.. In closing, the author notes that "the results of this study are limited by gaps in our’

understandmg in a number of important factors.” These uncertainties include the

‘urider-ice storage capacity, the effect of currents on large oil pool depths, the effects

of a continuous Sle on the formation of a confmmg ice lip, and gas venting due to

"rupture of the ice sheet.
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Venkatesh, 5., El-Tahan, H.,, Comfort, G., and Abdelnour, R. 1990a. Modelling the
Behaviour of Oil Spills in Ice-Infested Waters, Atmosphere-Ocean 28 (3),

pp 303-325.

This study is also reported in Venkatesh, El-Tahan, Comfort, Abdelnour, 1990b; and
Fl-Tahan, Comfort and Abdelnour, 1988.

The objective of the work was to develop methodologies for computing the drift and
spread of oil spills in broken ice. The model is limited to oil-only spills and it does

not include oil property changes during the spill (e.g., weathering).

Results

Oil Drift in an Ice Field

The available data were reviewed in an effort to assess the conditions under which

relative oil motion wiil and will not occur in an ice field. Venkatesh et al., 1990a,

note that the information base is scant, and use the following approach:

... oil and ice will move together in ice concentrations greater than about
30%. For ice concentrations less than 30%, the oil will behave in a manner
similar to a spill on open water. Since the present study is mainly concerned
with medium and high ice concentrations, it is assumed that under steady-
state conditions, the oil and ice will move together...

The motion of spills 1 and 2 (of the tests conducted by S.L. Ross and DF Dickins,
1987) was simulated using both kinematic and dynamic modelling. Both models
provide a réasonable prediction of the observed drift (Figure 3). However, the
dynamic model produced a slightly better fit. The authors caution that the duration
of the available field data is only 5 hours and recommend that additional field data

with a longer duration be acquired to provide a better verification.
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Figure 3: Comparison of model-simulated oil drift (over 5 h) with observations
e _ from the S.L. Ross and DF Dickins (1987) study. D.M. refers to the
Dynamic Model of El-Tahan and Warbanski (1987) and K.M. refers to
the Kinematic Model used by S.L. Ross and DF Dickins (1987). The

. circles represent measurement errors in the observed final locations.

oil .Spﬂ reading in Broken ice

4 " Present methodologies for predicting the spread of oil on cold water and in particle

ice were reviewed. Venkatesh et al,, 1990a, note that there is considerable scatter
- between the predicted values and the available field and laboratory observations.
Based on most of the field and laboratory test data, the following empirical

‘expressions were developed:
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Oil spreading on cold water: T,=n/125 {5]

Qil spreading in particle ice: T, =0.0316 1 {7]

where: T,, T, equilibrium thickness (mm) of oil on cold water and in

particle ice, respectively

oil viscosity (MPa s)

™
I

The area of contamination, A, was computed as follows for low, medium and high

ice concentrations:

'Low ice concentrations (C< 30%)

(8]
A = V/IT(1-O)]

where: V. = volume of oil spilled

Medium ice conceniratioins (30% < C < 80%). The volume of oil trapped under the

ice, V,;, is determined as follows:

V, = AT, C | [9]

u

horizontal area of an average floe

where: Ag
T

ui

the under-ice storage volume per unit area which was

defined as 0.021 X (ice thickness)

The volume of oil trapped by slush or brash ice, V,, was determined as

follows:
V. = T, A, [11]

s 5

where: A, = area covered by slush or brash ice
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| .. The remainin'g'oil, V., is then available for 's'pread'ing and thus is computed as

follows: : [12]

Vo= V- (Vi + V) where: V, = total volume of oil spilled

i |

Th'é area of contamination is then computed by substituting V, into equation

E

: High ice concentrations (C >80%). The model computes the oil-volume stored under

| the ice (using equation [9]) and between the floes, Vy, within an area, A, using the

following expression:
Y, =0-OAh,
where:  h, = theoil thickness filling the closed gaps (see below)

o = (P70}

A) OLL DENSITY, 7, ., 1S HISHER THAN ICE DENSITY, By

. . Lo .
. [ YY) ] (cg’-——— ) P is weter gensity
i it (N Py A

n

ha

%) DIL DINSITY.S, , LOWER THAN ICE DENSITY, #1'

R o | ) 4123



The model's results were compared with field observations made by S.L. Ross and
DF Dickins, 1987 during an experimental spill in pack ice that was conducted. The
model predicts an area of contamination of 42 m’, in comparison to measured values
of 36 m? and 35 m? at sites 1 and 2. The authors consider this comparison to be a
"fairly good but limited validation” of the model. They caution that "additional data

sets are required for a more complete and accurate evaluation of the model.”

Some sensitivity studies were done. The model's results are sensitive to several
~ factors including the ice concentration (Figure 9), the floe size (Figure 10), and the

presence of slush (Figure 11).

e

|

.

E350
3 a
E- o= C - 03070080 /b//
E = - 08 TOO9Y
E u C - 9T0L00
G . ,
(Y] &5 -l & 4 . o8 T LY ) [ 1] t
ICE CONCENTRATION
Figure 9 Oil-contaminated Area as a Function of Ice Concentration for a

1000-m’ Spill and 10-m Average Floe Size
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i | Figure. 11 Effect of the Presence of Slush Ice on an Oil-contaminated Area for
a 1000-m® Spill and a 10-m Average Floe Size.
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4.6 Discussion: Key Processes and Modelling

The research described in Section 4.1 has provided an understanding of the processes
that will probably occur when large volumes of oil, and oil and gas mixtures, are
discharged under a static, continuous sheet of sea ice. This section provides a
discussion of the key processes and a review of the modelling approaches that have

been used to date. This section has been organized into subsections based on the

following main processes:
(1) Under-ice spreading of the oil and gas;
(2) Encapsulation of the oil and gas in the ice;
(3) Migration and release of the oil and gas.

161  Under-Ice Spreading

16.1.1 Configuration of the Qil and Cas

Extensive research, consisting of a combination of analytical studies, laboratory tests,
and field spills, has been conducted to develop an understanding of the spread of oil,
and gas if present, under an ice sheet. Laboratory tests have aided in understanding
the processes involved and have produced data to define key spreading parameters
{e.g., contact angle, interfacial tensioh). Field spills have provided information at
large scale which has helped to develop an overall understanding of the expected

spreading behaviour.

Qil Spilled Under an Ice Sheet

The basic case of oil spreading under a smooth ice surface in calm water has been
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) mvestlcrated by several researchers. Numerical models have been developed by

~ Hoult, 1975, Chen et al, 1976 and Yapa and Chowdhury, 1990, to analyze this case.

Of these, the Yapa and Chowdhury, 1990, model is the most general one in that it

can handle spills in which either a constant discharge rate is maintained or a fixed

' olume is spilled.

" However, the under-surface of an ice sheet is rarely smooth and field spills have

“shown that the final under-ice configuration of the spilled oil is dominated by the

under-ice topography. During the largest field spills conducted to date (at Balaena
Bay, N.W.T.), NORCOR, 1975, observed that the oil flowed along under-ice froughs
in rivulets to the mearest dome under the ice where it pooled. Little oil was

entrapped in the skeletal layer and in the immediate vicinity of the plane. The oil

| appeared to etch a channel in the skeletal layer and repeatedly followed the same

course. Most of the oil was dep051ted in relatively thick pools (i.e., in excess of 2 cm)

and few sessﬂe drops were present ‘The oil appeared to fill the under-ice

~ depressions systematically. Therefore, the under-ice topography is a very important

factor. The available information to describé and model this is discussed in the next

section.

General spreadmg models have been developed by NORCOR, 1977; Wotherspoon et
al., 1985; Comfort, 1987; and Venkatesh et al., 1990, to analyze the fate and behaviour
of oil spilled under an ice sheet. For each of these models, the area of contamination

is computed using a volumetric analysis, based on the volume of oil discharged and

. the available under-ice storage volume. Although none of these models have been

verified with field data (as the required field data are not available), this is

) consxdered to be a rehable approach for predlctmg the spread of large spllls under

an ice sheet

A Combined Oil and Gas Spill Under an Ice Sheet

Laboratory tests have been conducted to investigate the resulting configuration when
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oil and gas are released together under an ice sheet. The observed configurations

include an oil-coated gas bubble, gas bubbles with oil on their sides and bottom, and

separate sessile drops of oil and gas.

When oil and gas were released under the ice in the field (at McKinley Bay, N.W.T.},

the following configurations were observed (Dickins and Buist, 1981):

(1) oil droplets;
(2) gas bubbles with a coating of oil; and
(3) large pools of il underneath gas pockets.

| Dickins and Buist, 1981, observed that most of the oil was distributed as oil droplets
and gas bubbles (i.e., configurations 1 and 2) for the case when the oil was released
under relatively thin ice (which was relatively flat). For spills carried out later on
during the winter when the ice was relatively thick and rough, most of the oil and
gas were contained in the under-ice pockets (ie., configuration 3). These
observations show the importance of the under-ice topography on the spread and

configuration of the oil and gas.

Three general spreading models have been developed to date to predict the fate and
" behaviour of oil and gas released beneath an ice sheet (by NORCOR, 1977,
Wotherspoon et al, 1985; and Comfort, 1987). The NORCOR, 1977, and Comfort,
1987, models assume that the oil and gas will fill the under-ice depressions uniformly
with pockets of gas underlain by an oil film. The area of contamination is computed
based on the volume of the spilled oil and gas, and the available under-ice storage

volume.

The Wotherspoon et al., 1985, model predicts the area of a combined oil and gas spill
bv multiplving the area of an oil-only spill (with the same oil volume) by a constant

spread factor. The default values for the spread factors in the Wotherspoon et al.,
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1985, model were developed based on the field observatlons made by chkms and

Buzst 1981 at the McKinley Bay spxll

The volumetric a.p.proach adopted by NORCOR, '1.97‘7, ahd .C'orlnf.ort, .1"987,. is

- considered to be preferable as it is more general and physically-based Comfort,

1987, found that this approach produced results which were in general agreement

| "w1th the McKinlev Bay data (on which the spread factors of the Wotherspoon et al.

model are based).

4.6.1.2 Under-Ice Morphology and Storage Volume

It is well known that 1ce thlckness varlatxons occur in a continuous sheet of

undeformed sea ice. " The morphology and size of the under-ice relief has an -
- 1mportant effect on the spread of oil and gas as it will accumulate in the under-ice
N depressmns For cases where the under-ice currents are insufficient to strip oil from

- the under-ice cavmes, the area of contamination will be governed by the volume of

the released oil and gas and the available under-ice storage volume.

Under-ice roughnesses have been observed on a number of scales. Small scale

.roughnesses in the skeletal layer of the growing ice sheet occur with a depth of up

to a few centimetres and up to a wavelength of 5 to 10 centimetres. The only
available data to define the storage volume in these roughnesses were obtained by

Goodman et al. {1987a, 1987b) for a thick sheet of first year ice in the Beaufort Sea.

- They measured an average storage volume of 0.012 m*/m? for the case where these

voids are completely filled.

‘There is some uncertainty regarding the role of these skeletal layer voids during a

' '-'spill Durmg under-ice oil spills that were conducted at Balaena Bay, N.W.T,,

NORCOR, 1975, observed that the skeletal layer was eroded by the oil which tended

to flow in rwuiet_s that cut a path and meandered through the skeletal layer
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roughnesses. Little oil was trapped in these voids during the spreading of the oil.

NORCOR, 1975, observed that the majority of the oil was contained in larger scale
under-ice depressions that occur as a result of variations in snow cover. Other
investigators (e.g., Dickins et al, 1981) have also observed that the under-ice
configuration of the spilled oil and gas was effectively controlied by large scale
under-ice cavities in the sheet. The morphology and magnitude of these larger-scale

under-ice roughnesses has been studied by several investigators, as summarized in

Table 4.2.

Table 4.2 Summary of Computed Storage Volumes for First Year Sea Ice

REFERENCE |  COMPUTED STORAGE VOLUME
(m®/m?)
Kovacs, 1977 027
Barmes, 1979a; 1979b .025 to .047
Kovacs et al, 1981 - 010 to .061
Comfort, 1986 | : .023

Each of the above references has been reviewed in Section 4.1. It should be noted
that Barnes et al., 1979a; 1979b; determined the storage volume by assuming that
cavities with drafts less than the mean draft were filled while the other investigators
based their estimates on under-ice pockets that were above the level of the mean ice

thickness. Therefore, lower storage volumes are to be expected from the work of
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*"Barnes ét al., 1979a; 1979b. |

s

The under-lce storage volume depends on a number of factors, including the mean

ice thlckness the ice thlckness vanatlon and the depth to whlch the under—1ce pools
are fﬂled o . : o e

The under-ice storage capacity may also be affected by the encapsulation process as

an ice lip has been observed to form rapldly around the edges of the oil and gas lens.

' Depending upon ‘the relative rates of ice formation and oil and gas discharge, this ice

lip may increase the available storage as the under-ice pools must ill to greater depth

o |

ot
B il

~ before further lateral spreading is possible Unfortunately, there is little information

available to assess this p0551b111ty quanntatwely All of the exper1mental field spills

i I

* coriducted to date have been of relahvely short duration (i.e., less than one hour)
_ wh‘rch‘ m_ake_s it d:lfflcult to extr_apolate to the case of a continuous spill.
s Fora combmed oil and gas splll under relaﬁvely thick ice (i.e., suff1c1ently thick that
&"" ‘failure of the ice sheet does not occur) the under-ice storage may be increased by
E': uplift of the sheet.

Table 4.3 summanzes the approaches that have been used to date to predict the

}

i .
storage volume. The predrctors of NORCOR 1977 and Comfort, 1987, are emp1r1cal
Sa. "and are intended to predict the storage volume resulting from the larger scale under-
ice roughnesses (discussed previously). Wotherspoon et al's (1985) approach is
& applicable to under-ice roughnesses on a range of scales.
gj The Comfort 1987 predxctor is consldered to have the most general applicability as
it allows the user to predlct the storage volume as a function of time during a
| E ... continuous spill for a range of i 1ce eonolrrons.
SE _ However, there are uncertainties associated with using each of the predictors. The
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Table 4.3 Modelling Approaches Used to Predict Under-Ice Storage Volume

Re'ference

Modelling Approach
and Assumptions

Predictors

NORCOR, 1977

Wotherspoon et al, 1985

Comfort, 1987

Estimated by assuming that the
under-ice depressions are filled
completely and that:

{(a) the under-ice surface is
sinusoidal and;

(b) the average oil-gas film
thickness is 10% of the mean
ice thickness, and;

() the mean ice thickness
increases at a rate of 1
cm/day, and;

(d) multi-year ice has an initial
thickness of 3 m.

Determined based on the
shape and size of the under-ice
roughness profile, which are
input by the user.

Determined based on the mean
ice thickness, the ice thickness
standard deviation, and the
depth to which the under-ice
pools are filled. The model
assumes that the under-ice
depressions are filled initially
to the level of the mean ice
thickness.

An ice lip is assumed to form
around the oil and gas lens (at
twice the growth rate of the
unoiled ice) which causes the
storage volume to increase as
the under-ice pools are filled to
greater depth.

Developed
Multi-year ice: h
C,, = (300 + n) 10°m
First y.ear ice:
C,=n10°m
where:
C, C,, = saturated oil and gas
film thicknesses for first

year and multi-year ice,
respectively

n = number of days after
freezeup

* Volumetric analysis of
under-ice roughness profile.

| » Under-ice roughnesses

assumed to be filled

completely.
v =( F, ]"’ 0.31:,,1:!]
& \0.5 100
where:

V, = storage volume (m’/m?’)
h, = mean ice thickness (m}
h,, = ice thickness std dev.
(expressed as a ‘
percentage of the ice
thickness)
Fp = fill depth ratio
= gil pool depth

ice thickness variation

4-132



™

1

" NORCOR, 1977, prov1des an estimate of the maximum available storage volume as

ki
b

it assumes that the under-lce depress1ons are fully-filled. This may overestimate the
" available storage volume. The Wotherspoon et al., 1985, model relies on a knowledge

of the under-ice profile, which may be difficult to define accurately. It also assumes

that the under-ice depresswns are filled completely. The Comfort, 1987, model has

a number of assumptlons (e g that the under-ice pools are mmally filled to the level

" of the mean ice thickness and ‘that the under-ice “pools fill to greater depth

| ﬁ : _ subsequently due to the formation of an ice lip around the oil and gas lens) which
b ' should be verified before 1t is used as a general predictor. '

4613 Interaction of Gas with the Ice Sheet: Gas Venting

M
e = The spread area of a combined oil and gas spill will be greatly affected by whether
‘3 EE . ornot the gas is vented through the ice sheet Gas ventmg can occur by a number
of mechanisms which include: |
H:
(a) rupture of the ice sheet due to the buoj"ancy.' forces |

exerted by the trapped gas bubble;

" (®) release of the trapped gas to the ice surface through brine

-

ki channels in the ice and through other flaws that may be

b e _ o _ .
present in the ice sheet. For this discussion, this process

5 has been termed dissipation.

I Rupture of the Ice Sheet

Many 1nvest1gators have suggested that the ice sheet may rupture when a large gas

‘bubble is trapped beneath it.

o S Dickins and Bl.llSt 1981, conducted the only expenmental field spill to date in which

oil and gas (compressed air was used in their study) were released together under

a contmuous sheet of first year sea ice. ‘These tests were carried out at McKinley Bay,
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N.W.T. The ice sheet did not rupture for the tests conducted in late April and early
May (when the ice was about 1.8 m thick). Tests were also conducted in mid-
December, when the ice was about 0.6 m thick; however, for these tests, the ice sheet

was drilled to allow the gas to escape.

The only available numerical model to analyze the deflection and failure of an ice
sheet due to a trapped gas bubble was developed by Topham, 1977. His analysis
treats the ice sheet as an infinite, elastic, thin plate. Based on a review of the
Topham, 1977, model and its results, and the field experience gained at McKinley
Bay, N.W.T., Dickins and Buist, 1981 predicted that ice sheets. thinner than ébout 1

metre would probably rupture.

A number of modelling approaches have been used to date to include the effect of

ice sheet rupture on the spread of oil and gas under a continuous ice sheet, as

summarized in Table 4.4.

The most realistic approach is considered to be that used in the Comfort, 1987,
model. In this model, ice rupture is treated as a separate event which then affects
the area covered by the oil and gas. However, this model relies on Topham's
analyses to predict failure of the ice sheet. This may be questioned as the Topham
model assumes that the rheological behaviour of the ice sheet is linear-elastic,
whereas creep deflections of the ice are known to be significant for long term
loadings. NORCOR's (1977) model is arbitrary, although it is a simple and useful
approach for investigating extreme cases and for conducting sensitivity analyses. The
Wotherspoon et al., 1985, model is empirical. As it is based on a single field spill
program in which the individual discharges were of short duration {i.e., about 30

minutes), its applicability to spills of long duration may be questionable.

In summary, there are uncertainties associated with each of the above approaches

and further work is required to develop a proven, reliable model.
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‘Table 4.4  Summary of Modelling Approaches Used to Date to Include the Effect
‘of Ice Sheet Rupture on the Spread of Oil and Gas Beneath an Ice
Sheet

PR

=0

REFERENCE MODELLING APPROACH

rm

NORCOR, 1977 NORCOR, 1977 assumed that all of the gas would be
vented for first year ice while all of the gas would
remain trapped under multi-year ice.

=1

The area of a combined oil and gas spill, A, , . is
Wotherspoon et al., 1985 determined as follows:

A

A!w,”‘lzFWOA:&1

where: A, = area predicted to be covered by only

b the oil volume released during the gas/oil spiil.

- F,. = a spread factor that is intended to account for

By the increased area of a combined gas and oil spil,

b based on observations made at the McKinley Bay

. spill by Dickins and Buist, 1981. The Wotherspoon

ﬁ et al, 1985, model has default values of 6.3 and 7.0

for F,, for gas-to-oil ratios of 150:1 and 200:1,
respectively.

E S . The Wotherspoon et al, 1985, model predicts that the

. ’ ' area of a continuous gas and oil spill will increase
linearly with time over the duration of the spill.

Eﬁ! o This model uses Topham's, 1977, analysis to check

bl . whether or not rupture of the sheet will occur.

E’ Comfort, 1987 For a continuous spill, the trapped gas bubble

&j ' increases in size depending on the volume and the

rate of discharge of the oil and gas, and the lateral
spreading that occurs, which is dependent upon the
under-ice stroage capacity. If Topham's, 1977, failure
criteria for rupture of the ice sheet are exceeded,
then the gas is assumed to vent. Comfort, 1987,
assumed that only 80% of the gas would vent to

g—% account for gas volumes that could be located far

56 away from the cracks produced in the ice sheet and
which might not be released.

With this approach, the spill size is predicted to

i

increase with time until venting occurs. The area of

the spill is then greatly reduced.

[z
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(Gas Dissipation

Gas trapped in an ice sheet, and pooled under it, may rise to the surface through
brine channels in the sheet and other flaws (e.g., cracks). Laboratory tests have been
conducted by Purves, 1978, and Kisil, 1981, which provide information regarding this
process. During both test programs, it was found that the gas remained trapped in
and under the ice until the sheet had become relatively warm. Gas migration
commenced when the minimum ice temperature reached -3.6° C, and -2.2° C to -6.0°
C, in Purves's and Kisil's tests, respectively. The gas was released in advance of the

oil during both test programs.

These results are supported qualitatively by observations made at McKinley Bay,
N.W.T., by Dickins and Buist, 1981. They observed that the gas remained trapped

in the ice until early spring when it was released in advance of the oil.

The only under-ice spreading model that is known to include gas dissipation is that
of Comfort, 1987. This model assumes that gas will vent during spring conditions
at 1.5 x 10* m?®/m?/day, which is the rate observed by Purves, 1978, during his

laboratory tests. This model allows gas dissipation to commence once the ice

thickness exceeds 1.75 m.

It is of interest to compare the above gas dissipation rate with the gas volume that
might be expected for a blowout. Assuming an oil discharge rate of 1900 m®/day
and a gas-to-oil ratio of 150:1, a gas volume of 285,000 m® would be released under
~ the ice in one day. In order to dissipate this volume in one day at the above rate, the

gas. must be spreéd over an area with a diameter of about 50 km, which is believed

to be a large area in the context of a blowout. This exploratory calculation indicates
 that gas dissipation is unlikely to affect the under-ice spread of oil and gas

significantly.
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4.6.1.4 Under-Ice Spreading: Transport by Currents

The spread of oil and gas beneath an ice sheet may be affected significantly by the

presence of under-ice currents.

Relatively little information is available for assessing current-driven oil transport

- under an ice éheet. Most of it is based on tests conducted in laboratory flumes where

the oil spread mainly in one direction only.

One experimental spill was conducted in the field (near Cape Parry, N.W.’f.) where

" currents up to about 10 cm/sec were present (by NORCOR, 1975). This current was

found to produce a d1rect10na1 bias in the under-ice area covered by the cil, but it

" “was insufficient to smp oil from the under-ice depressions after the oil had ceased

to spread.

The current-driven transport of oil under srnooth ice has been mvestlgated by Uzuner
et al 1979, and by Puskas et al, 1987. The transport of the slick was found to
depend greatly on whether it was aligned with the direction of the current, or
fransverse to it. Models were produced by each of these mvestrgators for these two

cases; however, the developed models are mcapable of determining the direction of

the slick, which presents difficulties for general application.

‘However, the transport of oil slicks beneath a rough ice surface is considered to be

~* a more practical case for sea ice sheets. Tests have been conducted in the laboratory

by Cammaert, 1980, and Cox et al., 1980, which provide information for this case.

e These tests 1nd1cate that currents m excess of about 15 to 25 cm/ sec are requlred to

smp oil from the under-ice depressmns, which would affect the spread areaof a spxll

. For smaller currents, the location of the oil deposited under the ice is likely to be

affected by the presence of currents, as the oil will be transported "downstream" of
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the release point until it ceases to spread. However, this is unlikely to increase the

total area of contamination.

The only available numerical model for current-driven oil transport under a rough
ice surface was developed by Cox et al., 1980. Only one general spreading model has
been developed which includes the effect of under-ice currents (i.e., the Wotherspoon
ot al. 1985 model). Cox et al.'s (1980) predictors and approach were implemented by

Wotherspoon et al. in their model.

The Cox et al., 1980, has not been verified independently with field or other
laboratory data (as these data are not available). Therefore, its reliability cannot be
assessed at present. However, as the model is relatively comprehensive, and as it is
the only available predictor, it is recommended for use during future modelling

studies with the proviso that these results be interpreted carefully.

4.6.1.5 Under-Ice Spreading: Effect of Ice Movement

‘The area of contamination for oil, and combined oil and gas, spills under an ice sheet

may be increased should ice movements occur during the spill.

The only model available to analyze this scenario was developed by NORCOR, 1977.
The area of contamination and the resulting oil film thickness are predicted using a
volumetric analysis taking into account the oil and gas discharge rate, whether or not

the gas is vented, the available under-ice storage volume, and the ice movement rate.

Although this model has not been verified with field data (as these data are not
available), this approach is expected to provide reliable results provided that realistic

parameter values are used.
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Cien Encapsulatxon

For casés where the oil, and gas if present, are discharged inder the ice while the

_ _‘sheet is still growmg, the oil and gas will be encapsulated in the ice by subsequent
crrowth beneath it. This has been observed to occur during all of the field and

: 1aboratory tests conducted to date.

- The first step in the encapsula‘aon process is the formation of an ice lip around the
“oil and gas Subsequently, the ofl and gas ‘becomes fully-encapsulated either by
'lateral ice growth from the sides of the lens, and/or by vertical heat flow, depending

on the oeometry and size of the lens and the temperature gradients.

Encapsulation is an important process as it effectively immobilizes the oil and gas,

_ thereby preventing further spreadmg There are two aspects of this process that need

to be consuiered ina model of oil-ice mteractlon

(1) the time required for the ice hp to form and for the oil
LT and gas ‘to become encapsulated -
2 the effect of the encapsulated oil and gas on subsequent

e growth

" The time required for the formation of an ice lip and for encapsulation has not been

analvzed numerlcally An ernpmcal approach is recommended for present modelling

""studles, as this is a s1mp1e approach and a relatlvely large information base is

available.

With respect to the effect of the encapsulated oil and gas on subsequent ice growth,

o 'several 1nvest1gators e. g ' NORCOR, 1975; Chen, Keevil and Ramseier, 1976; Kisil,

1981) have considered this problem Heat ﬂow across the oil tens has been assumed

‘0 occur either by conduction oniv or bv'a combination of conduction and
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convection. As the thermal conductivity of oil and gas is 'significantly less than that
of ice (bv a factor of more than 10), these models typically predict that ice growth
will be reduced by the presence of an oil lens. In extreme cases (i.e., thick oil lenses),
convective heat transfer across the oil layer could result in increased ice growth
(NORCOR, 1975). However, for tvpical cases, these analyses suggest that conduction
will be the dominant heat transfer mechanism, and thus, the models predict that

subsequent ice growth will be retarded.

Reasonable agreement has been obtained in the laboratory between the measured and
the predicted values (by assuming that heat transfer occurs either by conduction only,
or bv a combination of conduction and convection). However, field conditions are
more complex (e.g., due to the presence of snow cover variations) and thu-s, care

should be taken in applying these models to field cases.

_ The most extensive work on this subject was conducted by NORCOR, 1975, using
data collected during a large field spiil at Balaena Bay, N.W.T. Their analyses
showed that the overall effect of the encapsulated oil was small in comparison to
natural variations in ice thickness which occur (as a result of snow cover variations).
This result is corroborated by data collected during large field spills of cil and gas
under sea ice at McKinley Bay, N.-W.T., (conducted by Dickins and Buist, 1§81) in
which the presence of the oil and gas was not observed to effect the maximum ice

thickness.
Therefore, care stiould be taken in applying these numerical models to the problem

of ice growth beneath the oil lens. An empirical approach is recommended as it is

relativelv simple and as a relatively large database of field experience is available.
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R R/ ertical M{g'ra'ti'on' and Release of the Oil and Gas

4631 Fir's.t Year Sea Ice

The available field and laboratory test data show that oil, and gas if present, which

is trapped in the ice will be released in the spring as the sheet deteriorates. This is
an 1mportant aspect of oil-in- ice behaviour as it results in a situation where the oil

is present on the ice surface, allowing oil cleanup operations to be carried out.

~The release of the oil and gas results from the combination of two general processes:

(1) wvertical rxse of the 011 through the brine channels in the
ice (whxch is hereafter referred to as vertical rmgranon)

(2) ablat1on of the ice surface down to the oil lens in the ice.

L Laboratory test results (i.e., Purves, 1978, Kisil, 1981) and field observations (Dickins

and Buist, 1981) show that, for a combined oil and gas spill, the gas will be released
in advance of the oil. See Section 4.6. 1.3 for a discussion of gas dlSSlpathI‘l The oil

in the ice sheet will be released subsequently, which is discussed in this section.

Both vertical migretion and surface ablation have been observed to occur i'n the field
'(NORCOR, 1975; D1ck1ns and Buist, 1981). In practice, the two processes are

mterrelated to some degree Ice with a trapped oil layer tends to absorb more solar

rad1ation than un011ed 1ce whxch enhances surface ablation. "“THis also serves to

increase oil transport by vertical rmgrahon as it warms the ice sheet and it reduces

the travel dzstance necessary for the oil to reach the ice surface.

" Dickins and Buist, 1981, provide an assessment of the relative cil volumes that were

 released by the two processes during field spills at Balaena Bay, N.W.T. (conducted

by -\ORCOR 1973) and at \/IcKmlev Bav N.W.T. (conducted bv Dickins and Buist,
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1981). The relative amounts depend on several factors including the deptn of the oil

lens in the ice and the configuration of the oil in the ice (i.e., discrete droplets vs.

pools of cil).

No theoretical models have been developed to describe oil release by surface ablation
while two theoretical models are available in the literature for oil transport and
release by vertical migration. Cox et al., 1980, developed a model by baiancing the
bquancy and the interfacial tension forces acting on the oil slick. Kisil, 1981, utilized
an alternative approach by considering that the oil migration rate was controlled by

the rate of melting of the ice above the oil.

Neither model has been conclusively verified although the results produced by each
have been compared to laboratory test data. Kisil, 1981, conducted laboratory tests
which she compared with to model's predictions while the model results of Cox et
al. (1980) were compared by Pa{yne et al., 1984, to their laboratory test results. In
each case, the models were in reasonable agreement with the test data. However,
further work is required to develop a general theoretical model capable of describing

the vertical migration process.

An empirical approach was utilized by NORCOR, 1977, based on the Balaena Bay
field data to predict the large scale fate and behaviour of oil released under a

continuous ice cover.

As proven models are not availabie to describe the ablation and vertical migration
processes, and their interaction, an empirical approach is considered to be the most

reliable modelling method at present.
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1632 Multi-Year Sea Ice

il © " The release of oil and gas trapped in multi-year ice may occur more siowly than for

first year ice as for the following reasons:

£ o (1) the brine channels in multi-year ice are likely to be
dlscontmuous, which will reduce ol transport by vertical

- migration.

(2) multi-year ice is thicker than first year ice which will

reduce the amount of oil released by surface ablation.

~ Onlya small amount of information is available to assess this case. Three small-scale
field spills of oil under multi-year ice were conducted at Griper Bay, NW.T,,
 (Comfort et al., 1983) which showed that some oil (i.e,, up to 10% of the volume

il s
[

spilled), remained in the ice after two melt seasons. Thus, these tests indicate that

-~ oili is likely to pers1st longer in multi-year ice than first year ice (for whlch all of the

oil has been observed to surface durmg one melt season).

No theoretlcally—based numencal models are avallable to descnbe 011 release for
. multi- -year ice; however, an empirical predictor was developed by Comfort et al.,

1983 based on observations made over a five-year period at the Griper Bay spills.

" This prov1des an approach for esnmatmg the long term perSIStence of oil spilled
under mul’n -year 1ce However, as the avaﬂable information is based on small-scale

..SleS, this approach should be apphed with care.

i I 4 [
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H 50 OILIN LEADS AND BROKEN ICE

- This section prdVides a summary of the key literature that relates to the behavior and

 fate of oil in leads and broken ice covers. The reviewed papers are divided into four

subtopics: '

spills of opportunity in broken ice
oil behavior in developing ice covers

oil behavior in broken ice (spreading and containment)

oil behavior during lead closure to examine the phenomenon of “lead

pumping”

: Within each subtopic, the papers are organized "by”dété, st"é'rfui'ri'g‘ with the earliest.
. The papers reviewed include analytical studies, laboratory tests, and field spills. A
discussion of the key findings and important process equations is included in Section

" 5.5 at the end of the literature reviews. |




5.1

Spills of Opportunity in Broken Ice - Literature Review

McLean, A.Y. 1972. The Behavior of Oil Spilled in a Cold Water Environment.

OTC Paper No. 1522. Fourth Annual Offshore Technology Conference,
Houston, Texas, May 1-3, 1972. '

The tanker Arrow, carrying a cargo of 16,000 tons of Bunker C oil, hit Cerberus Rock

at the entrance to Chedobucto Bav, Nova Scotia, on February 4, 1970.

Observations

McLean {1972) made the following observations:

At the time of the spill there were considerable quantities of shore fast ice
which increased and reached a maximum about March Ist.

Oil was seen to congregate in heavy pools against the ice front, and as the ice
grew, these pools became frapped in the ice. . .. :

One interesting feature was that ice grew on top of oil trapped in lagoons.
The oil did not mix with the ice and if the lagoon had been ice covered before
the oil entered, ice-oil-ice "sandwiches" were formed with layers of oil up to
six inches thick. Samples of this oil showed that extensive emulsification had
taken place, presumably before the oil entered the lagoon. The very viscosity
of the emulsified oil perhaps explains the lack of interaction of the oil with the

ice.

Many sections of the coastline had shore fast ice of floating ice sturries which
were held against the shore by wind. Oil was driven into this ice and the oil
contaminated ice, which subsequently became snow covered and the
oil-water-ice slurry presented insoluble clean up problems. . .. Much of the
crystalline ice found on the shore was brown due to the coating of the oil . .
. the oil content was low, about 1 - 3%.

The most significant change in oil properties observed during the Arrow
incident was the formation of extremely stable water-in-oil emulsions.
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T Ramseier, RO, G.A] Gontcheff, and L. Colby. 1973, 01150111 Deceptibﬁ ..Ba_v,

i3 |

~ Hudson Strait.

Canada Centre_ for Inland Waters Scientir’i: Series, No. 29,

B i

" Environment Canada, Ottawa, Ontario.

. Ramseier e al. (1973) described the oil spill as follows:

Approximately 427,000 galions of Arctic diesel oil and gasoline were spilled
. over permafrost and sea ice at Deception Bay, Quebec, sometime between June
“6 and 8, 1970, when a tank farm was destroyed by a slush avalanche.
Deception Bay is located at the northern tip of Ungava. ... At the time of the
spiil the entire bay was covered with a continuous ice sheet approximately 54
‘inches thick. A well-developed tidal crack svstem separated the sea-ice cover
from the shore-fast ice. The mean diurnal tide varies between 12 and 19 feet.
.The tidal currents average approximately 0.9 knots.

Observations -

The spilled oil flowed up and down the crack system, and into the shore-fast
"ice, depending on the tide and prevailing wind.

~ During tidal inflow most of the pools tended to move in a southeasterly
- direction, while during tidal outflow they moved in a northwesterly direction.
' The wind sweeping across the bay carried oil droplets over the ice surface
_spreading them at considerable distances, even as far as the other side of the
* bay. Small spherical potholes (less than one inch diameter) were created and
filled with oil and wide irregular water ponds were covered with a thin fiim

.. of cil.

The tides . . . made the surface and bottom of the shore-fast ice very irregular;
-and an ideal place for absorption and pooling of oil.
. most of the oil was stored in and under the shore-fast ice, i.e., the
.. -.. - intertidal region. Tunnels three to four feet high were discovered under the

w70 shore-fast ice. These contained large pools of oil and gasoline.

* Ramseier et al. (1973) noted that while an oil slick generaily follows the tidai currents

... ice booms are capable of partially or totaily curtailing the movement of oil.
..~ fand] . . . wind counter to the tidal current not onlv ¢can siow down the

—
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movement of the oil buf can effectively entrain it in its own direction.

They also stated that, although the water in the tidal crack system was not as

turbulent as open water, some emulsification of the oil did occur

.. . through friction of the oil against ice caused by the tidal motion and by
wind on top of the sea ice. This was evidenced by the discovery of a few oil
globules which had escaped to the open sea.

Qil Budget _
Ramseier et al. (1973) calculated the following oil budget on June 15, nine days after

the spill occurred:

1) Oil retrieved . .. 5,000 gallons
2) Oil visible in open pools along tidal crack network. . . . 30,000 gallons
3) Qil in soil and snow. . .. The soil contained 2% of oil by weight;

or approximately 45,000 gallons. The snow contained 5% of ¢il by
weight; approximately 34,000 gallons.

4) Qil observed in shore-fast ice. . .. On the average a two-inch thick oil
layer was found on top of the water. Assuming the drainage area of
this hole to be .one square foot in area and on the average three feet
deep, the total amount of oil trapped in the pores would be 42,000
gallons.

5) Oil in water . . . 30,000 gallons. Although a reasonable value for the
concentration of oil in the water can be obtained, the effect of
tidal flushing is difficult to assess. According to Kenney et al. (1969) in
a studv on the effect of tidal flushing in Cook Inlet, Alaska, the amount
of oil removed would amount to 3%, which is negligible. . ..

6) Loss of oil components by evaporation . . . the amount lost is estimated
at about 4% of the Arctic diesel and possibly all of the gasoline. Arctic
diesel: 13,000 gallons, gasoline 58,000 gallons.

7) Qil under shore-fast ice . . . 75,000 gatlons . . . .

From a total spill of 427,000 gallons, approximately 354,000 gallons can be
accounted for . . .. The 73,000 gallons which have not been accounted for
could easily be assumed to be included in 6) and 7). . . .



" Desiauriers, P.C. and S, \farfin. 1978, Behavior of the BOUCHARD #65 Oil Spill in.

B the fce- Covered Waters of Buzzards Bay Proceedmgs or the Tenth O{fshore
Technology Conference, Dallas, Texas, pp 267 276. o
Note: The chemical analyses and maps of the spill are contained in Deslauriers et

al., 1977.

.- The barge Bouchard #65 grounded in Buzzards Bay, Mass., on January 28, 1977,

carrying 3.2 million gallons of No. 2 home-heating oil. Ice cover in the bay was half

shorefast ice and half broken ice. The broken i ice comprlsed about 75% ice ﬂoes and

25% hummocks pressure rrdges ‘and rafted ice. The ice had an average thlckness

“of about 0.3 m and a low over -all salinity (surface sahmtv was nearly that of fresh

water and the interior sahmtv was about 4 ppt)

About 4, 000 gal of 011 sp111ed off Cleveland Ledge where the barge grounded
(an area of 2,800 sq m.). Oil also spilled along the broken ice track when the barge

was towed to Wrngs Neck. "This 011 was incorporated into hummocks and ridges

as the ice fleld closed Most of the oil (80%) was spilled at ngs Neck where some

oil was ofﬂoaded The strong tidal currents (0.5 m/s) controlled the oil spreading

e amongst the broken ice in this area. A fotal of 81,150 gal of No. 2 oil was spilled.

e

Observations

T TR e
o s e

Oil Transport Under Tce "~

Deslauriers and Martin (1978) observed that oil leakmg from the barge was 1nmally

"transported under the ice by the strong tidal currents.

Once under the ic'e','the currents 'tran'sported the oi} laterally to ridges, leads,
hummocks, and rafted ice. Because of the oil's density, it rose into the
openings in the ice where it was trapped and restrarned from spreading
further under the ice.

: KIJ‘I
)]



Current velocity was the most important factor controlling the oil spreading. Above
the threshold current velocity of 0.035 m/s (for No. 2 oil under smooth ice),
Deslauriers and Martin (1978) stated that the oil velocity (V, in m/s) depended on

the current velocity (V. in m/s) according to the following equation:
V, = 0.38V, - 0.0133, up to a current velocity of 0.3 ms™.

They concluded that most of the under ice transport occurred within the first two
days of the spill due to the strong currents (0.5 m/s), the static appearance of the

spill area after two days, and that ice cores from floes collected several days after the

spill were oil free.

Oil in Rafted Ice, Pressure Ridges, and Hummocks

Deslauriers and Martin (1978) found that

approximately 30 percent of the spilled oil was contained ir deep
pools on the ice surface with depths of about 0.12 m, which were formed

by rafted ice. . ..

Figure 3 shows how these pools likely form in the rafted ice. Oil pools formed by

the rafted ice were estimated to contain about 200 gal of oil; some very large pools

Fig, 3 - FLOW OF OIL IK RAFTED ICE A) OIL FLOWING UNDERNEATH THE
ICE COMES IN CONTACT WITH RAFTED [CE, B) CURRENT REVERSAL ENCOURAGES
OIL FILLING INTO RAFTED ICE POCKET C) REVERSAL OF CURRENT SWEEPS

UNSHELTERED QIL AWAY.
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" contained up o 2,000 gal of oil.

‘ Pressure r'.i'dges and hummocksmthe broken ice areas between Cleveland Ledge and

Wings Neck and at ngs Neck were also found to effectively contain the oil.
However oil that was mcorporated into rldges and hummocks was not as

concentrated as the pooled oil in the rafted ice.

A core taken through a pressure ridge revealed no flow of oil into the core

- hole. No pooling was observed; rather the ridge consisted pr1mar11y of oily
" ice. Also, there was no concentrated oil underneath the ice along the ice
keel for the ridges investigated. In many cases, the hummocks, being more

porous, allowed heavier concentrations of oil to form. . .. However, oil
pooling in hummocks was not as extensive as that observed in the rafted

. dce.

Soreadlne: of Qil on Top of Ice

Deslaurrers and Martin (‘1978) suggested that the major source of oil observed on the

ice surface was windblown oil from the rafted pools as

. the ice floes had a smooth surface and a low porosity. The oil had a
low viscosity and the wind velocities were rather substantial, reaching 30
knots (15 ms?) on Jan. 29. Also, the rafted ice configuration consisted of
a gradual rise from oil pools to the ice surface presenting little resistance
to oil spreadmg on top of the ice.

- [t was est1mated that approx1matelv 6, OOO gal of oil spread onto the ice
- surface in this manner. :

Spreading of Qil on Open Water and in Leads
Oil spilled in the lead at Wings Neck flowed under the ice edge.

The ice failed to contain the oil because of wind and current stresses, the
water velocity being approximately 0.5 ms™ and the wind averaging 12
ms”. Oil sheen later detected on several occasions in leads did not build
up along the ice edge; rather the sheen tended to flow underneath the ice.



Transport of Gil bv Ice Floes

Once the ice floes began to break up about February &, the oil contained in the
deformed ice was transported over a much greater area than the original spill area.
The oil was released from the floes in the form of a thin sheen. Qily ice floes were
transported by the tidal currents NNE into Cape Cod Bay where they subsequently

melted.

(Oil Mieration into Ice

Deslauriers and Martin (1978) recorded the following variations in oil absorption into

the ice:

1. The oil mixed with the slush ice at the edges of the pools in rafted
ice contained 30% oil by volume.

2. Brash ice and small ice pieces was often heavily oil stained and
contained 3 to 5% oil by volume. Lightly stained ice contained
about 0.5% oil bv volume. Oil penetration into the ice surface on
both heavily and lightly stained ice was between 25 to 60 mm.

3. The windblown oil usually penetrated only the upper 3 mm of the
ice suff_ace as there were few brine channels or pores. This upper
ice layer contained 50% oil by volume. '

4. While there was no visible oil on the under side of the ice in both
the shorefast and broken ice areas affected by the spill, oil

concentrations in the lower 80 mm of the ice averaged 310 ppb.

They concluded that the variations in the small scale migration of oil into ice were

largely due to the volume and duration of the oil's exposure to the ice.
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" Oil Absorption by Snow

- On February 5, 12 cm of snow fell and covered the spill area.

Areas that had heavy concentrations of oil, such as the rafted pools, were
saturated with the snow, forming an oil/snow mulch. This slush-like

mixture was determined to be approximately 30 percent oil by volume. .
In addition, oiled ice, which was covered by snow with no oil

“absorption, formed an ice/oil/ice sandwich. . ..

Qil Weatheng
' Deslauriers and Martin (1978) found that the rate of oil weathermg ranged between

6 and 47% volume loss, dependmg on the amount of air exposure the oil had. They

also noted that even the most weathered oil did not sink due to hydrostatlc forces.

Oil Mass Balance

b

o . . -
FAd The oil mass balance, shown in Table 2, was calculated before the snowfall when the
s . o _ . .
oil was stable in the broken ice area.
f-—
Table 2 Oil Budget for Bouchard #65 Oil Spill, January, 1977
f—
b
B
- Area Encompassed by Area Encompassed
&\; Spitl from Mashnee by Spill from Wings % Gil
uﬁ . Island to Wings Neck Neck Tower 1o Total Satu- Depth of Weathered
Type of Oil/lee Tower Cleveland Ledge area ration Saturation Volume Volurne Losses
Configuration (=) {o) (i) (m (litres) (gallons) (gatlons)
~ :
B Deep Oil Pools 400 300 700 100 013 91,000 24,000 3,100
b
Shallow Oil Pools 1,500 300 1,800 100 0.025 45,000 12,000 1,400
Heavily Stained Ice 7400 2,400 9,300 5 0.08 49,000 13,000 2,00
Medium Stained lce 26500 3,200 29,700 1 0.05 30,000 8,000 1,500
Lightly Sained loe 28,700 3,800 32,500 05 0.05 16,000 4,000 1,900
Windblown Oil 2,120 12,600 14,700 30 £.003 22,000 6,000 1,800
Burn Site (heavily
: stained ice and
: E“' shallow oil pools) . - - 5,600 5 0.05 14,000 4,000 500
' !:__j Woeathered
Evaporation Losses — — — — - 46,000 12,000 —
- Totals 1 ~9480 : ~313,00
q R i, 500 ~22,600 0 o 1 «83000 =12,000
U b -
-
; *r’-é 5-9
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Deslauriers and Martin (1978) concluded that, of the 81,130 gal (309 m®) of oil
spilled, approximately 45% was held in pools and capable of being pumped. The
rest of the oil was in the form of contaminated ice and was spread over an area of

about 95,000 m?, with an average concentration of one gallon per 1.2 m%

5-10
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. We'l's'h; )'P, M. Lissauer, G.L. Itufford, T.S. Ellis, B.D. Thompson, L.D. Farmer, and

R.T. Hiltabrand. 1977. Some Dynamics of Spilled Oilll in a Fractured Ice Field
' in Buzzards Bay, Massachusetts.  in Odean Engineering, Vol. 4, pp 197-203.

 Ruby, CH, LG. Ward, L/A. Fischer and P.J. Brown. 1977. Buzzards Bay Oil Spill

-An AI‘Cth Analogue Proceedmgs, Port and Ocean Engmeermg Under Arctic

COHdlthI’LS 1977, St Iohns, Nﬂd

These two papers also discuss oil and ice interactions during the Buzzards Bay oil

spill.
In their conclusions Welsh et al. (1977) noted that

1. | Approxnnately 60% of the 011 was contalned in the ice w1th1n four days

of the spill. | | |
2. The dispersion of the oil was determlned by 011 and water density

" differences, and the ice deformation. |
3. The oil was transported under the ice by tidal and surface currents.
| 'Wlnds were significant in transporting pooled oil over the ice surface.
4. When leads opened oil was released from under the ice and became
| 1ncorporated into the deformed ice in the leads as they closed. Thus
the opening and closmg of leads tended to disperse the oil.
5. :No oil pancakes or tarballs were observed as the oil remained less
~dense than the water. _ _

6.  The shorefast ice acted as an effectwe barner to oil contamination of the

; ""be_a_ches.__ -

:Rub'y. et al. (1977) discussed successful and unsuccessful methods used during
clean-up of the Buzzards Bay spill. They also presented some observations of oil and

ice 1nteract10ns They noted that the shorefast i ice general! y protected the the beaches
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from oil contamination (until melt occurred). The beach profiles showed that oil

was concentrated in the brash ice between the bottom fast ice and the
May 15, 1992, floating fast ice. Oil moving under the ice surfaced in these
areas. . .. oil-water mixtures were seen rising onto the ice blocks with the
flooding tides, exposing the mixture to the southwest winds which blew the
oil across the ice blocks, leaving a coating of oil on them.

5-12
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_Dé'slléu‘riérs.," P& 1979 Observations of Oil Behavior in Ice Floes and the 1977
Ethel H Spilt. O1l, Ice and Gas, Environment Canada, Toronto, Ontario,

pp 87-94.

Destauriers (1979) described the oil sp’ill.as follows:

g . .. ... On4 February 1977, the barge Ethel H, with 2.7 million gallons of high-pour '
No. 6 fuel oil, ran aground on Con Hook Rock, two miles north of the Bear
. Mountain Bridge in the Hudson River. The barge leaked oil into the river
" for three days, until offloading operations were complete. By that time
420,000 gallons of oil had been spilled into the icy waters of the Hudson.

Li . . Atthe time of the spill, ice covered up to 80% of the river surface, and
averaged 15-25 cm in thickness. Icing conditions do not often occur here,
... except in unusually cold winters. By February 4 the low saline ice was
~" deteriorating rapidly. Ice formations consisted of both shorefast ice and ice
- floes. ... Ice floes . .. averaged 7 m in diameter, with some floes as large
B ..~ . as90 m. Transport and breakup of these floes was influenced primarily by
bl ' - strong river currents, and to some extent by shipping traffic and winds.

B . Observations
gﬁ " According to Deslauriers (1979), one of the main objectives
?ﬁ o i s was to determine if large amounts of oil were present in the shorefast
o ' ' ice region. Shorefast ice along the river had a very smooth underside.
- _ ~ Several transects were made along the remaining shorefast ice areas. While
: .. the ice was not visibly stained with oil, chemical analyses of the ice samples

revealed the oil concentration in the ice to be from 0.7 to 0.8 ppm. The
~ only oil detected under the ice was in the form of a very thin sheen. No
* evidence of heavy pooling was found.

.. The oil from the Ethel H became intermixed with the ice floes, while both

" ““ivere transported down river by the currents. It was observed that the
black tarry oil adhered to many of the ice floes and, in some instances, the
ice floe surface was as much as 60% covered with this oil. . . .

Ice floes appeared to flow down the river in bands of closely packed floes
- stretching across the river. These bands were up to 100 m wide with up to
1 km separating each strip. The black tarry oil tended to stay within these

o513




bands while moving downriver. Concentrations of oil were much higher
within these packs of ice than in the ice free areas, although sheen ‘was
often visible covering most of the river surface. . . .

Conclusions

Deslauriers (1979) made the following conclusions on the behavior of oil spilled in
broken ice from observations of this spill, the Buzzards Bay spill (Deslauriers and

Martin, 1978), and from laboratory experiments:

The more porous the ice the greater the probability that oil will adhere to
its surface. Therefore more 0il will remain on the water for a spill in hard
fresh water ice floes compared to a spill in decaying saline ice floes.

Heavy ends of oil tend to adhere to porous ice floes while lighter ends are
released on the surrounding water in a thin sheen. If there is enough
interaction between the oil and ice, all of the heavy fractions of the spilled
oil may adhere to the porous ice surfaces. This may have a great effect on
cleanup procedures. :

Melt holes are formed in decaying ice where oil has come in contact with
the ice. Therefore, the oil cannot easily be removed from the ice surface.

When the ice is growing the oil which has adhered to the ice will become
enclosed by ice.

When the ice concentration is low, oil and ice tend to move in different
directions and speeds. Also, at some increased ice concentration oil and ice
movement occur together. It is not known at what ice concentration this
transition of oil and ice movement occurs. This may be important for spill
trajectory.

When ice floes are very close together and stationary, high viscosity oil
tends to accurmnulate to great thickness. The thickness of the oil appears to
be dependent upon ice concentration, ice movement, oil viscosity, oil
volume, and ice thickness. . . . ‘

When ice floes are very close together and moving, the oil is spread
amongst the ice. If there are waves present, the ice field will periodically
compress and expand so that the oil will be progressively pumped along
channels. If a channel is restricted and the film is sufficiently thick, the oil

5-14



" will be found on the ice surface.

After ice breakup, oil in rafts, rubble fields, and ridges will travel with the

Ej ~ “moving ice floes until those ice formations decay.

Oil incorporated in ice floes can travel considerable distances before being
 released. If those floes are beached or settle in sensitive areas the relatively

fresh oil will be released in these areas, possibly increasing the '
- environmental impact on these areas.

b
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Reimer, EM. 1980a. Oil in Pack Ice: the Kurdistan Spill. Proceedings of the Third
Arctic Marine Qilspill Program Technical Seminar, Ottawa, pp 529-544.

C-CORE. 1980. An Oilspill in Pack Ice. Prepared by Centre for Cold Ocean
Resources Engineering, Memorial University of Newfoundland for
Environmeéntal Protection Service, Environment Canada, Report No. EE-15

or C-CORE Report No. 80-2.

Qil and ice interactions from the Kurdistan spill are also presented Reimer (1979),

Reimer (1980b), Reimer (1981), and Vandermeulen and Buckley (1985).

The tanker Kurdistan, with a cargo of 29,000 tonnes of Bunker C, was damaged by
ice in the Cabot Strait, Nova Scotia. The tanker returned to open water and broke
in two on March 15, 1979. Approximately 7,000 tonnes of Bunker C was spilled
into the pack ice. The offshore pack ice was mixed with large areas of brash ice.

Reimer (1980a) observed that

... The oil, with a pour point between 15 and 20 °C congealed
rapidly in the cold water. It is not likely that an extensive
surface slick formed. '

Observations

The physical properties of the original oil and of field samples of the oil collected

from various locations during March and April are shown in Table 3.1 (C-CORE,

1980).

The positive buovancy of the oil in seawater was only 0.04 gm/ml. This
minimal difference was such that blobs and oil pancakes could easily be
carried beneath the water surface by wave and wind induced turbulence or

by currents. . . .



Table 3.1 Physical Properties of Bunker C Oil

|| Product Specifications | Measured Properties of
" { Bunker 6C-3 Sampiles from Ice
|| Specific Gravity: 0.96 @ 60 F 0.973 @20 C
Pour Point: 45 F (-6 C) 0987 @-2C
Viscosity: 22Cto28C
Water Content: 5% to 20%

It was also observed that because the densxt“v of the 011 was greater than that of the

ice, 011 could be carrled under the ice.

Distribution .of Oil |

ren

. Reimer (1980a) observed that various processes resulted in oil being found on, in, and

under floes.

Rl

‘a)  Occasional floes (usually only a few metres in diameter) were seen to

carry a total surface film of oil. In the few cases where those were

-+ directly examined the film was only a few millimetres thick, the ice
surface was relatively smooth.

i |

-~ The only likely process which could account for this would be the

direct deposition of hot oil. . . . 1t was concluded that deposits of this

~ type would have been created at the original breakup site of the ship

" either from leakage during the splitting process prior to total breakup
or at the final event.

" b)  Oil was distributed on floe surfaces as small blobs and spatters, usually
with the highest concentrations within a few metres of the floe
~ periphery. These spatters usually consisted of a few grams of oil and
were often sunk into "melt pockets” as a result of solar heating. This
oil was probably thrown mma]lv onto the floe surface by wave action.

- observed on floes in heavily contaminated areas. Some of these appeared to
- havea v very high oil content - p0551b1v due to the concentration of surface oil
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by melting of the brash.

Occasionally, large blobs were seen on floe surfaces, particularly late in the
season when the ice had decayed considerably. These blobs may have
originally been covered by a layer of snow or ice.

A substantial proportion of the oil present was distributed in the ice brash as
small particles.

QOil Loading
The total oil loading is p’resentéd in both Reimer (1980a) and C-CORE (1980).

Taking the major areas and estimating the contamination level as roughly 200
ppm oil in ice to an average depth of 50 cm, the total loading works out as:

Pt. Michaud area: 1 km? 100 tonnes
St. Esprit area: 1 km? 100 tonnes
Gabarus to Scatarie: 9 km? 900 tonnes

TOTAL 1100 tonnes

It is estimated that, from the 900 tonnes in the Gabarus to Scatarie area on
March 27, that by April 2, 260 tonnes would remain in Gabarus Bay and
approximately 400 tonnes would be entrained in the ice off Framboise Cove.
By April 7 an estimated 200 tonnes remained off Isle Madame.

In one offshore area, oil concentrations in the brash ice were about 200 ppm and it
was estimated that half of the oil was on the floe surfaces and the other half was
mixed in the brash ice to a depth of 1 metre. Approximately 20%, or 2 km?, of the
surface area of the ice was contaminated with oil. The oil content of the

contaminated area was estimated to be 400 metric tons (C-CORE, 1980).

Large Scale Mixing
Reimer (1980a) observed that

... oil, initially present as concentrated bands or streaks in the ice, tended to
become dispersed and diluted in the pack. Very little of that process can be
detailed. Little mixing or movement occurred within ice fields which were
held onshore by winds. Maximum mixing would have occurred when the
pack was very loose and differential drift could occur.
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1 Differential movement between brash and floes was observed, however, it did

not appear to disperse the contaminated areas to any great extent. . . .

Smali Séalé Ph_enomena"

In general, the effect of entrainment of this semi-solid oil in pack ice was a

- dispersion of the oil as progressively smaller particles. Although the primary
“events leading to the entrainment of the oil in the pack ice remain unknown,

over the period of observation the trend seems to have been toward finer
dispersion and dilution of the oil in pack ice. (This process may have been
‘reversed to some extent during the final melting of the ice when ice tended to
herd or contain small particles. Some reagglomeration may have occurred,

_especially with larger blobs.)

C-CORE (1980) indicated that

One of the primary dispersion processes was the grinding of oil in brash ice
“as a result of floe impact and differential movement. In the offshore pack
“which permitted only swell propagation, the grinding process . . . resulted in

particles from a few centimetres in diameter down to micron sizes. For the

" brash samples taken a few "blobs” with dimensions in the order of T am

accounted for 80% of the oil present. . . .

Conclusions .

C-CORE (1980) summarized the oil and ice interactions as follows:

The total loading for oil in ice for the Cape Breton shore was 1100 metric
tonnes. |

Initial shoreline deposits of oil (March 26) were in the order of 10 tonnes (at
a loading of about 1/2 tonne per km of shoreline).

'As oil-contaminated ice moved back and forth along the shoreline,

considerable mixing and dilution occurred, however contaminated areas

- remained relatively coherent.

Qil contamination was held offshore by the ice cover.

' The general trend was toward progressively smaller oil particles with

mechanical grinding as a primary cause and "melt pocket” processes as a
‘secondary cause. '
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The oil distribution in the pack took on all possible forms. The average oil in
ice concentration was about 200 ppm.

Qil concentrations in the water column under the contaminated pack did not
exceed 1 ppm.

Light hydrocarbons tended to be enriched in the ice (with respect to the |
surrounding water).
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" Payhe, R, G.D. NcNabb, B.E. Kirstein, R. Redding, J.L. Lambach, C.R. Phillips, L.E.

Hachmeister, and S. Martin. 1984. Development of a Predictive Model for the

*Weathering of Oil in the Presence of Sea Ice. for NOAA/OCSEAP Office,
Research Unit No. 640, Anchorage, Alaska.

© Part of this study includes a review of a spill of Spportunity in Cook Inlet, Alaska.

. Payne et al. (1984) includes the following description:

... TheM/V Cepheus grounded [on January 21, 1984]. . _on the shallow point on
-~ the western side of Knik Arm [Cook Inlet, Alaska]. An estimated 200,000 gal

(~4800 bbls) of JP-5 (Jet A) aircraft fuel had been lost during both the grounding
incident and movement of the ship to the dock. ... At the time of grounding,

- ice coverage was éstimated to be 60 - 80% and the the air temperature was in

the -10 to -25 °F range.

Ice floes were 6-9 m across and were mixed with pancake, grease, and brash ice

(Payne, pers. comm.).

- Observations

... JP-5 samples collected by the Coast Guard showed the material to be a

“clear, low-viscosity and low density (0.7 - 0.8 g/ml) fluid, which was quite

similar in appearance to intermediate distillate cuts of Prudhoe Bay Crude. .

With the ice cover pressing against the éhip, no evidence of .any spill pfoduct
(JP-5) could be observed from a distance of 5 to 10 meters above the surface.

" With the outflow of the ebb tide current. . . several 10 - 20 meter wide leads

opened adjacent to the hull and JP-5 could be observed bubbling to the
surface. . . . With the outgoing tide the oil and broken ice moved parallel to

" and away form the vessel at an estimated speed of 1 -2 knots. The oil was not

visible after a distance of 10 - 20 meters. Very little could be done to contain

. - the spill in the presence of moving ice. . ..

. Payne (peré. comm.) commented that when the ice moved away from the hull an oil

sheen was visible but most of the JP-5 had evaporated. Frazil ice formed in the leads
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that developed, however, it was impossible to tell if the oil become entrained in the

grease ice as JP-5 is clear. It seemed that no emulsions were formed as the JP-5

evaporated too quickly.
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Wilson, D.G. and D. Mackay. 1987. The Behavior of Oil in Freezing Situations.
- Prepared at the University of Toronto for the Environmental Protection

““-"_'Directorate, Environment Canada, Report No. EE-92, Ottawa, Ontario.

Thlssplllls also discussed in Wilson and Mackay (1986).

A .s'p.il'l' of No. 6 fuel in the Gulf of St. Lawrence, near Matane, Quebec, occurred in

December 1985. The ice cover included a mixture of grease and pancake ice

" extending five metres offshore and a mixture of frazil and grease ice extending for

the next twenty metres offshore.
Observations
Wilson and Mackay (1987) made the following observations:

The spill occurred about 100 m offshore and was blown into the
grease /pancake ice mixture by the wind and current of the river. At the time

of observation no oil was visible within or above the grease ice and the only
visible oil was that washed up on shore. The oil washed up on shore was

- grease ice that had been compressed and had the water forced from between
" the individual ice particles by the pressure of the ice against the shore. The
result was a porous crystalline ice oil mixture that contained up to 50% oil. .

The specific gravity of the oil near freezing temperatures is quite close to that

" of sea water at the spill site which was estimated to be 1.02. This raises the
possibility that although there was no oil visible from above the grease and
frazil ice there may have been large quantities of oil below or within the ice.

' There was also a high level of turbulence in the water during the period of the
spill and hence it is possible that water/oil emulsions may have been formed.

'Conclusions

" Wilson and Mackay'(‘1987':5“c'o.h.c'l“iidéa that much of the oil was .inc.c':)'i:'pOré.'t.ed”ih the

grease ice.
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While a grease ice field would dampen waves experimental observations
showed that sufficient agitation to force oil particles downward may easily be
created. Once the oil particles have been forced downwards in the ice field
‘they may remain there because of the same driving force or because of the
natures of the ice field and oil. .. . In this case the grease ice field failed to
prevent breaking of the waves and hence failed to prevent the resulting
downward driving force of the waves. In light of the analysis of the oil from
the spill and the revelation of its high density it seems likely that much of the
spill was in fact incorporated amongst the grease ice field.
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~ Hirvi, JFP. 1990. The QOil Spill in the Gulf of Finland in 1987. Proceedings, IAHR

1990, the 10th International Symposium on Ice, Espoo, Finland.

On February 6, 1987, the Soviet tarker MT Antonio Gramsci grounded in the Gulfof
- Finland, spilling about 570 metric tons of Soviet Export Blend crude oil (den51ty at

15° C is 849 kg/m’®, kinetic vxsc051ty at20° Cis 9.6 mm?/s, and pour pomt is -15° O).
There was a small area of new ice in the area where the ship grounded and the rest

of the sea was covered thh close ridged ice. ~

Observatioﬂs

Hirvi (1990} observed that the oil mlxed and drifted with the ice pack untll ear}y May

‘when ice in the Gulf started to melt

__Qil film, emulsion drops and clumps (tarballs) were widely observed at sea.
" 'No concentrated oil slicks were formed at sea, only oil film. In mid-May the
oil started to drift ashore . . . in southern Finland. . .. It may be interesting
“to note that the oil was present under the water surface in the form of large
~emulsion drops (5 - 20 mm). This indicated the formation of near buoyant
water-in-oil-in-water partlcles, consisting of large water spheres surrounded

" by a thin oil film. . . . the emulsion formations lasted for weeks and spread

over a large sea-area. . . . .

The oil spread over an approximate area of 2,500 km?. The oil budget was estimated

. ‘from observatlons of the sp111 and from laboratory expenments de51gned to study the

) behav1or of the Sov1et crude 011 in cold ‘brackish waters.

Conclusions

Hirvi (1990) concluded that the fate of the oil was controlled mainly by evaporation.
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Table 2 Summary of the Fate of the Antonio Gramsci il Spill in the Gulf o f
Finland in 1987

Process Loss (tons) Comments
Evaporation
February 114 20% x 570 tons
March-April 38 10% x 376 tons
May-June 34 10% x 338 tons
Sedimentation 1 winter
Dissolution 1 winter

Oil recovery

sea 100 80 tons in February
shores 10 38 tons of oily waste
BULK LOSS 298 tons

OIL REMAINING 272 tons dispersed into the sea
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.52 Developing Ice - Literature Review
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Scott, BF. 1973. Investigation of the Weathering of a Selected Crude Oil in a Cold

Environment. Department of the Environment, Ottawa. Also published in

rm

 Water Quality Paramefers, ASTM STP 573, Américan Society for Testing of
Materials, 1975, pp 514-525.

The experlrnents was conducted in 1973 makmg it one of the flrst field tests of oil

fateina developing ice field (an initial step in understanding oil-in-ice behaviour.
The program objective was to understand oil fate and oil weathering in arctic regions

=
&j " and in other Canadian areas with potential for cold weather.

* Two tests were conducted ina ﬁtaﬁr‘ﬁadéﬁonas, 15.6 by”7.2" m located 'northﬁteSt"o'f

Ottawa. The fll"St test mveshgated oil fate in a developmg ice field and the second

oil fate on the ice surface. Only the first describes oil behaviour in a developmg ice

freld.

5 |

s

i

. The first test started Nov 20, 1972 with the pumping of 90 L . 09 m® of Norman

© Wells crude oil into a 3.6 x 3.6 m hole cut in the ice (augmented by an accidental

trlangular opemng on one side). The oil spread to an m1t1a1 thlckness of 4 mm. The

o g
TR

e

oil was observed for several months.

Bk

Results

i

I

Scott (1973) reports on the weather and oil fate:

Throughout November, the temperatures remamed near freezmg but turned
much colder during the first few days of December. A few days of milder
weather followed but colder weather returned. Wind speeds were relatively
constant (2.0 m/s), but its direction often changed. Precipitation, mainly in the
~ form of snow, was minimal until 2 December when snow completely covered

527
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the oil to a depth of 200 mm. The oil did not reappéar until 6 December,
during a freezing rain storm. . .

During the period of observation of the spill, there was precipitation in the
form of snow which was then melted by the oil, passed down through the oil
because of its greater density and then formed additional ice on the ice surface
under the oil. This was most noticeable in the triangular section of the
exposed water surface where ice was removed just prior fo the spill, shown

in illustration I [Figure 4]. The increased ice height around this area allowed

the oil to run off this section towards the centre of the pond. Prevailing winds
than caused the oil to be concentrated in the northwest section. It was from
this area, later in the winter, that oil was seen oozing from cracks in the ice,
which were created by pressure on the ice surface.

Figure 4 Movement of Oil on Water Ice Surface (from Scott, 1973). 1 = Nov. 20;
II = Nov. 21, 22 and 23; IIl = Nov. 24; IV = Nov. 25; V = Nov. 26 and 27; VI = Nov.
28: VII = Nov. 29, 30, Dec. 1 and 2; VII = Dec. 3, 4 and 5; IX = Dec. 6, 7 and 8; VIII
= Dec. 9. :

Xt A : A
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Bd . . The same observation of snow passing through the oil was made during the second

test.
‘Scott concluded that for oil spilled in a developing ice field,
E:% o o ] ‘. ':::.;.,,i.:. D . : -“..:" SRS ;-. ‘.;-" S IR I RV S S TRTRT -
L S ... the oil will influence its immediate environment and that there will be
movement of the oil, once spilled, perhaps long distances away from the

~ original spill area. Also, ... [oil] may not disappear under subsequent
snow falls.

S
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Martin, S. P. Kauffman, and P.E. Welander. 1976. A Laboratory Study of the
Dispersion of Crude Oil Within Sea Ice Growth in a Wave Field.
University of Washington, Report No. 69, Seattle. WA,

Martin et al. (1976) were the first to document oil behaviour in a simulated grease
ice field. Several éxperiments follow from their work because their observation of
oil being pumped onto the ice floes and trapped by the raised edges of the floe

has important implications for oil spill cleanup. Martin et al. note that "frazil and
grease ice occur in all ice-covered seas” and that pancake ice is important in areas

such as the Bering Sea, Chukchi Sea, and Gulf of St. Lawrence.

Two types of test were carried out. In the first series, ice development in a wave
field is observed. In the second series, oil incorporation and behaviour in the ice

is observed.

An insulated tank 2.2m long by 0.93m wide was filled with sea water to 0.41m
depth and cooled to -2.1°C water temperature and -20°C air temperature. A
wedge shaped paddle was used to produce waves up to 0.5m peak to peak
amplitude and 0.6-1.0s period. Usually breaking waves of 0.2m peak to

peak amplitude and 0.63s period were produced. Ice appearance was
recorded photographically. Ice temperatures were profiled vertically

with thermistors.
Results - Ice Growth

Martin et al. (1976) report on the development of frazil and grease ice:

We observed that the individual frazil ice crystals, which were plate shaped
with rough edges, had characteristic diameters of 1-3 mm and thicknesses
of the order of 0.1 mm. When these crystals initially formed in the tank,
they were transported away from the paddle, even if the fans were flowing
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- toward the paddle, by the phenomenon of wave herding - that grease ice

damps out the small-scale waves.

Grease ice has a number of interesting properties. First, it remained a fluid
* porous mass of frazil ice crystals up to a thickness of about 120 mm. . ..

grease ice is compressed at the wave crest, and stretched at the trough.

'This observation supports the idea that the layer of grease ice behaves as a
buoyant viscous fluid floating on the sea water.

- Second, we found from several measurements that the ratio of the volume

of ice to the total volume of sea water and ice ranged from 35-40% .

Thlrd the hlgh grease ice por051ty affected the heat transfer within the ice.

When the grease ice thlckness reached 70- 100 min, the crystals at the
“surface began to join together into what we called 'proto -pancakes
- these proto—pancakes consist of clumps of crystals, measuring 50- IOO mm in
- the cross tank direction, 50 mm wide, and 3-5 mm thick, which although
. they had a much lower porosity than the surrounding and underlying
= grease ice, were still so soft that we could not pick them up.

... These proto-pans qnickly evolve into pancake ice. . The ice-induced
* decrease in wave amplitude permits the smaller pancakes to join together

with out being broken apart by the wave field, so that as the experiment
progresses, small pans join up into larger cakes.

. the pancakes have an average width of 0.2 m or about one-fifth of the
driving wavelength. Further, over the two hours covered . . . the rims
around the cakes grow from virtually nothing to a height of 20-40 mm. As
with the proto-pans, the rims . . . appear to grow from grease ice which is
pumped up onto the pancake surface. . . . Our movie films further show,

~ when the rims come together, that grease ice is pumped up between the
rims to a helght above the pancake surface. .

'In the experlment the pancakes floated in a much th1cker Iayer of grease

ice, which . . . continued to increase in thickness even after the formation of
pancakes. Besides supplying material for the rims, the grease ice affected
the pancakes in three other ways; namely, it helped yield the dish-shaped
bottom profile of the pancakes, determined the frazil crystal structure of the

" pancakes, and caused the ice to float such that the pancake center was

below the water line. .

Exammatlon of the detailed photographs . show that the pancakes

hare made up of many small frazil ice crystals. . .. Our oil experiments

suggest that these small crystal platelets, whxch are either randomly or
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horizontally-oriented, are less likely to capture oil flowing along the ice
bottom than the parallel vertical crystals of columnar sea ice. ... The
combination of the dish-shaped bottom profiles of the pancakes and their
crystal structure means that oil spilled under the pancakes is likely to come
to the grease ice surface in the cracks between the cakes.

Third, the low buoyancy of the grease ice combined with the raised
pancake rims means that the pancakes float so low in the water that the ice
surface at the pancake center is slightly below the water line. . . .

The additional weight of the rims is even more important. Figure 13 is a
schematic diagram of a pancake . ... If we assume that the pancakes are
two-dimensional bodies . . . the effect of this additional mass above the
water line is that the pancake now floats such that the mean water level is
0.7 mm above the ice surface at the pancake center. . . .

Because of the lowered freeboard and the raised rims, we observed in all of
our pancake experiments that the pancake surface was covered with a thin
layer of highly-saline brine, which was probably formed from the water
pumped over the rims and onto the ice. Once on the surface, because of
the lowered freeboard, the brine remained there. . . . As we show later, this
lowered freeboard makes the pancakes more vulnerable to oil spilled under
the ice being pumped onto the surface.

Results - Diesel and Prudhoe Bay Crude Oil Tests

During the first test, 0.25 L of No. 2 diesel was released just as the pancakes started
to form. A second test released 0.5 L of Prudhoe Bay crude (S.G. 0.893) later in the
growth of the pancakes. For both tests, oil was discharged in a turbulent jet beneath
the ice through a j-shaped tube.

Diesel Test

Martin et al. observed the following behaviour of diesel fuel:

The combination of the high porosity grease ice and the buoyancy of the diesel
oil meant that the grease ice did not absorb the oil, rather the oil quickly
appeared on the grease ice surface in the cracks surrounding the pancakes.
The oscillatory motion of the pancakes then pumped the oil laterally from its
original discharge point. . . . [A] photograph of the spill taken about 30
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ﬁ‘ " minutes after the discharge, shows that the oil affected an area measuring

o about 0.4 m x 0.4 m, so that the average thickness of the slick is about T mm.

- .
kot

'Figure 13 Schematic of Pancake Cross Section (from Martin et al., 1976)

il |

f FREE SURFACE -} - 20 mm

T}

1 T Omm ¥
ICE * 20mm
- f
-t 200mm M
GREASE ICE

Figure 13. Schematic diagram of a pancake cross-section.

1

An unmeasured amount of the low freeboard prevented its return to the
cracks,

T o

Prudhoe Bay Crude Oll Test

i |

' For the expenment the crude oil although' very 'viscous remained fluid.
E' During the discharge, the total ice thickness was 120-130 mm, and the
e 'pancakes were 10-30 mm thick. . . . Visually, the oil flowed up out of the
discharge tube in viscous slugs resembhng poured molasses, rather than in
£ a turbulent jet such as occurred in the diesel spill. After the oil left the
" discharge tube, we observed the oil to disappear up into the grease ice, which

showed no 51gns of either mh1b1tmg or capturmg the released oil.

" Fwe minutes after we began to pour the oil into the furmel the 011 appeared

- on the grease ice surface in a crack between two pancakes. Within this time,
[2 min] the oil spread nearly all the way across the tank within the crack. .
. Because the oil floated on top of the grease ice within the cracks and the low
freeboard of the pancake ice, the oil was easily pumped onto the ice surface.

. [Plhotographs of the ice surface 30 minute after the diScharge, show that
‘a large amount of oil has been pumped up onto the ice by the combination of
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the oscillating pancake motion and' the confinement of the spilled oil by the
tank walls. . . . we determined that 290 of the 500 ml {0.29 of 0.5 L} of oil

spilled had been pumped onto the ice.

Figure 17 is a sketch of the location of the oil both under and on the ice ...
. Most of the oil appeared either to go on the ice surface or remain in the
crack; however, there was a very light skim of oil on parts of the underside
of the pancake. Because the flow of oil within the crack was limited by the
tank walls, the amount of oil on top of the ice is probably exaggerated in our
experiment.

Figure 17 Location of the Spilled Oil in Pancake Ice (from Martin et al., 1981)

. - GREASE
. iCE

SEAWATER
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Metge M., and A.S. Telford. 1979. Oil in Moving Pack Ice - Laboratory Study.
B Proceedmgs POAC 79: Fifth International Conference on Port and Ocean

e :.L_Engmeermg Under Arctic Conditions, Trondheim, Norway, pp 255-264.

-~ This study is also reported in Metge (1978).

Metee and Telford (1979) say the following about their objectives:

- The experiments were conducted to help predlct what would happen to crude

"oil released from a subsea blow out in moving pack ice on Canada’s East

Coast. . . . It was not p0551b1e to model all aspects of the complex oil-ice

o '-_mteractlon phenomenon in a small laboratory test. Therefore, the experiments

" 'were rather qualitative in nature. They were designed so that the important
- processes in 011 -ice 1nteractlon could be observed and 1dent1f1ed

The tests were carried out in a cold room 'u'si'ng a small basin 2.7 rn by 35 m filled

-to a depth of 3 m with sea water. To simulate the dynamic action of pack ice, a

spec1a11y designed 2.5 m diameter metal hoop was suspended in the basin. The hoop

‘rotated alternately right and left (approxxmately 2 cycles per mmute) creating a

relattve motion between the inner and outer floes. At the outside edge of the hoop,

| .the rotatlon resulted in a vetoc1ty of 7. 7 cm/ s. The hoop also served to confme the

' 011 and the ice.

Three tests were conducted two used Atklnson Pomt crude 011 and the th1rd test

7 used Prudhoe Bay crude. To begin’ each test, ice was added to the basin and

agltated resultlng in a 5 to 6 tenths concentration with rafting. Then 1 L of oil was

-m]ected beneath the ice floes such that a contmuous release of 2-3 mm droplets

resulted. The oil was observed for 1 to 3 days. After the tests, oil between and on

. the floes was measured
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Metge and Telford state in their objectives that

As far as the ice and its motion were concerned, the tests were roughly
geometrically similar to Labrador pack ice conditions (ice floes about 10 m in
diameter) with a scaling factor of about 1/30. Using Froude scaling, the
velocity and time scaling factors would be about 1/5.5.

Separate tests were conducted to compare oil spreading through water and slush in

static conditions.

Results

During the tests, the ice was observed to raft and form raised edges simiiar to East

Coast ice. Metge and Telford report that

After being injected, the oil droplets rose to the surface. With slight agitation,
the oil always percolated through any stush present between the floes. Oil
droplets that rose under ice floes tended to be trapped there. Some of this oil
migrated to the surface of the ice through brine channels, but only after a few
hours. Within 10 minutes, the cil spread to cover about half the test basin and
it took from 20 to 40 minutes for the oil to cover the whole basin, depending
on the oil. Prudhoe Bay crude spread much slower than the less viscous
Atkinson oil. If the area between the floes was filled with slush, the slush
tended to retain the oil. The oil-slush mixture was much more viscous than
either oil or slush alone, forming a thick paste. . . . the movement, rotation,
and contacting of floes resulted in oil being transferred from one floe to
another and from one area to another, thus increasing the area of oil
contamination.

Small waves were generated during part of one test and were found to have
no significant effect on the oil-ice interaction processes uniess the waves were
so high that the ice floes became partially submerged. . . . The [fan-induced]
wind tended to move and herd the oil that was present in the areas between
the floes.

Figure 3 shows the results of the mixing tests. Figure 4 shows the results of the

spreading tests.

536



M

13
B
B

1

s

¥

™

e
=
-
=

i |

Figure'3 Summaty of Mixing Test Conditions (from Metge and Telford, 1979)

Average floe size

- Average floe thickness

{at beginning of test)

' Tce Salinity

Air Temperature

Crude Oil Used

Time of 25% oil coverage
i s 50%
75%
100%

Du'rétion of test

Ol on the Iee:

ST 9% water
Volume of oil

" Oil between ice floes:

% water
Volume of oil
Oil Loss:
' By evaporation

~ On sides of tank

oo Testl

35 cm
75 em
;

-6 to -8C

7 Atkinson

5 min.
10 min.
15 min
20 min,

27 hours

59%
351 ml

24%
212 ml

about 300 ml
137 ml

Test 2

256m

C2em

8
-SIC |
* Atkinson
5 min.

10 min.
15 min.

425 hours

74%
217 ml

27%
24 ml

about 350 ml
349 ml

Test 3

25 ¢m

3 cm

11

-9C

" Prudhoe Bay

5 min.
10 min.
20 min.
40 min.

48 hours

61%
79 ml

36%
342ml

about 300ml
279 ml




Figure 4 Results of Spreading Tests {from Metge and Telford, 1979)

Open Water
Slick Slick
Size Thickness
{1} 50 ml Atkinson Qil
after 1 minute 3702 ¢m? 0.13 mm
after 1 hour (final) 16000 cm? 0.04 mm
{limited
by tank)
(2) 50 ml Norman Wells Crude Qil
after 1 minute 390 cm? 13 mm
after 1 hour (final) 3%0 cm? 1.3 mm
{3) 50 ml Prudhoe Bay Crude Qil
after 1 minute 390 cm? 1.3 mm
-after 1 hour (final) 390 cm? 1.3 mm

Metge and Telford conclude with the following points:

Slush (3 em thick)

Slick Slick

Size Thickness
120 cm? 42 mm
470 cm? 1 mm
230 em? 2.2 mm
310 cm? 1.6 mm
Prudhoe Bay crude oil did not

percolate through 3 ¢cm of
slush without some agitation
and then it did not spread.

Oil mixes with slush to form a thick slush/ocil mixture which substantially

limits the spreading of oil.

. .. impact mechanisms caused the thick oiled slush to be deposited on the
edges of the ice floes and the raised edges prevented the oil from re-entering

the water.

Water-in-oil emulsions formed during the oil-ice interaction process and
emulsions were found on and between floes. During melting of ice floes, the
emulsion appeared as a light brown scum which seemed to be an

oil-water-gas mixture.

Oil droplets rising under ice floes were trapped by the roughness of the
underside of the ice floes. This oil would eventually migrate to the surface of

the floes through brine channels.
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Under static condmons slush ice and floes reduce the spreadmg of 011 relatw
- to'an open water situation.

o Under movmg ice condmons, the rotation and contact of floes transfers oil

from one floe to another and one area to another and thus increases the area

of oil contamination. _
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Wilson, D.G. and D. Mackay. 1987. The Behavior of Oil in Freezing Situations.
Prepared at the University of Toronto for the Environmental Protection

Directorate, Environment Canada, Ottawa. Report No. EE-92.
This study is also reported in Wilson and Mackay (1986).

Wilson and Mackay (1987) wanted to " investigate and quantify the nature of the oil
and developing ice field interactions” and more specifically to determine if and how
"0il may become incorporated within the developing or "grease” ice, hence removing
it from sight and from access by most conventional recovery processes”. They also
intended to collect data for possible use in a numerical model of oil spill fate and

behaviour in a developing ice field.

Oil Incorporation
To study oil incorporation into grease ice fields, oil was introduced into freshwater

grease ice in laboratory beakers of 2.5 to 3.5 L volume and the grease ice was
agitated. Oil of different densities was created by combining Bayol 35 (a white oil)
with measured quantities of tetrachloroethylene (specific gravity of 1.615). Oil
thickness, ice particle diameter, and grease ice thickness were also varied. Oil
volumes incorporated in the ice, ice to water ratios, and oil droplet sizes were
measured. The samples were frozen and then placed in a 21°C room to observe the

oil effect on thawing processes.

Qil Slick on Growth of Turbulent Ice Field

To study slick growth and oil weathering in developing ice, a oil mixture of

30%/70% No. 2 oil and No. 6 oil was introduced into a transparent tank measuring
0.35 m each side by 0.35 m deep in a room maintained at -5° C. A metal hoop was
cycled up and down 120 times per minute immediately below the fluid surface to
create a low energy ripple wave effect. The thickness of the oil was varied and time

for ice formation was measured. A test was also performed with a
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' Bayol/tetrachloroethylene mixture of 0.79 specific gravity.

& Emulsmns

Mixtures of 90% saltwater to 10% 011 were shaken for 3 4 hrs to produce oﬂ-water

= fi"emulsmns  A'30%/70% No. 2 and No. 6 fuel oil mlxture and an Arablan heavy

crude were tested. Observation of emu151on behaviour in grease ice fields and

- 'measurement of den51ty and percent water were carried out.

Results

011 Incororahon FRRELE T

Frgure 2 shows the results of the 1ncorporat10n tests Wllson and Mackay (1987)

h report that

" Figure 2 Oil/Ice Incorporation (from Wilson and Mackay, 1986)

" OL/ICE INCORPORATION |
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S
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ICE PLRTK_‘.LE SIZE (mrn dlam-lef)

Figure'2 ot of % 811 incorporated %r:'. Tee Particle st
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X . OIL LAYER THICKNESS
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The very dense oil tested, with a specific gravity of 0.98 was incorporated into
the agitated grease ice field to a maximum level of 78 percent. The oil with
a specific gravity of 0.92, similar to that of ice itself, was incorporated to a
maximurm level of 52% while the least dense oil, with a specific gravity 0.790,
was incorporated to a maximum of only 47 percent. The extent of
incorporation appears to reach a maximum when the ice particle size is in the
range of 5 mm to 8 mm. When the ice partlcles are very large the extent of
incorporation is considerably reduced.

Mackay and Wilson reasoned that oil viscosity, agitation, and low density of grease

ice are factors in oil incorporation.

For thawing they found that more time is required to release a denser oil and that

"the oil was quite evenly dispersed throughout the first 9 cm of ice".

Using the emulsions described above, it was qualitatively observed that oil
incorporation was increased with emulsification. The higher incorporation was
attributed to increased viScosify. Qil droplet sizes were larger in more porous ice.
(on the order of 10-20 mm versus 5-10 mm). 80-90% of the original quantity of oil
was incorporated. During 48 hours of observation neither emulsion mixture was

broken down by ice interaction.

Oil-water mixtures that included ice particles were much less successtul at prdducing

emulsions, possibly due to damping of the shaking motion.

Oil Slick on Growth of Turbulent Ice Field

Wilson and Mackay describe the oil-ice interaction in the presence of agitation as

follows:

The droplets of oil ranged in diameter from as small as 0.5 mm to as large as
10 mm. The upper layer of the ice-0il mixture was solid but porous in nature
with the pores in the ice containing significant quantities of oil. During the
early period of the freezing process the oil was wave driven downwards by
the hoop and would then resurface due to its positive buovancy in the water.
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- However, as freezing progressed, the ice chunks formed and then broken by
* the hoop became more numerous and hence formed a thicker mixture in the

oil and water. This broken ice increasingly 1nh1b1ted the ascent of the oil to
" the surface

[

. Wilson and Mackay conclude that

ol incorporation experiments demonstrated that a density somewhat greater
“than that of ice itself is required for high extent of oil incorporation. The
formation of oil emulsions are one method by which the net density of oil may

. be mcreased by 1ts combmatlon w1th denser sea water

Wh11e a grease ice fleld would dampen waves experlmental observatlons
b ... . showed that sufficient agitation to force oil particles downward may easily be
* . created. Once the oil particles have been forced downwards in the ice field
~ they may remain there because of the same driving force or because of the
- natures of the ice f1e1d and 011

The main factors mfluencmg the entramment are 011 den51ty and the level of
- turbulence within the ice field.

Bt I kil

il I |

§

v
s

543




Buist, I, S. Joyce and D.F. Dickins. 1987a. Oil Spills in Leads: Tank Tests and
Modelling. Prepared by S.L. Ross Environmental Research Limited and DF
Dickins Associates Lid. for the Environmental Protection Directorate,

Environment Canada, Ottawa, Report EE-95.

Two associated papers, Buist et al. (1987b) and Joyce (1987), report on the laboratory
phase of the tests. . |

The objectives of Buist et al. (1987a) were to collect data on

... 1) the spreading rate and wind herding of oil on frazil and grease ice over
arange 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, '

The study consisted of two phases: a laboratory study of oil behaviour in the
presence of freezing temperatures, winds, and waves; and outdoor tests in two
small-scale leads.

“Tests were performed in a wind/wave tank in a test section 7.2 m long and 1.2 m
wide. The tank was filled with freshwater to a depth of 0.85 m. Wind speed, oil
type and volume, wave action, and ice maturity were varied. Test oils were Mixed

Sweet Western crude oil and two mixtures of Bunker C and automotive diesel.

Ice was grown in the tank until it reached the desired maturity, resulting in pancakes
about 30 cm in diameter with slightly upturned edges. One L of oil was released
about 1 m from the leading edge of the tank. The simulated wind and waves were
not started until the oil reached ambient conditions. Observations were taken until
the surface of the tank froze over (no waves) or the slick reached an equilibrium

(with waves).
Measurements included surface slick dimensions, oil quantity in the ice, and driving
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_variables {i.e., wind speed, air temperatures, water temperatures).

: T{NQJO m long by 1 m wide leads were cut in ice 29 cm thick. Four s.q:uares.l‘ mby

1 m were cut out of the ice to study' effects of oil thickness on fate and behaviour.

Prior to putting oil in each lead, the accumulated frazil and slush ice was

*skimmed from the water surface. The oil used for these tests was the Mixed

Sweet Western crude used in the wind/wave tank tests. Ten litres of this oil

~ ‘'was poured, via a spill plate, onto the surface of both Leads 1 and 2 for a

: nommal initial thickness of 1 mm One, two, f1ve and ten htres of oil were

‘potred onto the surface of the four test squares to give nominal initial
th1cknesses of 1 2,5and 10 mm respectrvely

. and Weather were measured B
o7 Results . '

S Laboratog{ Tests

Buist et al. (l987a) found that immature ice, waves, , oil densxty, and oil vxsc051ty

o : affected 011 incorporation:

““An oil's density and’ VISCOSIty seem to be important for determining the
amount of oil frozen in ice; density because it determines the buoyancy of the
~oil in the water or the water/grease ice mixture, and viscosity because it
" determines the oil's ablhty to break up into particles that are small enough to
migrate through the porous grease ice and also because it affects the thickness
_of the shck e
It was found that the fractlon of 011 1ncorporated into ice is increased
. ..., considerably by wave action. Waves also have a large effect on the spreading
2. of the slick. The oil seems to be able to spread readily in the slush around

- pancake ice .

" In the preééﬁcé of mechanically generated waves, it was found that the
amount of oil in the ice decreased with increasing ice maturity.
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Qutdoor Tests

The first test commenced on January 27. Buist et al. observed that

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 oil spreading slowed significantly 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 stretching across the lead.

Ice growth in Zone 1 [unoiled] was rapid, reaching . . . 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
[a slight breeze] to initiate crystal nucleation. . . . Following first crystal
formation, the oiled ice in Lead 1 followed a distinct cyclic pattern of diurnal
growth and melt as the oil layer warmed during the day (melting the upper
surface of ice formed) and cooled at night . . . .

The snowfall accumulation [on the second day after the release] . . .
immediately changed the surface appearance and subsequent physical oil fate
in all sites. . .. By February 1, the combination of successive snowfalls and a
number of diurnal freeze/thaw cycles led to a situation where new clean
snow had accumulated on top of a frozen stush/oil crust overlying several cm
of water on top of 3 to 4.5 cm of solid clean ice. Failing a significant rise in
air temperatures, the oil was essentially sealed off at this point and isolated
from further solar heating.

The spill in the second lead was followed one-half hour later by snow flurries and
10 m/s winds almost in line with the length of the lead. The oil responded as

follows:

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. .

While the initial distribution and extent of heavy oiling was entirely wind
generated, the oil quickly became embedded in a snow/slush "soup” which
effectively prevented any further oil spreading or redistribution. . . . 48 hours
after oil release, the oil was incorporated into 3.5 cm of frozen oil slush.
Depth of frozen snow /slush at the north end was 5.5 cm indicating . . . that
the presence of oil significantly reduces the rate of initial ice growth . . ..
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The 1 mby 1 m test plots also showed a relatlonsh1p between oil thickness and ice

growth: "after 116 hours there was a 60% reduction in ice thickness beneath oil of 10

i r_n'm‘as opposed to that beneath oil of 1 mm (27 vs 45 mm)". Figure 15 shows the ice

thickness as a function of time and oil. Buist et al. conclude that the effect of oil

; r:edh.c'ed".'the"'net" ice growthhrate's' after several days by épproi'c"i'rnat'ely 50% (oiled

ice/clean 1ce)" They also found that "the evaporatxon does not seem to be greatly

f-tﬁ'reduced by the | presence of snow in or on the surface 011" -
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FIGURE 15: CONSOLIDATED ICE GROWTH DATA

Based on the results of the Iaboratory tests and outdoor tests several equat1ons were

. developed for use in a computer model of 011 fate and behaviour.

Qil E_neépsﬂlated in Grease Ice

Durihg each progfam iteration a volume of oil becomes trapped in the
.. differential area of new ice growing beneath the slick. The fraction
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Effect

encapsulated is based on the oil properties, and is increased by a density
factor:

(Kl + KZ )po (6)
and decreased by a viscosity factor:
K; + K, | (7)

The fraction (F) of the oil in that is underlain by new ice growth for that
iteration that becomes encapsulated is then given by

F=K+ szo - K4“’o . (9)
where |
p, = density of oil,

i, = viscosity

Substituting from the experimental resuits and solving for the constants yields
values of:

K = -0.19966

K, = 0.31053
K, = 0.0000709

of Waves

If the calculated wave height in the unfrozen length of the lead exceeds a
certain value (that is input by the operator) the fraction of oil incorporated is
arbitrarily increased by 0.2, consistent with the results of the wind /wave tank
tests.

Snowfall

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
unavailable for countermeasures.
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~ Payne, J.R,, G.D. NcNabb, L.E. Hachmeister, B.E. Kirstein, J.R. Clayton, CR Phillips,

RT. Redding, C.L. Clary, G.S. Smith, and G.H. Farmer. 1987. Development
' of a Predictive Model for the Weathering of Oil in the Presence of Sea Ice. for |
NOAA/OCSEAP Office, Research Unit No. 664, 'A'nchorage, Alaska.

The ob]ectlve was to observe the 1nteract1on of oil Spllled in multl-year ice. The tests

U were part of a much larger program to develop a computer ‘model for weathermg of

oil in ice (see Section 4.1 for a discussion of related work).

" A pseudo multi-year ice field was created in the laboratory w1th small-scale rldges,

rubble fields, multi- -year ﬂoes and refrozen leads. The ice field was grown over 2

172 freeze thaw cycles in a ﬂow—through sea water tank 3.5 mlong (mcludlng wave
~ paddle), 0.83 m wide and 0.64 m deep. Under ice relief was 8-35 cm and surface

- ridge relief exceeded 20 cm. For the test, a 0.3 m wide lead was cut across the width

of the tank, near the paddle.““O.75 L of Prudhoe Bay crude oil was released, mostly

~into the lead, but some of the oil was injected under the ice.

F1fty mmu’ces after the oil was released, lead closure pumping was simulated using
the wave paddle After 2 hours the temperature was dropped to simulate a partial
refreeze. Three days later a break-up with wave action was started. Throughout the

test water samples were taken to measure dissolved hydrocarbons, oil-ice interaction

. was observed and ice growth was measured. Light winds were generated whenever

the refrlgeratlon system was on.

Results '

The simulated lead pumpmg created 3-5 cm waves that washed the oil over the ice.

- Most of the oil was washed back into the lead with about one third remaining

trapped on the surface. Before refreezing began, 90% of the lead was covered by a

© thin film of oil.
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Differences in ice growth under oil were not significantly different than that under
ice with the static condition of the test. Oil was found to behave like slush ice and

to react to wind herding.

During the break-up, much of the oil stranded on the surface was washed back into
the water and 90% of the oil contacted the under ice surface, coating it with 1-55 mm
oil droplets. During thawing, the oil droplets migrated up through the ice and

would have eventually been released.
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‘5.3 Broken Ice Spreading - Literature Review

- -..Fréé, A P ]C Cox and L. A Schultz 1982. L'ab'ora'to:ry Studles of QOil Sf.)iil Behaviour

in Broken Ice Flelds Proceedmgs of the Frfth Arctic Marine Ollspﬂl Program
" Technical Seminar. Edmonton Alta. - also ARCTEC Inc. Report 570.

The srudy:ié élls'o .rie.'por‘ted mFreeetal (198]) B

A series of laboratory tests were carried out to observe small-scale, short term, oil

~ spreading in broken ice. The primary goal was to determine spreading rates.

Two test series were carrled out tests of oil flow through a smgle umform ice gap
and tests of oil spreadmg in a random broken ice field. All tests were carrled out in
a 14 m long flume tank where one dimensional spreading could be observed. Wind

speeds up to 6.3 m/s and currents up to 30 cm/s were attainable. The tests were

_carried out at full-scale, w1th the exceptlon of wmd wh1ch had a scalmg factor of 1.7

from Iaboratory to field.

Three oils were tested: diesel foe'l; SAE 10W and SAE 40W (see Table 3-2 for oil

properties). Ice piece size, ice concentration, currents and winds were varied during

the tests.

- Free et al. (1982) describe the procedures for the smgle ice gap tests and random

" broken ice fxelds as follows:

k Single Io':é‘.Cap g e S e
The gap width was varied from the narrowest gap through which oil could

__f]ow to a gap 50 w1de that the 011 flowed through it as 1f in open water.

Random Broken Ice Fields
Tests were performed on two types of random ice fields: ones restrained from
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flowing downstream, and ones free to move in one direction. . . .

... For the restrained tests, the ice was prevented from moving downstream
by a permeable barrier which did not obstruct oil or water flow but which
restricted ice movement. ' |

[For the unrestrained tests] a thick oil reservoir was formed in the back third
of a densely packed ice field. Both the ice and the oil were released and
permitted to flow downstream. ... The velocities of the front edge of the ice
pack and of the oil slick were measured.

Results - Single Gap Tests

Free et al. found that a minimum gap width was necessary for oil spreading and that

the oil spreading velocity could be described empirically:

This minimum [gap] width is a function of the density and surface tension of
the oil, and of the thickness of the oil slick contained behind the gap. For an
oil slick approximately 5 cm thick, the minimum gap width was found to be
approximately 0.1 em for diesel fuel, 0.35 cm for SAE 10W oil, 0.45 cm for SAE

40W oil.

The velocity at which oil moves through a gap is a function of the oil density
and viscosity, the thickness of the oil reservoir contained behind the gap, the
gap width, and the velocity of the driving medium (current or wind). From
the data collected during the single gap tests, empirical equations were written
for the velocity of a given oil through a single uniform gap. The equations for
the three oils tested in this experiment are:

Diesel Oil: V, = 0.41 8" w'? + 0.015 Vy, N
SAE 10W Qil: V, = 0.22 87 w2 + 0.00049 Vp, 2
SAE 40W Oil: V, = 0.0813 * w'* + 0.0028 Vy 3
where V, = velocity of the oil, in cm/s;

& = thickness of the oil slick, in cm;

w = width of the ice gap, in cmy

V, = velocity of the driving medium, in cm/s.

The constants in Equations 1, 2 and 3 are functions of the oil densities and
viscosities.
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- Note that Equations 1,2 and 3 do not differentiate between the driving forces

due to current or wind. This implies that over the ranges tested in this
. program neither current nor wind has a significant impact on the velocity of
7 oil flowing through an ice gap. . '

~ The maximum gap width which had any effect on the oil spread rate was also

- found to vary with the type of oil. Diesel fuel spread as if in open water in
gaps as small as 7.6 cm. The heavier SAE 10W and SAE 40W oils required
gaps as wide as 15 cm for the ice to not affect the oil spread rate.

. Results Random Broken Ice Flelds

: Restramed Field

‘F1gure l presents the results in dlmenswnless form for the diesel fuel tests in

restrained ice fields,

“where g = oil seepage rate per unit channel w1dth
d = oil sllck thickness;
- b = characterlshc dimension of the ice field.

The characteristic dimension, b, is defined as "the gap width that would exist if the

ice pieces had been arranged in a rectangular packing arrangement at the same

- concentration as the randor_n field". It can be calculated as follows:

®

where d = ice piece size;

¢ = surface ice concentration.

Free.e"t al elso foﬁr{d that
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.. . the seepage rate of oil through an ice field is independent of water
currents over the range investigated. An oil layer somewhat thinner than the
ice block thickness is shielded from the shear stresses due to the current by the
large roughness provided by the ice blocks. . . . the oil seepage rate to be
expressed in a dimensional form as: '

q =274 x 10-5 (6 4.37/b 2.87) ' ’ o : (6)

where g is'in cm/s and 8 and b are in centimetres. . . .

Figure 1 Oil Seepage Rate Through Broken Ice - Diesel Fuel
(from Free et al., 1982)
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_ Free et al found that the’ SAE 1OW oﬁ and the SAE 4OW 011 ‘were both too v1scous

and were totallv contained by the packed broken ice field".

Unrestrained Field

: Free et al found that in unrestramed ice tlelds the ice veloc1tv was determmed vy the

oil shck thtckness 1f the th1ckness ratto squared over the ice thlckness and ice field

length exceeded a given value:

.. for a given current or wind velocity, the velocity of the leading edge of the
ice field was directly related to the square of the oil slick thickness, and
inversely related to the length and thickness of the ice field. . .. It was noted

. that when the oil thickness became small, the water or wmd velocxtv rather
~ than the oil pressure dominated, the ice velocity tailed off sharply, and these

. equations no longer applied.

The equations below and Figures 3 and 4 summarize the findings for ice velocity in

- diesel oil and SAE 10W with current as a driving force.

V; [diesel fuel] = (106 &/(tL) + 0. 37e)v + 43352/(&) +5.44 (8)
for 62/(t L) > 0.00175 -

v, [SAE 1OW] = 0504V, + 392 8/(L) + 6.04 o ao

for 82/(t L) = 0. 004

where 'V, ice velocity, in ecm/s

ice thickness, in cm

Ll
Il

. ice field length, in cm

i

Usiﬁg"w'ind. as a dri\}i'ng"forlée,' Free et al. found that a minimum wind speed of 5.3
m/s (8.45 m/s scaled up for field conditions) was required to affect the oil and ice

(see Fi'gtxre 5). Below this value the ice velocity could be described by an equation

tn
|

Lh
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Figure 3

Ice Pack Velocity vs Relative Oil Thickness Driven by Current

- Diesel Fuel (from Free et al., 1982)

Figure 4

L 161 s
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Ice Pack Velocity vs Relative Oil Thickness Driven by

Current - 10W Qil {from in Free et al., 1982)
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corresponding to the equation derived previously for ice and diesel oil driven by a

current:

1

V. [diesel fuel] =533 &/(L) +532 S

for wind < 5 m/s (lab scale)

re

Note that the linear regression analysis yielded coefficients that are slightly different

from equation (8)

Relationships for ice velocities above wind speeds of 5 m/s could not be determined

“due to the 1imita_tior_1’s'_ of the apparatus.

Figure 5 Ice Pack Velocity vs Relative Oil Thickness Driven by Wind
- Diesel Fuel (from Free et al., 1982)

y

i |

2.0
10.0 Wine Velaciwy * 575 of/sec
" g
e
3 .
m sor Wird Yelocity = 185 co/esz
. E,‘% Wind Ve'seity = ( cn/sec
- .
FRE
o
Ny
5
e
4.0 P-
FIGURE & - .
ICE PACK YELOCITY VS RELATIVE CiL THICXNESS DRIVEN 3Y ¥IND
DIESEL FLEL
12,0
i
ol . . . . \ . . L
C .o 0.co2 £.00 3.004 9.00% .006 2,007 e ) 2.008
e
H 1
f
vt
5-57
e
(7

o



Tebeau, P.A., T.M. Meehan, and S.A. Szepoff. 1984. A Laboratory Study of Oil
Spreading Under Arctic Conditions. Unpublished laboratory report available
from the U.S. Coast Guard Research and Development Centre, Groton,

Connecticut.

Tebeau et al. (1984) write that

The objective of these experiments was to identify the mechanisms controlling
spreading rate, final area, and equilibrium thickness; and to gain some insight
into the validity of existing models which predict these spreading parameters.

Specifically they wanted to verify the equations developed by Free et al, 1981 (also

presented in Free et al., 1982) and explore their usefulness for field conditions.

The method used is summarized by Tebeau et al.:

The tests were conducted in a small test tank (120 cm by 120 cm square by 30
cm deep [1.2 m by 1.2 m by 03 m]). . .. The open water tests consisted of
releasing small volumes (25 or 30 ml) of three types of oil (No. 2 home
heating, Prudhoe Bay Crude, or No. 4 fuel oil} . . .. The broken ice tests
consisted of releasing the same oils into the tank which was filled with
varying numbers of rectangular ice blocks (10 cm x 10 cm x 12 em ). Oil
volume, ice concentration, and release rate were varied in the test runs to
delineate the physical mechanisms controlling the oil spreading rate, final spill
area, and equilibrium thickness. In some tests, actual measurement of the
gaps between the ice pieces was attempted.

Two separate sets of tests were conducted: constant flow rate release or instantaneous

release. For oil properties see Table 3-2.
Results

Tebeau et al. found that

In general, the No. 2 heating oil exhibited the non-containment spreading
behaviour as defined by Free, Cox, and Schultz (1981), while the heavier oils
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.. (Prudhoe Bay crude and No. 4 fuel 011) exhibited the virtual or total
'contamment behavior [0il slick much thlcker than open water equilibrium]. .

" Prudhoe Bay crude oil continued to spread for several minutes at 71% ice

o concentranon (120 blocks), while spreading was halted within a minute at ice
. ‘¢oncentrations of 83-85% (200 and 160 blocks). . . . 71% ice concentration case

‘probably corresponds to virtual containment . . while the behavior at 83-85%
_ice concentration probably corresponds to total containment. Equilibrium
“thickness for the Prudhoe Bay crude were measured at 0.34 cm [3.4 mm)] for
" the 71% ice concentration and roughly 1.1 ¢m [11 mm] for the 83-85%
concentration. . . . the spreading behavior of the No. 4 fuel oil at ice

' B concentratlon down to 73% can best be descrlbed as total contamment

. ... for heavier oils and higher ice concentratlons, ice concentration becomes
' 1mportant in confrolling spill behavior, with the phys1ca1 properties of the oil
being less important.

Figure 12  Plotof Equilibriurh Oil Thickness vs. Ice Concentration (from Tebeau

et al, 1984)
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During the instantaneous releases of oil, Tebeau et al. observed that

the instantaneous release spill spreads more rapidly than the constant flow
rate spiil, and produces a somewhat larger spill area. . . . This effect is
probably due to the increase in hydrostatic pressure with the instantaneous
release in the initial seconds of the spill.

They found again that in high ice concentrations, the oil was totally contained by the

ice within a relatively fixed spill area, even when spill volumes were increased. -

Tebeau et al. compared their résults_to the gap width equations developed by Free
et al. (1982) and found that the equations overestimated the equilibrium thickness.
The predictions of Free et al. (1982) and the results of Tebeau et al. are compared in

Figure 18.

Figure 18  Plots of Experimental and Theoretical Values of Oil Spill Thickness —
vs. Ice Gap Width for Ice Gap Flow, Instantaneous Release (from
Tebeau et al., 1984)
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" .To explain the discrepancy between the theorv and observations, the modelling of ol

flow as Poiseuille flow versus flow in a narrow channel was examined. An equation
was developed for equilibrium thickness as a function of hydrostatic force and

interfacial tension

Syl

0.5p,gw(t?) - 2 G, (1 - cosB) - G, (1 - cosB)(w) = 0
where p, = oil density
| _w = gap width
6, = oil/water interfacial tension

“unoi @ = contact angle assumed to be between 90 and 180°

" Tebeau ot al. found that an assumed contact angle of 180° gave the best agreement

with the experimental data. The equation above is most appropriate for oil thickness

less than the gap width.

 Tebeau et al. conclude that the "laboratory results will likely apply to a stationary

brash ice environment . . . where ice piece sizes are small, and the ice concentration
is fairly uniform in space and time". They predict that the usefulness of the

labOratory results for predicting the equilibrium thickness in the offshore Arctic will

‘be minimal:

the gap widths encountered here are generally on the order of several meters,
and hence small scale oil/ice phenomenon observed in the laboratory probably
- do not control cil spreading. : '



S.L. Ross Environmental Research Limited and DF Dickins Associates Ltd. 1987a.
Field Research Spills to Investigate the Physical and Chemical Fate of Oil in
Pack Ice. Environmental Studies Revolving Funds, Report No. 062. Ottawa.

Buist, .A.and D.F. Dickins. 1987. Experimental Spills of Crude Oil in Pack Ice. 1987
Qil Spill Conference, American Petroleum Institute, Washington, D.C., pp
373-381. '

This study is also reported in Buist and Bjerkelund (1986).

Three experimental spiils of 1 cubic metre each of Alberta sweet mixed blend crude

oil, were done in pack ice about 140 km east bf Chedabucto Bay, Nova Scotia.

The objective of the study was to evaluate oil spreading in variable pack ice
conditions; the fate of oil spilled in pack ice (evaporation, emulsification, dispersion,

and incorporation into or on top of the ice) and possible countermeasure techniques.
Ice Conditions
The ice and environmental conditions for each spill are summarized below (from S.L.

Ross and DF Dickins, 1987),

Spill No. 1, March 9, 1986.

Ice conditions 4-6/10 smalil floes and pancakes
Floe size mean 7 m

max 24 m
Floe freeboard 5 cm to 44 cm
Water temperature -1.4 to -1.6 °C
Oil temperature -1.0 to -1.5 °C
Ice core temperature -2.2 °C top to -1.3 °C bottom
Seawater salinity 24 ppt (approximately)
Ice core salinity 0.5 ppt top to 5.0 ppt bottom
Relative floe motion : minimum -7 ¢m/s
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- mean +2.4 cm/s
‘max 16 cm/s
mean convergence -3.4 cm/s
Iee drit 1.1 km/hr to 140 °T
_ _ 1.9 km/hr to 158 °T overnight
Wind speed 35-45 km/hr

Spills No. 2 and No. 3, March 10, 1986.

Foimis

i

-

e Spill No. 2  SpillNo.3

Ice conditions 7-8/10 4-6/10
with pancakes and heavy slushiceup =~ ' to 40 cm thick
between floes
Floe size ' mean 13 m mean 9 m
U haxlom A _
Floe freeboard 5 cm to 52 ¢m 5 cm to 52 ¢m
- Water/slush temperature ' --- -17 °C
Oil temperature” S -3.4 °C -3 °C
Ice core temperature ' -2.8 °C top to
~ o 716 °Cbottom o -
" Relative floe motion ' 0.1 cam/s not measured
~ lce drift 0.8 km/hr to 0.7 km/hr to
S e 195°T - ' 155 °T
* Wind speed S ' 30-35 km/hr 18-22 km/hr

fad

s
oy

" Results

Oil Spreading in Pack Ice
5.L. Ross and DF Dickins (1987) modified Fay's (1969) equations to model the spread
of oil spilled in pack ice.

" The spread of an oil slick on the open sea goes through three phases:
gravity-inertia (G-I), gravity-viscous (G-V), and surface tension-viscous (5-V).
The rate of spreading is calculated from:

ol
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N
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A = 4.1(AgVtHV  (for G-I

A = 6.6 (AgVu¥p/u'A  (for G-V)
A =166 (¢pw?  (for S-V)
where: A spill area (m?)

A fractional buoyancy of oil

(p-pJ)/p

acceleration of gravity (9.81 m/s?)
spill volume (m?)

elapsed time (s)

density of water (kg/m?)

density of oil (kg/m’)

dynamic viscosity of water (Pas)
spreading coefficient (N/m)

[ I

mw wn

Q

QOFEDT D ™ <0

nnn

A viscosity correction factor (1 /p)®" was used, where L, is the oil viscosity, for the
y y

gravity-viscous regime. S.L. Ross and DF Dickins (1987) also stated that:

.. . because the oil can spread only on water, the area taken up by ice floes
should be excluded. This is accounted for by a term (1-f), where f;is the
fraction of the sea surface covered by ice. The final spreading rates can then
be calculated from:

AuT = (/WP (1-fHA

Figure 7 shows the oil spill areas for each spill (corrected to exclude ice) and Fay's
spreading curves for the oil at 0°C (corrected for oil viscosity and ice concentration).
This simple approach fits the data well for oil spreading in pack ice in the absence of

thick brash ice (spiil 1).

Figure 8 shows the results of the oil slick thickness data for spill No.1 compared with

the model prediction (Buist and Dickins, 1987).
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Figure 7. Oil spreading in pack ice
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Figure 8. Thickness of spill No.1 vs time

... This independent data set confirms the spreading data and modet shown on
Figure 7. The thicker areas of the slick at the center and downwind south end
of spill 1 were spread primarily by the gravity-viscous regime of Fay while the

north, upwind portion of the slick was quickly spread by the surface
tension-viscous regime. Again, the simple, corrected Fay model predicts the data

reasonably well.

Qil Spreading in Brash Ice
S.L. Ross and DF Dickins (1987) found that the high concentrations of brash ice in spills

2 and 3 greatly reduced oil spreading. They concluded that
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: _"."'--:i-'fl‘*"%ﬂ'"fh“":braéh:"ice “spreads according to the modified Fay equation until it
saturates the brash ice above the water surface, then ceases spreading, resulting
- ina flnal area as predlcted bV Kawamura et al. (1986)

The equation developed by Kawamura et al (1986) to predlct the fmal area of a spzll in

where:

. po
Ps

=,

Ko

i

T T F TR T

.- snow is (S.L. Ross and DF Dickins, 1987)

X 0 45 Voz doz 0-3675 80.4125‘ APS-OG

| V2f3 | ( px)o.a,s 04375

snow depth (m)

snow crystal factor

1.0 for crystalline snow

0.1 for spherical snow

oil density (kg/m3)

snow density (kg/m®)

surface tension of spilled substance (IN/m)

“spill volume (m?)
~ oil viscosity (Pas)

acceleration of gravity (m/s?

Substltutmg 'd = 0.05 m (the freeboard of the brash ice), the propertres of the
crude oil at 0°C, and p,= 800 kg/m y1e1ds a final spill area of 38 m?, very close
to the final observed areas of 36 and 35 m” for Spills 2 and 3, respectlvely

Other Observatlons

'- Bulst and chkms (1987) observed that

The oil interacted with the ice in three ways: it saturated the brash ice
- surrounding floes, it splashed onto small pancakes of ice, and droplets were
. swept beneath the floes by the currents '

' The brash ice proved to be an eftectwe barrler to 11m1t the spread of 011 [sp1lls 2
and 3]. However, in dynamic conditions the oil eventually mixed with the ice
to produce a brown slush which, with the rocking action of the floes, coated the

~ oliter rim of small floes and pancakes. . . .

“ In spill No. 1, oil droplets, about 1 mm to 3 mm in diameter, were observed
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being swept by currents beneath floes. A core sample from the edge of a floe
showed that these droplets were trapped by the underside of the floe and had
migrated upward some 25 cm into the brine channels. Analysis of the melted
cores showed oil concentrations equivalent to an under-ice oil thickness of
approximately 0.15 mm.

Some oil was also found on top of the occasional pancake, though this was rare.
Analysis of one such sample scraped from the snow showed that the oil had an
effective thickness of 0.25 mm and was extremely weathered.

Conclusions

L. Ross and DF Dickins (1987) made the following conclusions:

1. Spreading of oil in pack ice is dramatically reduced, over that in open
water, by the presence of ice forms. Simple correction factors to Fay's
equations to account for oil viscosity and ice concentration seem to be
adequate to predict oil spreading in pack ice in the absence of thick brash
ice. High concentrations of brash ice, regardless of the concentration of
the larger ice forms, stop oil from spreading. The final area of oil
spreading in brash ice is well predicted by the equation proposed by
Kawamura et al. (1986).

2. Over the time periods of the experiments . . . oil in pack ice does not drift
relative to the surrounding floes. As a rough approximation, the oil and
ice floes drift according to the vector sum of 3% of the wind speed ar 10
m, including a 10 degree clockwise Coriolis rotation, and the residual
current.

4. Despite the fact that the crude oil is known to emulsify in cold water at
low sea states, no evidence of emulsification was found, despite the large
swell running during Spill 1.

5. Though evidence of natural dispersion was found, the observed oil
droplets were large and rapidly rose to collect on under-ice surfaces.
Natural dispersion does. not seem to play as important a role in
determining the fate of an oil spill in pack ice as it does in open water.

6. During the most dyrﬁamic of the three spills in this study, oiling of floes
occurred principally through compression of oiled slush and brash
between thicker floes and pancakes. This process resulted in smearing
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" and deposition of oiled ice around the raised edges characteristic of fioes

~in a marginal ice zone. There was very little opportunity for oil transport

into the interior surface of floes. This situation could change if the volume

- of slush and’ brash were substantially reduced, thereby introducing the

potential for wind driven spray between floes in an open pack situation.

N oo, . Individual floes could then also impact directly without the slush "buffer"
ﬁ Lo W presént during this study. -

. 7. No evidence of lead pumping of oil was observed, despite the dynamic
" conditions during one of the experlmental spills.

% e 80 Inssitu burnlng proved to be an effective technique for removing oil
: v terie o spilled in high concentrations of brash ice; no other countermeasures
techniques seemed feasible for brash ice or medium concentration pack

. Ice.
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Belaskas, D.P., and P.D. Yapa. 1991. Qil Spreading in Broken Ice. Prepared by the
Department of Civil and Environmental Engineering, Clarkson University,
Potsdam, New York. Report No. 91-6.

An associated paper by Belaskas and Yapa (1990) describes the preliminary results.

Objectives: To study the relationship of discharge rate and oil volume on the spreading
rate in broken ice.

The tests were carried out in a small tank, 1.2 m by 1.2 m by 0.45 m deep, in a cold
room. Four ice covers were tested: 1) polyethylene blocks, 20.6 mm by 19.1 mm by 6.4
mm; 2) small plastic cylinders, length 3.25 mm and diameter 3.33 mm; 3) crushed ice
from an ice machine, various grain sizes; 4) small ice blocks, 12.7 mm by 12.7 mm by
9.5 mm. Layer thicknesses from 1.55 cm to 7.56 cm were tested with porosities of 0.38
+0.02 with the exception of the plastic cylinders which had a porosity of 0.55. No wind
or waves were present.

The ice covers was randomly arranged in the tank, levelled to a uniform thickness, and
marked to aid in measurement of horizontal spreading. A diffuser in the centre of the
tank discharged a set volume of oil at a constant flow rate.

Twenty-one tests were conducted. Oil viscosity was varied from 161.2 to 769 cs, flow
rate from 0.0143 to 0.077 L/s and oil volumes from 0.285 to 4.25 L. Slick radius with
time was measured, both on the surface and on the bottom of the cover. Tests were
completed anywhere between 1.5 min and 1.24 hours. Open water tests were also
included.

Belaskas and Yapa found that spreading was related to flow rate and time:

5-70



1

-
L Heided,

R = Q¥
- where R = slick radxus in cm

Q= flow rate in cm /s“

t = ‘ time in s

Once the oil penetrated up through the covers, it spread faster on the surface than on
" the bottom. The plastxc cyhnders were’ reIahver xmpervxous to oil", and the results -
- were compared to oil spreadmg under sohd ice. Values found for k, X and t for the

~ various covers are glven below.

" k%, and y Values for Polyethylene Block Cover . Constant Discharge

Variable " Top View " Bottom View
L 4TS cm thxck 7. 56 cm thlck 4.75 m thick 7 56 cm thick
ek 024 080 008 o6l

X 0.40 ~0.05 094 045
ez ez 03 0a7

\<

Slopes (y).for Plastic Cylinder Ice Cover
Bdttorh View
Constant  Constant

_ Dlscharge Volume

05 0 0.080.19



k, x, and y Values for Crushed Ice and Block Ice Covers - Constant Discharge |

Variable Top View Boftom View
k 0.12 0.37
X 0.55 0.72
y 0.59 0.47

Figure 4.14 shows the results from the tests in ice block cover.

Overall, spreading was found to be a function of time, discharge rate, and ice cover
thickness. Belaskas and Yapa concluded that "The spreading mechanism is dramatically
altered by the type of ice cover and permeability of the ice cover, even when porosity

has not changed significantly.”

5-72



i

.

N

g
i
3

£

S |

e
&
v
bercd

Bk

=%

B
bd

1)

1

I

3

il

TR

t

- Figure 4.14

Oil Spreading in Ice Blocks, Constant Discharge
(from Belaskas et al., 1991)
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5.4 Lead Closure - Literature Review

MacNeill, M.R. and RH. Goodman. 1985. Motion of Qil in Leads. Eighth Annual

Arctic Marine Oilspill Program Technical Seminar, Environment Canada,

Ottawa, Ontario, pp 42-52.

This study is also reported in MacNeill and Goodman, 1987. MacNeill and Goodman

(1985) investigated the motion and fate of oil during lead closure.

The experiment was carried ouf in an outdoor test basin . . . located on the site
of the Esso Resources Canada Limited laboratory in Calgary, Alberta. ... The
dimensions of the basin were 15 m x 19 m, with a maximum depth of 2 m. .
.. Ordinary salt was added to the basin to bring the salinity of the water up
to approximately 28 0/00, corresponding to the surface salinity that would
typicaily be measured in the southern Beaufort Sea in winter. '

Following a preliminary test, the final experimental procedure was

1

2)

3)

4)

5)

The lead was created by cutting the ice across the basin and pulling the

two ice sheets apart, so that the sides of the lead match.

5-10 litres of oil was poured on the surface of the lead and allowed to

spread to an equilibrium thickness: '

The lead was closed by pulling one ice sheet straight into the other one
using hand winches.

Slush was removed from the lead for the initial tests to simplify

interpreting the experiment..

The oil used in the tests was unweathered "Adgo crude”, a heavy

Arctic oil. It was chosen both for its availability and low pour

. point of - 26°C.

Four tests were done on four different leads over a two day period in

January 1984. Table 2 presents the test parametefs.
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-Table 2 Test Parameters

e

Volume Adr Water Ice Oil Rate of
Test # of Oil Temp | Temp | Thickness { Frecboard Temp Salinity Closure
(L) °C) O {cm} (cmm) (°C) {o/00) {em/sec)

1 10 -3 0.5 30 03 4 24 <5

2 5 -2 0.5 30 . 3 7 24 6

3 5 +9 05 30 3 7 24 6

4 5 2 03 30 3 7 24 12

|

The main parameter to be varied was the rate of closure. . . . the rate could

.- not be changed with precision but could be measured accurately using the
“change of the lead width in the pictures from the motor-drive cameras. Three

rates were attamed Iess than 5 cm/ sec, 6 cm/ sec and 12 cm/ S.

'Résults o

= : Test =

Ten litres of oil were applied to a lead with some slush in it. The oil spread
very little on the surface of the lead, creating a slick 0.5 to 1 cm thick. .
When the lead closed, there was no observable flow of oil along the lead, but
an estimated 3 litres of oil flowed over the ice sheet on the east side of the
lead (in reglons of negative freeboard) as the s1des of the lead pressed
together. .

Test 2
" The amount of oil poured onto the lead was reduced to 5 litres. Probably as

a result of less slush in the lead, the oil spread more evenly and thinly than
in Test #1, to about 0.2 cm thick. ... As the lead closed at about 6 cm/sec, oil

“was squezzed over the ice on both sides of the lead . . . to a maximum of 20

cm from the edge of the lead. An estimated 0.5 to 1 litre of oil covered the
ice. Underwater video and photography showed that some oil was squeezed

" downward between the ice sheets on impact, then rose again. No oil reached

the underside of the sheets. Four to 4.5 litres remained between the ice sheets.

. Again the oil did not move along the lead.

Test 3
. dispersant (Corexit 9550) was sprayed on the oil to investigate any effect
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on its behavior. Unfortunately, this test was inconclusive because the large
amount of slush remaining in the lead prevented complete closure of the lead.

Test 4

The oil spread over the lead to a similar thickness as in Test 2. However, the
lead closed at twice the rate (12 cm/sec), causing the oil to splash over both
sides of the'ice to a distance of 30-40 cm from the ice edges all along the lead.
An estimated 4 litres was on top of the ice. . . . Underwater photography
showed that the impact of the ice sheets coming together forced some oil onto

the underside of the ice, although the actual amount was negligible, probably

less than 0.1 litre. Visually, this oil appeared as globules of oil scattered as far
as 75 ¢m from the closed lead.

Conclusions

The few tests that were performed indicate that the fate of oil in a lead when

two ice sheets come together is a function of the rate of closure of the lead: the

higher the rate of closure, the more oil that will spill onto the surface of the
ice and the less that will be found between the sides of the two sheets. When
a 30 cm ice sheet closed at rates up to 12 cm/sec, very little oil found its way
under the ice, although the amount appeared to increase with closure rate.
The closing motion of the two ice sheets did not pump oil laterally along the
straight lead. Where negative freeboard occurred, greater quantities of oil
were deposited on the ice.

A major concern, when considering thé results of the experiment, is how well
the rates of closures used correspond to observed field values.
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‘ D1ck1ns, D.F., A. Dickinson, and B. Humphrey 1986. Pack Ice in Car'i';'an'i.a'n Waters:

- Dimensions and Dynamics of Leads and Floes. Prepared by DF Dickins
* Associates Lid. for the Environmental Protection Service, Environment Canada,

Ottawa, Ontario, EPS-EE-82.

This report presents statistics on pack ice condmons in the Beaufort Sea, Lancaster
* Sound, and the Labrador Sea, mcludmg a umque data set on lead motion to examine

~ the the phenomenon of "lead pumpmg This data will be discussed here. Lead

d1men51on and motion statlstlcs were collected for 255 leads from satelhte and side

~ looking air-borne imagery.

In the Beaufort Sea and Laﬁeaeter _SOuhd, leads ai‘e_ the dominant pack ice feature:

Thick first year floes in these areas are only present for 4 to 6 weeks during
- break-up offshore. Ice concentrations quickly reduce to the point where there
“are only scattered floes, which will have limited impact on oil spill behavior.

. The Beaufort Sea and Lancaster Sound are areas of ice efflux, while the
Labrador Sea is an area of significant ice influx. Floes are the dominant
. feature in the Labrador Sea. Leads only occur temporarzly when large ﬂoes
"““d1v1de - :

* Results

Figures 3.15 and 3.16 show percent frequency of occurrence of measured rates
of change in lead width. Positive rates signify opening and negative rates
indicate closing. Both Lancaster Sound and the Beaufort Sea appear as
- expanding ice environments, that is openings are favoured over closing by a
" ratio of 5:1. Peak movement rates encountered during opening events tend to
be two to five times higher than rates measured during closings. Lancaster
- Sound experiences lead opening rates as high as 17 km/day, compared to a
* peak value of less than 10 km/day measured in the Beaufort Sea. The percent
occurrence of closure events is similar for the two regions, but closure rates

- tend to be higher and more evenly distributed in the Beaufort Sea.
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Figure 3.16 Lead Opening and Closing Rates - Lancaster Sound
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Figures 3.15 and 3.16 clearly show that over 50% of lead motions occur at rates
less than 0.5 km/day [0.58 em/s]. . .. Caution should be exercised in drawing
conclusions about instantaneous lead motions from 24 hour displacements.

10 As a first approximation, the average rates of lead openings and closings are

B less than 20 m/ hour [0 55 cm / 5}

"'A umque data sef on maximum potennal short term lead closure rates is
contained in personal observations of ice track closure behind icebreakers.
Table 3.3 summarizes findings provided by J.D. Bradford (pers. comm.).

Table 3.3 Icebreaker Track Closure Ol‘bs'eb'vatzibr‘ls

(from J.D, Bradford, pers. comm.)

|| Location Date Ice Thickness | Closure Rate
(cm) (m/min)

| Barrow Strait Oct / 73 28 30
| Baffin Bay Apr / 70 121 0.8
| N.w. Baffin May / 70 38 4.6
B Lancaster Sound May / 70 46 15.2
Lancaster Sound May / 70 152 6.1
|l Grand Banks Mar / 71 23 21

Lancaster Sound - maximum found in this study ~ 1.73 [2.8 cm/s]
~ Beaufort Sea - maximum found in this study 2.08 [3.5 cm/s]

Conclusions

' The authors make the following conclusions:

" Where leads are common, they appear to be expanding more often than
contracting. Based on 24 hour ice displacement records, this trend to a
- diverging ice cover would indicate that lead pumping will not be an important
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factor affecting oil spill distribution within a pack ice environment in the
Beaufort Sea or Lancaster Sound. . . .

Leads closing in a Beaufort Sea pack ice environment invariably lead to the
formation of pressure ridges. ... Any oil which may be pumped up onto the
lead edges will be incorporated in the complex block structure of the ridge.
Lead pumping effects will then become secondary to the more significant
matter of oil incorporation within a deformed ice field.

The pulsing ice motions necessary to cause "lead pumping" will more likely

be associated with individual floes in an ocean swell, than with leads in an
almost continuous ice cover.
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5.5 Discussion : Key Processes

" The research discussed in the previous sections provides an overview of oil fate and

behaviour i in broken ice environments. Thls section prov1des a summary of the key

fmdmgs and processes

551 Spills of Opportunity

The spills of opportunity demohstrate the behaviour and fate of oil in real situations.

The fmdmgs from the spllls prov1de a focus for field and laboratory research by

1dent1fy1ng processes that are not well understood. They also give “researchers an

) opportumty to verify the results of theoretical and small scale field tests.

eIt ds dlfflcult to directly compare the oil fate and behav1our in the sp1lls of

| opporturutv as oil propertles and environmental conditions vary from Splll to sp111

In the Arrow spill, Bunker C oil was trapped in ice slurries at the edg'e.of the

" expanding shorefast ice and the oil became incorporated into the crystalline structure

of the ice (McLean, 1972). Where the oil was trapped in lagoons the emulsified oil

" was found to form ice-oil-ice layers.

: Wlison and Mackay (1987) concluded that much of the No 6 oil from the Matane

spill was also held in the crystalline structure of the grease ice. Payne (pers. comm.)

- commented that it was difficult to tell if the JP-5 jet fuel from the Cepheus spill

became entrained in the grease ice as JP-5 is clear and it evaporated quickly.

Deslauriers and Martin (1978) reported that in the spxll of No. 2 011 in Buzzards Bay,

the strong currents transported the oil underneath the ice for large distances. The oil
was also dispersed during the opening and closing of leads as the oil flowed under
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the ice edge as the leads opened or was incorporated into the deformed ice as the
leads closed. Qil was also contained in the rafted, ridged, and hummocked ice
where, because of its density, the oil rose into the openings in the ice where it was
trapped. Winds transported a significant amount of oil from the rafted pools over

the ice surface.

The density of the Bunker C oil from the Kurdistan spill also resulted in the oil being
carried beneath the water surface and under the ice (Reimer, 1980a). The Kurdistan
spill also showed the importance of brash ice in controlling the fate of oil. In one
area, half of the oil was mixed in the brash ice as small particles, and the other half

was found on the floe surfaces.

The shorefast ice found in most of the spill situations protected the shorelines from

" oil contamination, at least until the shorefast ice melted and oiled floes were stranded

on the beach.

5.5.2 il Behaviour in Developing Ice

Surfacing of Oil in Grease Ice and Slush

Martin et al. (1976) found that both diesel and Prudhoe Bay crude oil surfaced quite
readily and that very little oil was to be found under the ice. Metge and Telford
(1979) found that only a slight agitation was necessary to promote percolation of
crude oil up through slush. Wilson and Mackay were able to prevent surfacing of
the oil and promoté incorporation into the grease ice by cycling a metal hoop
through the ice surface twice per second and by lowering the density differential
between oil and ice by using freshwater ice. Wilson and Mackay also found that
surfacing of oil was decreased with emulsification of the oil. Buist et al. (1987a) also

found that increased wave action decreased surfacing of the oil.

Observations of oil incorporation into grease ice in field tests and spills of

5-82



e
b

i I

{7

o4
(2N

S

%)

T
i

73

opportunity are almost non-existent, with the exception of the Matane spill.

<" Horizontal Spreading of Oil in Grease Ice and Slush

: Martln et al. (1976) calculated an average shck thrcknesses of 1 mm for diesel o11 in

2 mixture of ‘pancake and grease ice.

'Sev'era.l' resear‘chers '('M'e'tée and Telford, 1978; Buist et al., 1987a) describe mixtures

_ of oil and stush as more viscous that elther component and effectrvely contammg the

S -oﬂ_ 011 spreadmg freely in a lead was observed by Buist et al. (1987a) to stop when

the oil encountered a concentrated edge of ice crystals. Bulst et al (1987a) found that

the oil spread rapldlv in slush under wave actlon

O11 Behav1our in Pancake Ice Wlth Waves

. i Martm etal. (1976) and Metge and Telford (1979) found that the combmatlon of wave

action and raised rims of pancake ice were able to trap s1gn1f1cant quantities of oil

- onto the ice. In one test, Martin et aI found that oil on the ice exceeded 50% of the

B total although the artificial containment of the oil by the test tank exaggerated the

oil behav1our Metge and Telford (1979) observed that the pumping action of the

floes, and rransferrmg of oil from floe to floe, iricreased the oiled area.

In the field, oil was only observed on occasional floes by S.L. Ross and DF Dickins

- (1987) in a experimental spill in pack ice, whereas in the Kurdistan spill, half the oil

was on the ice in some areas.

Qil Incorvoranon of Snow

' Snowralls occurred during two of the outdoor tests. Scott (1973) noted that the snow

passed through the oil and formed ice underneath it. Buist et al. (1987a) found the

.. ..the snow and the oil mixed to form a slush.



5.5.3 Broken Ice

In the Arctic broken ice environments (5-8/10 concentration) are typically found as
pack ice is converging or diverging under the influence of winds and currents.
Broken ice environments usually last at most several weeks to a month in the Arctic,

although they may survive longer in other areas.

Few studies have addressed the problem of oil in broken ice. Free et al. (1982), in
laboratory tests, found that the ice concentration, when large enough, could confine
oil and result in a slick thickness much higher than the open water equilibrium
thickness. Free et al. (1982) developed several equations for ice velocity under the

effect of oil and current {(wind < 5 m/s).

Tebeau et al. (1984) attempted to verify the results of Free et al. They noticed the
same trend in confinement of the oil in high concentrations (about 7/10 ice
concentration for Prudhoe Bay crude oil). However, they concluded that equations
for oil spreading based on their results or those of Free et al. (1982) would likely have
little applicability to the Arctic environment. Both laboratory tests used small ice
pieces sizes and correspondingly small gap widths (on the order of 1 cm or less)
between ice pieces, whereas large ice pieces with large gap widths would be found

in the Arctic.

The most suitable equations for oil spreading in broken ice are given by S.L. Ross
and DF Dickins (1987). They present a modified Fay equation that models the

containment provided by the ice. Their results are based on a small spill in pack ice.

S.L. Ross and DF Dickins also provide the best equations to date for oil spreading in
brash ice: a combination of the modified Fay equation {for broken ice) and
Kawamura's predictions for oil spreading in snow. As in the Kurdistan spill, brash

ice was found to be very effective at confining the oil. More field studies or
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observations from spills of opportunity are required to verify their results.

554 Lead Closure
The idea of "lead pumpmg has often been proposed in the literature és“a mechanism
) for 'dispersing oil onto ice surfaces. MacNeill and Goodman (1985 conducted

i Iarge-scale laboratory tests to determine the rates of lead closure necessary to cause

01I1ng of the lead edges They found that as closure rates increased from 6 cm/ s to |

‘12 cm/ s the amount of oil spllled onto the surface of the ice 1ncreased

Dickins et al. (1986) examined satellite and air-borne .in.ia'.gery.to determine 24 hour

: lead closure rates In the Beaufort Sea and Lancaster Sound where Ieads are the_

dommant pack ice feature, the leads seem to be Openmg more often than closing. |

“They found that 50% of Iead motions occurred at rates less than 0.5 km/day (0.6

cm/s) and the maximum lead closure rate was about 3 km/day (3.5 cm/s).

. _Although hlgher instantaneous lead closure rates have been observed in shxp track

closures, Dickins et al. (1986) concluded that “lead pumping” is unlikely to be an
Important mechanism in chspersmg oil in these environments. Rather, any oil that

may be spllled on the ice surface w111 be mcorporated into the deformed ice as rldges

- are forrned

In the Buzzards Bay spill, Deslauriers and Martin (1978) reported that oil in the leads

was either carried under the ice edge by the strong currents when the leads opened

» or mcorporated into the deformed ice as the leads closed. Oil was transported over

the ice surface by wind action from pools of il found in rafted ice.
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60 O BEHAVIOUR ON SNOW AND ICE

" The bulk of field and laboratorv studies investigating the fate and behaviour of oil

and ice have focused largelv on scenarios that exclude s1gmf1cant oil/snow

) mterachons There have been, however a number of studies which consxder surface

oil spill processes on, through and under snow with ice as a substrate. These studies

1nc1ude field test programs, ‘theoretical derivations of dr1v1ng and resistance forces

and spills of opportunity.

The f1rst studies exammmg the fate and behaviour of oil mterachons with snow,

B ‘began in the early 1970's."McMinn, 1972 developed a comprehenswe set of process

equat1ons fash1oned after Fay's (1969) theory of oil spreadmg over water. Mackay

o et al. (1975) 1nvest1gated both hot and isothermal spllls on snow prov1d1ng data on
- oil penetration processes The accidental sp111 of dlesel fuel at Nome, Alaska

A wprowded quahtatlve information on the ablhty of sniow to contain oil (Allen 1978).

Izmaylov (1980) 1nvest1gated the effect of oil sp1lls on the albedo of snow covered ice -
and observed the influence of oil on snow melt. Kawamura et al.(1986) developed

a general spreadmg model based on a series of small-scale chermcal spllls on both ice

- "and snow Further fleld testlng and theoretlcal development were conducted by
S Belore and BLIISt (1988) resulnng in a definitive work on the modelhng of oil spills

" in snow. Bech and Sveum (1991) conducted five expenmental sp1lls and ldentlfled

a primary and secondary spread area based on split oil distribution.

" The key papers that address the topic of oil on snow/ice surfaces are reviewed in the

following sections. These papers were divided into three subtopics. These subtopics

are as follows: (1) 'I_'heoretical Studies Involving Field Test Verification, (2) Field
Studies, and (3) Spills Of Opportunity. This chapter closes with a separate section

- summarizing limitations of the studies to date and suitability of the process equations

presented.
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6.1 Theoretical Studies Involving Field Test Verification
- Literature Review

McMinn, LTJG T.J. 1972. Cmde Qil Behavior on Arctic Winter Ice: Final Report.
Environmental and Transportation Technology Division, Office of Research
and Development, United States Coast Guard, Project 734108,
Washington, D.C., NTIS Publication No. AD-754, 261 p.

This paper describes a series of field experiments designed to investigate the
spreading of oil on snow and ice surfaces. Other papers include McMinn and
Golden (1973) and Chen (1972). The most comprehensive of the three papers is
McMinn (1972). A large portion of this paper is devoted to the development of a
simplified theory to explain the mechanics of oil spreading under Arctic conditions.
The theory section from McMinn's paper contains a thorough treatment of process

equations developed from first principles and is therefore presented almost entirely

infact.

McMinn writes

The purpose of this experiment is to examine theories developed for oil
spreading over ice and snow and to compare these theories with spreading
data taken in the field. In this regard the experiment attempted to prove that
oil spreading on snow/ice can be accurately predicted and that spreading rate
and ultimate pool size are independent of oil properties and ambient air
temperature. . . .

... A total of four spills were made for the purpose of analyzing oil
spreading. Three of the spills were made on the snow surface (sea ice surface
covered by a snow thickness of approximately 20 cm). ... The fourth spill
was made on the lake ice surface . . . In each case the oil used was North
Slope produced crude oil at a temperature of 58°F.

Theory

According to Fay, oil spreading on water is controlled by four physical
phenomena; gravity, surface tension, inertia, viscosity. Initially, the oil driving
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force is due primarily to gravity generated pressure. Since pressure acts in alf

directions from a single point, forces due to this gravity pressure tend to force
the oil outward from the center in all directions. Hence the force due to
gravity (Fg) equals: '

Gravitv Eguations

h
F,=IPdA
.. 0

where P#pgh - and A=2nrth

dA=2 nrdh
&
- F,=2npgr/hdh
o

- -.'Fg = tngh? | | (D

(Note: Definition of symbois at end of this review)

Surface Tension Eduatlon

- The point at which surface tension forces begin to control spreading is the

" "point where the force due to gravity equals the force due to surface tension.

The spreadmg force due to surface tension (Fs) equals
| Eso,@un

where ¢, the resultant surface tension vector when oil interfaces an ice surface

- and 2nr is the circumference of the oil pool. Equating the surface tension force
and the gravity forces: F, =F, we get

or(anr) = nrpgh’ A (11) |

We now solve equation 1.1 for the thickness (h) of the oil at the instant F, =
F,. We shall call this thickness the critical thickness (h.). The critical thlckness
(h) where surface tension forces begm to dominate spreadmg is therefore:
: R _ ; : )
20,
x P8

- Hence in summarizing the positive oil spreading forces we find the following
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sequence:

(1) Gravity forces dominate spreading until h = h;
(2) Ath,F,>F, and surface tension forces dominate.

A similar situation is found when investigating the forces responsible for
retarding the spreading of oil. The primary oil spread retarding forces are due
to an inertial deceleration force and a viscous drag force.

Inertial Force Equations
Let us first consider the inertial forces. Inertia (F) is a retarding force that by
definition equals mass x deceleration. For our purpose:

F, = mdv/dt where m =nr’hp and v =r/t

hence F, = rxrthpr (3)

Viscous Force Equations
The viscosity forces (F,) are essentially friction forces due to the deformation
of horizontal layers of the oil. The dynamic viscosity of the oil (w) is by
definition the ratio of the shear intensity to the rate of deformation (dv/dh).
We represent this by:

u= 1 where t= FJ/ur’

dv/dh
and dv/idh = v/h

for our purposés: v =1/t

so  v/h=r/ht
Our definition of viscosity now becomes: 4)
4 = F ht
nré



-»?;‘s'olvihg' for viscous 'c"irl.ég,"we obtain;
O

If we examine the inertia to viscous force ratio, ph’/ut we see that this ratio,

for a particular oil, increases as h’/t increases. It is evident from the 1/t

RS 'relatlonshlp that 1n1t1a11y, or when time is small, inertial forces dominate the

" retarding forces and as time increases and the inertial /viscous ratio becomes
smaller, viscous forces dominate retardmg forces

'Applicat'ioh of 'I“heory'to Field EXperimerlts

- In the field ‘tests conducted for this study, the (')il“r»vés" sIowlyreleased from an

insulted oil storage tank. This release condition was selected in order "to simulate

{1

Tea broken pipeline or a slowly leakmg surface vessel (shrp, barge, etc. )"

8 )

Therefore it is convenient and accurate for us to represent the total volume
of cil spilled by:

e
e,

-. total volume = V,=Q (t) o B

Where Q represents the average flow rate and t the total time of oil discharge.
o ‘The total volume (Vt) also equals

-n:rzh o ' o (6)

- Equating the two volumes and solving for (r) we obtain: (7)
- r= ...-.Q..-}.zt.
g Yk
- A term, one we shall call "effective roughness height" or z, is now introduced.
Ei - 2, 1s a quantification of effective snow/ice roughness helght that it affected by:
1) surface roughness 2) ice permeability and porosity; and 3) viscosity of the

ﬂu1d (011)

Notmg equatlon (75 and co‘nsideri’ng‘ the definition of z,, we draw the
- conclusion that spreading will cease when h (oil thickness) = z, (effective
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roughness height). Substituting z, for h and renaming r o r,,,, equation (7)
becomes:
(8 -

Q1 —

nZ,

rrmx

This equation is plotted in Figure (6) over a range of roughness heights. From
this figure a reasonable prediction of terminal pool radius for a given flow
rate, time, and z, can be made. . .. .

_our determination that the lower limit of z, is approximately 0.1 ft allows
us, at this time, to predict the maximum area a spill of a given volume would _

ultimately cover.

.. Examining equation (2) we see that the transition point from gravity to _
surface tension spreading occurs when the oil diminished to a critical

thickness ¢h,) of:

B = 20,
(3
P8
Figure 6
' %
%
-
K
g L3 2
@ 5 s @
£ ®
g 2 —
N e L] -
) e
W 2
o
= o
¥ ¥ ] -
[=] L] -
(X} \ 3
r W
- 2 =
Ly
[ = -
< o
=
b L
: s
X \ . 3 _
z e
A 3

o
1o

14+  SMOvVY TS

6-6




!""?f?'xj
A )

= -

[

T
PE

(Note: the surface tension o, is the resultant surface tension vector when oil
is spreading on an ice surface)

We will now attempt to solve for h;'using representative values of p (densify)
and o, (surface tension) obtained for the Prudhoe Bay test crude. A density

~of 0.890 gm/cc will be substituted for p. The resultant surface tension o, is
- calculated as being:

‘.cr=0',_(1'+.cos‘9)_ | N ()

where 6 equals the oil contact angle. For a contact angle of 45° and an oil

surface tension of 30 dynes/ cm (measured value of Prudhoe Bay Crude):

- =30 (.1. + cos 45_0.) = 30__(1;.702) =51 dynes/cm

Using the above mentioned values of p and o, and 980 gm/sec® as the
_ acceleration due to gravity (g):

L h'J 895080 "> 2em

. ..From this calculation we can predict that gravity spreading forces will

dominate positive spreading forces until an oil thickness of approximately
one-third c¢m is reached. However, as we previously stated in our analysis of
terminal spreading limits, oil spreading will cease when h = z,, which has

" ‘been determined to range down to an oil thickness of approximately 3.04 cm.

' Ttcan easily be seen that h will never reach the critical th.ié'i{hés.s'hecéssér'y for

the transition from gravity to surface tension spreading forces. It can safely

be predicted then, that gravity forces are the only significant contributors to
positive oil spreading over ice forces and that spreading terminates prior to
entering the surface tension spreading regime.

 Since the final thickness of an oil spill on ice is quite large when compared fo

an oil spill on water, and as previously discussed the ratio of inertia to viscous
retarding forces vary as h? we can also make the assumption that viscous

‘retarding forces are negligible contributors to the resultant retarding force.

Neglecting, then, the surface tension spreading forces and the viscous

‘retarding forces, our discussion leaves us with only gravity spreading forces

(eq.1) and inertial retarding forces (eq.3) affecting the spreading of oil on ice.

~Equating the gravity spreading and inertial retarding forces we obtain:
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(10)

ﬁrpgkzzms.ﬁ

t2

Again depicting the volume (V) of spilled oil as:

V = Qt = nr'h
and solving for thickness (h) to obtain: (11)
.
nr?

allows us to represent the oil thickness (h) in terms of average flow rate (Q), -

time (t), and spill radius (x).

Substituting h (eq. 11) in equation (10):

2_®m prs(atln r?)
12

nrpg(atln r?)

and solving for radius (r) we obtain: (12)

r=.756(gQ)":¥

We conclude therefore, that oil spreading over ice will progress as a function
of time and flow rate as described in equation (12) until oil thickness reaches
effective roughness height where spreading stops.

Experimental Results and Conclusions

Spreading rates obtained from field data were non-dimensionalized and plotted

against theoretical values in Figure 7.

As can be seen from Figure [7), the slope of the experimental data is less than
that predicted by the simplified theory. ... The equation of the field data
Figure {7] can be duplicated by the following equation:

r=13(Q%g" T"
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Q=172 ft3/s8c
g= 32 2ft/sec?
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'o-l

' 10 o 0% 0
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Figure 6: Spreading Rate — Winter [ee,

... To some extent the discrepancy between theory and experiment is within
the range of experimental error, of greater significance is the fact that the
experimental results validate the theoretical assumption that only gravity and
inertia forces must be considered when predicting spread rate. .

. Had surface tension or viscous forces contributed significantly to
‘spreading, the data plot would be expected to be composed of two straight
11nes of different sIopes

Oil Interacnon
When oil is first subjected to or "spilled" over the ice/snow surface there is
very little migration of the oil down the ice column. . ..

.. From a cursory examination one would expect the warm (60°F) oil to
‘move, by gravity and capillary forces, down through ice/snow pore channels.
However, penetration of oil into the surface did not occur to any substantial
degree

6-9



__ The reasons for the lack of penetration into the surface by the oil is
theorized as follows.

... Immediately after the 60°F oil hits the surface a temperature differential
of ~70°F is created. The warm oil immediately causes an increase in
temperature and subsequent melting of a thin surface layer of snow/ice. The
melted snow/ice (water) moves, by gravity and capillary forces, down the
snow /ice column a distance on the order of 2 mm where the water refreezes
thereby blocking downward movement of oil. "

Effects of Blowing Snow

Fresh snow blowing across the oil tends to stick and migrate downward into
the oil. ... By taking samples and separating the two phases, the mixture was
determined to contain up to 80% (by volume) snow. . ..

The mixture was quite dry in appearance as long as the temperature remained
below the pour point (+15°F)of the oil; however, as the temperature increased
above the pour point, the oil within the mixture became more fluid and would
physically flow out of or drip from the snow/oil mixture.

Effects of Heavy Falling Snow
... it appeared that a heavy snow did not affect the oil as greatly as did the
blowing snow. A heavy snow fall resulted in a rapid accumulation of snow
upon the surface of the oil which was believed to become compacted at the
upper snow/oil interface. It is theorized that this compaction reduced the
volume of snow infiltrating the oil. |

LIST OF SYMBOLS

- total area

- diameter of oil slick

- force due to inertia

- force due to gravity

- force due to surface tension
- force due to viscosity

- thickness

critical thickness

- acceleration due to gravity
- oil flow rate

- average oil flow rate

- density

- radius of oil slick

- maximum radius of oil slick
- surface tension

Q E!H - T IO'(OGQ n’:i" ',IJ":"I'JM"I']W"T‘l_"‘I'] D..?
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Chen, E.C., ].C.K. Overall and C.R. Phillips. 1974. Spreading of Crude Oil on an Ice
Surface. Canadian Journal of Chemical Engineering, Vol 52, pp 71-74.

Chen et al. conducted a series of experiments using five crude oil types split on three
different surfaces. The primary objective of this study was to develop a process

equation capable of accurately estimating the spreading rate of oil and the extent of

oil spreading on an ice surface.

Using the same initial equations mentioned by Fay (1969), and implemented by
McMinn (1972), Chen et al. developed a complete equation for gravity-viscous
spreading for oil spreading on an ice surface. The equation considers viscosity
change over time due to the aging of oil. This equation is as follows:

R . 18], )5
o K(tpgV¥lu)™ + C

Where: R = Radius of the oil slick (cm)
V = Volume of oil (cm’)
K = Constant, dimensionless
t = time (sec)
p = density of cil {g/cm’)
g = acceleration of gravity (980 cm/ sec’)
| = viscosity of oil (poise)

C = Constant, dimensionless
Three artificially prepared ice surfaces were created each with a different surface

roughness (i.e., p = 0,0.15,0.34). Five crude oil types were poured onto these surfaces

and the spreading processes of the oil /ice interactions were observed.
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" Results and Conclusions

- Bases on the results obtained, the followmg conc1u51ons may be drawn for the
s grav1ty-v13cous spreadmg of crude oil on ice:

B, " The Tradius of the oil sl'ick' R, increases linearly with W™, the slop'e
| being 'K(ng“)”B In dimensionless form, (R/V*) is proportional

to the non- d1mens1onahzed group, (tng""/u)U3 v\nth constant K equal to
" g] - . : 024 - _

(2) The effect of surface roughness on the grawty—wscous spreadmg may be

considered to be insignificant.

(3 A chaﬁge in oil volume does not affect the correlation of spreading.

(4) In the terhperature range studied, i.e. from -3 to 14 C, the effect of

temperature on spreading can be accounted for by changes in viscosity,

Ria

M.

1

NS I i

Y I

54

=71
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Siu, S.K., C.R Phillips, and E.C. Chen. 1977. The Continuous Spilling of Hot Oil on

Jce. Journal of Canadian Petroleum Technology, January-March, 1977,

Montreal, pp 31-34.

A number of small-scale laboratory spills were conducted using heated crude oil.
This work considers the scenario of a hot oil pipeline rupture resulting in a
continuous non-isothermal spill on an ice surface. This study investigates hot oil
spreading on an ice surface considering oil temperature, ice temperature and spill

rate as key parameters controlling the oil/ice spreading processes.

Slick area is expressed as a function of elapsed time as follows:

(5)

12 3
A = (kpgﬂszt 25 = Rv-04QUe12,.

Where: K = (kgn"?**
A = slick area, cm?
g = gravity, 980 cm/sec’
k = dimensionless constant
Q = spilling rate, ml/sec
t = elapsed time, sec
| = viscosity of oil, poises
v = kinematic viscosity of oil, stokes

p = density of oil, g/em’

Norman Wells crude oil was heated to an approximate temperature of 60° C and
spilt at a constant rate onto artificially prepared ice. Careful measurements of oil
temperature after release, oil viscosity and density, and oil spill radius were made

during the course of the spills.
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" Results and Conclusions

Based on the results obtained, the follbwing conclusions rﬁay be drawn:

(D)

2)

®)

for contmuous sp1111ng of hot oil on ice under the condltlons of the
experiments, the oil slick area is propomonal to elapsed time to the

power 0.8;

oil slick area increases with both oil and ice temperature;

if the geometric mean of the oil and ice temperature is chosen as the
representative temperature T,, the oil slick area under the condltlons of

~ the experiments is proportional to exp(-0.2B/T,);

in the expenments the mcrease of the ol Slle area, A w1th the spzllmg

rate, Q, is not lmear Ais proportlonal to Q”



Kawamura, P., Mackay, D. and M. Goral. 1986. Spreading of Chemicals on Ice and
Snow. Environment Canada, EETD, Report No. EE-79, Ottawa, Ontario.

The objective of this study was to quantitatively determine the spreading behaviour
of various chemicals spilt on snow and ice surfaces. Although the study does not
consider crude oil or diesel fuel, its contribution to knowledge with respect to oil

on/in/under snow is the theoretical development of process equations resulting in

a general spill model.

Background Theory

It has been established by several workers, such as Fay (1969) that the
spreading process can be divided into three distinct stages. In each of these
stages, one spreading force is balanced by one retarding force. The three
stages are: gravity-inertia, gravity-viscous, and surface tension-viscous. . . .
The third stage of spreading is the most complicated and least understood.
In this stage, the spreading rate is determined by the combination of
chemical-air, chemical-solid, and solid-air interfacial tensions, as well as the
chemical viscosity, the nature of the solid surface (eg. the type of solid and its
roughness), the rate of evaporation of the chemical and wind speed.

These three interfacial tensions combined with the viscous force producing a
net spreading force of:

AG = o0, +0 cos 6)

where Ac is the net spreading force, 6; is the air-solid interfacial tension, or the
solid surface tension; o, is the liquid-solid interfacial tension, and a is the
liquid-air interfacial tension, or the liquid surface tension; and 6 is the contact
angle. The contact angle is the angle at which the chemical contacts the ice
surface. The magnitude of this angle depends on the relative values of the
three interfacial tensions.

Development of General Spill Model
In this model, a basic area-time relationship is proposed of the form:

A = A, (1-exp(-(t/Y)x))

where A is the area, A, is the final area at infinite time (t) and y and x are
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constants. Regardless of the value of x, the area is 63% of the final area when
tequalsy. yis thus a "spreading time constant”. Increasing x slows down the
initial spreading and accelerates the later spreadmg It controls the slope of
the A-t graph when t equals v, a large value of x giving a large slope.

The final area, A, is estimated from the initial splll volume (V), the volume
change (until spreading stops) due to evaporation, absorption, etc. (aV), and
a final equilibrium spill depth on the surface (h,), such that
AV is estimated as the algebraic sum of three terms:

Loss due to evaporation = h, A,

- Loss due to absorption in soil = h, Ay
“Gain due to dissolution of snow = h, A,

o Therefdr_e, AV = A (h, +h, - h)
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_In all cases the h terms represent mean values which apply at the time of
cessation of spreading.

* The final equation is:

Ao V1-exp(=(#1)))
HACK [PARD C K1 -F,

The advantage of thlS equation is that it is 51mp1e and contains terms for
absorption, evaporation, and snow or ice dissolution. The constants which
- must be determmed by expenment are as foliows '

..{

spreadmg time constant, wh1ch is expected to be prlmarily a function
of viscosity '
slope term
absorption constant
evaporation constant _

~ final spill thickness which is expected to dep'en'd' on the surface,
v1sc051ty and mterfaaal tens1on

lbn ﬁln # |

=

The terms Ka, PV, T, K, o and I—L can be estlmated dlrectly from spﬂi
condmons and chemlcal propertles and are not ad]ustable
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The spreading time, t; is:

f = (4605 %y

Spill Experiments and Results

A variety of small-scale spills were conducted using various chemicals. Results from

these experiments provided the constants needed to complete the final practical

equations.

Results from the chemical spills on an ice sheet yield the following final equations

used to predict final spill area:

y78u5p).625¢1.875
2125

e
YV o8E-05
g5 o

and the spreading time constant:

33
Af 6.0 V.1ch g.?.'i

y2R 124G 0

Results from the chemical spills on snow-covered ice surface yield the following final

equation used to predict final spill area:

BETS
Af 20.45 V.2d.2pc g.4125p.05
V2]3 ((P p).480..4375
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. and the spreading time constant:

15 ' Vszds 78, 1.425
og® pc085 1.815
- where: g grawtatlonal constant
ST T chemical v1sc051ty '

P. density of chemical
6 liquid surface tension
snow density parameter

p density of snow

. The extent and the rate of subsurface spreadlng in snow media is

: sagmflcantly smaller and slower than for a corresponding spill on an ice

- surface. . . . The final spreading time can be approximated to be 8 times the

time constant The key variables required for these correlations are: chemical
viscosity, spill volume, snow depth densﬂ:y and crystal type

- 6-19




Belore, R.C. and LA. Buist. 1988. Modelling of Oil Spills in Snow. Proceedings of
the Eleventh Arctic and Marine Oilspill Program Technical Seminar, pp 9-29.

The project is also reported in S.L. Ross and DF Dickins (1988). These two papers

(essentially identical) describe "the development of process equations to predict the

tate and behaviour of oil spills on land or ice in or under snow." Small and mid-

scale testing of the fate and behaviour of oil in snow were conducted including:
(1 Small-scale evaporation studies

(2) Mid-scale spreading and evaporation studies

Small-Scale Evaporation Studies
Pyrex baking trays containing 1 cm of oil initially filled to various depths with
snow were placed in an exposed location near Woodlawn, Ontario for two
weeks in February. . . .
Evaporative loss was determined periodically by recovering small (20 ml)
samples of oiled snow from the bottom of each tray, carefully melting and
decanting the water phase. . . .

Mid-Scale Spreading and Evaporation Studies
Two test spills of about 200 L each of MSW {Mixed Sweet Western] crude
were conducted from catwalks above the snow. The oil was released into the
snowpack (spill #1 virgin snow, spill #2 densified snow) at the centre of each
test area and its spreading along four radii monitored by timing the
appearance of oil in the bottom of bore holes spaced 30 cm apart. . . . Oil
samples were collected and analyzed as described above to determine

evaporation rates. . . .

Theory of Spreading of Oil on Snow

The theoretical spreading model is based on a balance of forces per unit
volume of oil, as used by Fay (1969) in analyzing oil spreading on water,
modified to reflect the physical situations of oil on snow or ice. The three
forces involved in the spreading are gravity, viscous and inertia, the first
being a driving force and the latter two resistances. Surface tension forces are
neglected since ¢il on ice or snow inevitably ceases spreading at thicknesses
(on the order of 5 mm) much greater than those at which surface tension
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~forces become dominant. The forces can be defined as:

. Continuous Source  Instantaneous Spill
Gravity = pg Qur = pgVi
" 'Viscous = pv**? 1 P/Qt" = p v v
Inertia = pr/t? ' = pu/t
where p oil density (kg/m®

gravitational acceleration (m/s?
oil flowrate (m?®/s)

oil volume (m?

time (s)

spill radius (m)

kinematic viscosity of oil (m?/s)

< H e g,ocrq' li

E IR 1 | I T

‘Equating the driving force to each of the resistances yields the equations that
define the two spreadmg regimes for oil on snow or ice:

o Contintious Source h Instantaneous Splll
Gravity-Ineria 1= (gQ)" r =15 (gV)¥ ¢2

‘Gravity-Viscous  r = (gQ¥rv'?)1* ¢12 r = (gV¥/mviRrs g

‘Belore and Buist, 1988, compared confinuous source data of McMinn and Golden

...(1972) and Glaeser and Vance (1971) for the two spreading regimes.

5l
e

Although the data fit is not perfect the trend certainly indicates that spreading
of continuous oil releases on snow or ice occurs primarily in the gravity-
viscous regime. .

. In "sur'rifhar':y"," thespreadmg of oil on snow or ice for a continuous source
or instantaneous spill can be adequately modelled by the equations given for
- . gravity-viscous spreading.

Theory of fnfiltration of Oil into Snow

J Y My T

Fr
Lo

The flow of liquids through a permeable media is governed by the D'Arcy
equation which can be written as:

. Q=KAPuL
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where K = specific permeability of snow (m?)

A = flow area (m?)

L = flow path length (m)

AP = pressure driving force along flow path (Pa)
o = dynamic viscosity of fluid (Pas)

Following the derivation of Mackay et al. (1974) for flow into snow beneath
a surface spill:

for AP =pg (x+L) - where x = thickness of oil on snow (m)

Q = KApg (1+x/L}p

and the linear rate of penetration of oil into snow is:

dL/dt = (Kpg/Ew) (1+x/L)

where E = void fraction of snow
= porosity
= l-ps/pi
p = snow density (kg/m’)
P ice density

917 kg/m’

The major unknown in these equations is K, the specific permeability of snow
which is a function of snow density, crystal size and age. A simple equation
for specific permeability is presented in the next section.

Theorv of Horizontal Flow of Oil in Snow
The horizontal flow of oil in snow at an impermeable layer was modelled as

follows, beginning with the D'Arcy equation rewritten as:

L = KAAP/uQ
substituting A = 2nLh,
A% = Qt,
h = V/ErnlL?,
and AP = pgh = pgV/Enl?

where h = height of oil layer in snow ()
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Cylelds L =(2KpgV /nE'W)™ £ for an instantaneous spill, or
similarly L = (2KpgQ /rE*)"* t for a continuous release.

i

ot
kS

Ej Specific Permeability of Snow
' Shimizu (1969) has shown that the spec1f1c permeability of snow may be
; - adequately determmed from
o s ) s
) K 77x10 d.? exp (-78 p,/pl
Ej ““'where d, = mean grain size of snow (m)
o For situations where snow properties are unknown, the permeability can be
o estimated to within a factor of 2 by using d, = 0.5 mm and p, = 400 kg/m to
yield:
. K=6x10"m?
| E L . This is a reasonable approx1rnat10n since K appears to the power 1/4 in the
I ~ equation for horizontal flow in snow, and thus a margin of error in K of 200%

t'ranslates to an error of less than 20% in L.

Ej SR Mackay et al (1974) experlmentally determlned K for snow w1th a varlety of
| oils. Thelr results ranged from 1510 78 x 107 m

Experimental Results

Results from the mid-scale experiments were compared to the theoretical models.

1Tz

Although there is considerable scatter, the theory for spreading of an

R

il
et

r instantaneous release (i.e., equation with V) fits the data, after a time of 150s
ey (the oil release time), reasonably well. The theory for spreading of a
continuous source, although it approximates the data in the time period up to

e 150s, does not appear to have the correct slope. This may be due to the fact
that the oil was warm (8°C) when poured and could have melted the snow as

it spread until it cooled to below 0°C.

Experimental data along with spill data from Mackay et al.(1974) were compared to

the instantaneous release model 1 1n a non- d1men510nal format.

ke |
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With the exception of the data collected during the discharge (up to a
non-dimensional time of about 5000) the model fits the data reasonably well.

Experimental results from the small-scale evaporation of oil in snow indicated that

the unpacked oil/snow mixture had the highest evaporative loss.

At first glance the results from the mid-scale tests seem anomalous; however,
it must be kept in mind that the temperature during the mid-scale tests (-3°C)
was much higher than during the small-scale tests (-17°C), thus the rmd-scale
tests could be expected to experience more rapid evaporation.

At the time of writing, the oil transport by blowing snow experiment had not been

completed.

Determination of the Snow Mass Transfer Coefficient

Using the evaporative exposure approach of Stiver and Mackay (1982) where:

= (T/10.3 THIn(I + (10.3 T/T) 6 exp (6.3 - 10.3 T/T)

and 8 = kKAt/V = kt/x
where F, = volume fraction evaporated
T = environmental temperature (°K)

Tc = slope of modified ASTM distillation curve (°K)
= 539 °K for MSW crude

= intercept of modified ASTM distillation curve (°K)
= 385 °K for MSW crude
0 = evaporative exposure coefficient
k = mass transfer coefficient (m/s)
A =spill area (m?)
\Y
X
t

T

[+]

= spill volume (m?)
= slick thickness (m)

= time (s)
setting A = (T/10.3 T¢)
and B =(10.3 TS/T) exp (6.3 - 10.3 T,/T)
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gives Fy = A ln (1 + BO)

rearranging  yields
6 = (exp (F/A} -1)/B
or _substituting i.‘o.rmB” | .‘
X ep®A -DB=k

thus a plot of x(exp (F/A) - 1/B vs t will have a slope of k, the overall mass
transfer coefficient. Using the resistance-in-series approach to mass transfer:

1k = 1k, + Wk, + UD,

where k, = air-side mass transfer coefficient (m/s)
N ‘= 0.002U°” (Mackay and Matsugu 1973)
k, = oil internal mass transfer coefficient (m/s)
H = Henry's law constant for the oil
D, = diffusivity of oil vapours in snow (m?/s)
L = depth of oil below snow surface (m)

" thus a plot of Uk against snow depth (L) should ha{}é"a's"iéjpoﬁé of 1D, and

intercept of 1/k,, + H/K,. . . . The least squares fit to the small-scale data from
the trays with uncompacted snow gives a slope of 5.5 x 10* s/m? or D, = 1.8

 x10®* m?/s. This is close to reported values of water vapour diffusivities in

snow of 6 x 10 m?/s {de Quervain 1972).

Conclusions

Oil spreading on snow or ice can be modelled using the equations for the

‘gravity-viscous spreading regime:

- For a continuous source: r = (g Q* /m vV 12

- and for an instantaneous spill:  r = (gV? Im vVve gt
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Oil infiltration into a snowpack can be modelled using the D'Arcy equation:
Q = KA pg(l + x/L)u
and

dL/dt = {(Kpg /Ep)(1 + x/L)

The horizontal spreading of oil on an impermeable surface beneath a

snowpack can be modelled by:
For a continuous source: L = (2KgpQ/aE )™ t*2

and for an instantaneous release: L = QKgpV/mEX )Y ¢
in which: K = 7.7 x 107%d %exp (-7.8p,/p)

The evaporation of oil beneath a snowpack can be modelled by the

evaporative exposure approach using:
1/k = Uk, + H/k, + L/D,
where the diffusivity in snow was found to be: -

D, = 13 x10% (p/ p)*’

3
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62 Field Studies - Literature Review =~

Méckay,' D., P.J. 'I;éinor'\en, ].C;K. Overa'l.l,‘ and B.R. Wood. 1975. The Behaviour of
Crude Oil Spill on Snow. in Arctic, Vol. 28, No. 1, pp 9-20.

' Mackay et al. (1975) carried out a number field and laboratory studies of oil spxlls on
- snow. Although in all cases the substrate beneath the snow was not ice, the general "

behaviour of the oil traveihng through the snow would llkely be the same for snow

"on any solid substrate.

The foiloWing studies are 'de's.cffibed‘he're'.

¢ - - . (1) Feld, isothermal oil spills at the Beare Road landfill site, Scarborough,
' Ontario.
(2) Field, isothermal spills at Norman Wells, Northwest Territories.
- (3) Field, hot oil spills on University of Toronto land at Dorset, Ontario. .
(4) Laboratory studies of oil permeation of snow. . . .

Results

F

Isothermal Spills at Beare Road

QOil volume: 180 litres

- e
! Qil type: Alberta mixed sour blend crude
Oil temperature: ~ 0°C | |
Oil application:  poured from drums
Snow thickness: 20 ¢m
. it was found that in winter the snow acted as an excellent absorbent and

| there was httle penetranon of oil into the soil. .

e An 011 splll on snow thus 1n1t1a11y contammates an area only about one
- eighth the area affected by a summer spill; however, after thawing has
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occurred, the area contaminated may exceed the summer spill area by a factor
of two. Clearly it is desirable to clean up a winter spill before the thaw.

I[sothermal Spills at Norman Wells, N. W. T

Oil volume: 630 litres |

Oil type: Norman Wells crude

Oil temperature:  0°C

Oil application: éppliéd evenly over an area

Snow thickness: 50-60 ¢cm

Immediately after the spill it was observed that the oil had penetrated
the surface snow to a depth of 2-3 cm. After 30 hours it was observed
that it had penetrated in places to the ground. This penetration had not
occurred over the entire surface, but small vertical rivulets of oil had
formed with a random distribution. "

Hot Oil Spills at Dorset

Oil volume: 360 litres

Qil type: Alberta crude

Qil temperature:  60°C

Qil application: 2 drums poured on snow surface

Snow thickness: 61 cm

The hot oil immediately melted holes in the snow, reached groundlevel after
2 minutes and then continued to flow away under the snow. . . . The oil
cooled rapidly, reaching ambient temperature within 5 minutes. Four hours
after spillage the oil flow had apparently stopped and the entire site was
excavated to determine the final dimensions of the oil-contaminated area. The
data are presented in Table 1. . ..

. .. During the first two minutes of the spill the vertical flow of oil into the

snow was controlled by the rate of melting. Approximately two volumes of
crude oil at 60°C are required to melt one volume of snow. Apparently, as the
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TABLE 1: Dimensions of Hot Qil Spiil at Dorset
Time Total ground Total ground  Total snow volume Total snow volurme
flow distance  arca contaminated contaminated contaminated by
ground flow
{min.) (m) (m? (m?) (m?)
2 0 0.2 0.34 0
14 4 5.1 0.52 0.18
20 4.5 6.5 0.66 0.32
30 4.9 — — C -
40 5.2 7.3 0.74 0.40
240 5.8 8.8 0.90 0.56

hot oil melts the snow, the oil-water mixture rapidly penetrates into fresh
- -snow due to both gravity and the impact pressure of the oil being discharged.
~"*"The melt hole deepens and simultaneously the oil-water mixture permeates
the snow horizontally. . . .

Laboratory Studies of Oil Permeation in Snow
o .- - - - A series of exploratory semi-quantitative experiments were carried out to
o wrvstudy aspects of the behaviour of oil-snow systems.

.+~ These eXper’imen_ts examined a number 'o_f' small 'g'ucale:e'ff_eg:t‘s. of oil fnigration through

snow. They included:
() Oil-ite—é_ir _s_ufféc__e effects

(2)  Flow of oil in snow between glass plates

(3 Steady-state flow of oil in snow

(4)  Hot-oil spills

Ty

The results of field and laboratory experiments suggest that there are at least
three regimes of isothermal oil flow in snow.

(a) Steady-state flow of il through oil-saturated snow.
(b) Unsteady-state penetration of oil into fresh snow.
(c) Unsteady-state oil drainage from oil-saturated snow.

Such flows are commonly quantified by the Darcy equation for flow of fluids

rmry
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through porous media (Darcy 1856; Perry 1963):
Q = KAAP/(pL)

where Q is the oil-flow rate (cm®/sec), K is the permeability constant
dependent on the structure of the porous medium (cm?), A is the
cross-sectional area of the flow (cm?), AP is the pressure driving force
(dynes/cm?), p is the viscosity (poise) and L the depth of penetration (cm).
The flow rate of oil into snow could be characterized by this equation in
steady- or unsteady-state form, including the effects of interfacial tension as
a term in AP, The permeability K can presumably be related to the snow
structure, this having been done for other media by Bear (1972).

The mean permeability value for the steady-state flow experiment performed in the
laboratory was 3.3 x 10° cm?. This value "enables a rough estimate to be made of

rates of oil penetration into snow.”

In these calculations (Darcy's equation) the pressure-drop term AP is equated
to pg(H + L) where H is the head of oil above the snow, L the depth of the
snow bed, and p and g are as already indicated. . . .

... It should thus be possible to predict the properties of isothermal flow of
oil into snow, provided that information is available on the snow and oil
properties. Viscosity is likely to be the most important single variable,
particularly if the temperature is close to the oil pour point.

The interaction of hot oil with snow is presently only poorly understood, and
more quantitative estimation of behaviour must await a better understanding
of the effects of heat and phase change, the flow of oil-water mixtures in snow
and the subsequent freezing of such mixtures.
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‘Izmaylov, V.V. 1980. Effect of Petroleum Products on the Snow-Ice Covers of the
Arctlc in Polar Geography and Geology, Vol 5, No 4 Oct Dec 1981,
pp 3041 |

" Izmaylov (1980) examined the effects of oil contamination on the melting of snow-ice

covers as observed f_ro_rn a se_ries o_f_fie_lcl_experiments.

To solve, some ‘problems concerning the effect of chemical pollutants on polar
" "'water and ice, we performed 12 field experiments in April-October 1978. .
The purpose of one of the experiments was to study the effect of various types
of petroleurn products on the temperature and melting of the snow-ice cover.
' The observations were made in four study areas with ice of varying thickness
and ‘age, art1f1c1ally ‘covered with crude oil, diesel fuel (DF), and gasoline
(B—70)

Spill Test S1tes

| Slte ‘Jol
__Study area No. 1 was located on an ice berg about 30 m thick. One of the
““plots in the first study area was covered with crude oil, forming a 1-to 2-mm
thick spot measuring 1.5 X 1.5 m and covering 90% of the snow surface. The

.snow in another observatlon plot was left clean
Slte '\Io 2 | -
..Study area No. 2 was located on old fast ice 5 m thick. . . . diesel fuel and

' gasoline spots 1-2 mm thick and’ measuring 2 X 2 m were made in plots. .
A thlrd plot was left clean
Slte \Io 3

- Study area No. 3 was located on autumn fast ice approximately 2 m thick.
..~ Three plots were marked out. Diesel-fuel was applied to the first plot and
"' "gasoline to the second. The spills covered 90% of the snow surface for the
respective plots (approximately 2 X 2 m spots each). A third plot was left

. clean.

Site No.4

Study area No. 4 was located on young spring ice 20 ¢m thick. The plots sizes
“and petroleum product spills were the same as for site No. 3.



Results

Crude oil, diesel-fuel, and gasoline spots produced an increase in the
temperature of the snow-ice cover to a depth of 5-25 cm (no observations were
made below this depth) in the spring-summer period (from May 26 to June 28,
1978). The temperature of the snow and ice was almost always higher under
the spots than in clean plots during the observation period. According to 144
thermistor observations, the snow and ice temperature under the spots
averaged 1.6°C higher than in clean plots. Small variations in the difference
between snow and ice temperatures at the same depths in clean and polluted
plots were produced mainly by direct and diffuse solar radiation and the
corresponding temperature gradients in the air-petroleum-snow-ice system.

Approximately 7-10 days after the petroleum products were spilled over the
experimental plots, their effect on the temperature of the snow-ice cover
weakened markedly. This is probably attributable to the evaporation and
disintegration of the light and partly medium fractions of the petroleum
products in the first 10 days after they were spilled. Although the
temperature of the snow and ice was still higher in the polluted than in the
clean plots 7-10 days after contamination, the difference did not reach 1°C.

Observations of the melting of snow in clean and contaminated plots clearly
showed the effect of each of the petroleum products used (Fig 7a-d). Crude oil
had the strongest effect on the melting rate of the snow-ice cover (study area
No. 1, Fig 7a). For example, 24 cm of snow melted within 5 days, from June
5 to 10, in the plot covered with crude oil when solar radiation was the
strongest over the observation period, while only 2 cm melted in the clean
plot. A total of 29 cm of snow and 10 cm of ice melted within 34 days of
observation in the plot contaminated with crude oil in study area No. 1, while
only 19 cm of snow melted in the neighbouring clean plot. The snow and ice
in study areas No. 2 and No. 3 melted 2.2 times faster, on the average, under
~ diesel-fuel spots and 1.7 times faster under gasoline spots than in clean plots.
In study area No. 4 on young ice, 11 cm of snow and 9 cm of ice melted under
the diesel-fuel spot, 11 cm of snow and 6 cm of ice under the gasoline spot,
and only 9 cm of snow in the clean plot over the same period. The same
factors that determine the effect of petroleum products on snow and ice tem-
peratures determine their effect on the melting of the snow-ice cover.

Conclusion

Izmaylov (1980) made the following conclusions based on the 1978 experiments. The

snow in the plot covered with crude oil (iceberg) melted on June 10, that on pack ice
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»| Fig.  Difference between the melting of snow and ice in plots covered with diesel
gj R fuel and clean plots (II) and plots covered with gasoline and clean plots (I11).
T | a—on an iceberg b—on pack ice

Data were obtained:
c—on autumn ice d—on young ice.

o

‘covered with diesel fuel on Iu"he 16, and that on winter ice and young ice on June 11.

- Petroleum products at the surface of snow and ice disturbed their natural
thermal state, raising the temperature of the snow to 5.3°C in spring.

—

' The melting of the snow-ice cover was much more rapid in contaminated than
clean areas. It was accelerated most by crude oil and least by gasoline. The
rate of snow melting under the crude oil spot was 10 times higher at the

. beginning of the experiment than in the clean plot and this difference
decreased to a ratio of 2:1 with time.

i it
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The magnitude of the effect of petroleum products on snow and ice melting
depends on their physicochemical properties and rate of evaporation into the
atmosphere, and on the thickness of the snow and ice.

The change in the temperature and thickness of the snow-ice cover polluted
with petroleum products depends on the thickness of the spot or film of these
products, their relative area on the snow and ice surface, their specific gravity,
viscosity, heat capacity, thermal diffusivity, color, and capacity to evaporate
(freeze out), on the magnitude of net radiation, the volumetric heat capacity
and thermal diffusivity of snow and ice, the thickness, structure, and density
of the snow-ice cover, and on the temperature gradient in the
air-oil-snow-ice-water system.
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Oil with Siush and Solid First Year Ice. Proceedmgs of the Flfth Arctlc Marme
oil Sp111 Program Techmcal Seminar, 1982, PP 37-59. -

* This paper is fJart'o'f. a series of field ékpérirheﬁfs":thaf wéré coﬁducféd by the Alaskan
Beaufort Sea Oilspill Response Body (ABSORB). The paper cpngenn_'_étes on crude oil
" and diesel fuel iﬁjéctidn undéf'icﬁé, and, surface oﬂapphcatlons This sécond area of
concentration provides relevance data to the behaviour of oil on/in/under snow.

LT et

 Method and Results

. Crude oil was sprayed into the air to examine the physical interaction of the
“oil with snow under cold ambient air temperatures and under warmer
conditions.

The first spray was conducted at an ambient air temperature of -23°C. The snow was

approximately 0.3 metres thick with a measured specific gravity of 0.4.

A volume of approximately 1 m® of Prudhoe Bay crude oil (at 48°C) was
- . sprayed onto the snow surface at a rate of 19 litres/min. A total surface area
of 465 M? was covered resulting in an average application density of
_ approximately 2.2 L/m% Oil penetration into the hard snow surface did not
. exceed 5 cm. A typical penetration of about 1 cm occurred over most of the
area. The limited penetration was due to the rapid cooling of the sprayed oil

. droplets by the cold air and dense structure of the snow.

The second spill was conducted 2 weeks later at a much warmer temperature of

" +4°C. The snow conditions had deteriorated 51gn1f1cantly from the last test as was
evident from the nearly saturated snow-slush structure.

One cubic metre of Prudhoe Bay crude oil was applied again at the same rate

-+ and over the same surface area as the first spray. The oil was applied at the

~same temperature (48°C) but, unlike the first test, the oil immediately

saturated the snow to a much greater extent. The oiled surface from the April
16, 1981 (first spray), spray was left for two weeks so that burn tests could be
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conducted on a weathered surface spill and on a fresh spill for comparison.
During this time, a subsidence of 5 cm was noted on the oiled surface. This
subsidence relative to the surrounding unoiled snow was due to the albedo
reduction occurring on the oiled snow. By April 30 (second spray), the snow
under the weathered (2-week old) oil was soft; however, the oil did not
saturate the snow as did the oil during the second warmer spray period.

The oil that had been on the snow surface for two weeks had concentrated,
partiaily due to the surface ablation, and had a much more viscous appearance
than the newly sprayed oil.

Oil samples obtained from the oiled snow layers resulted in water contents of
75 to 90% and were typical of both the weathered and nonweathered layers.
These water fractions were typical of what one would encounter during the

mechanical removal of an oiled snow layer.
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" “Bech, C. and P. Sveum. 1991. Spreading of Oil in Snow. Proceedings of the

Fourteenth Arctic and Marine Qilspill Program Technical Seminar, pp 57-71.

- This field expenment was de51gned to study the natural spreading of OSeberg crude
ol and Marine diesel in snow. A total of five experimental spllls were conducted
' usmg both crude oil and dlesel fuel Each splll con51sted of 1000 11tres of oil released

“in one of two ways:

(1) “Surface release on fop of the show layer

(2)  Surface release under the snow layer on the ice.

’I‘est il

' 'Oseberg crude and diesel oil were selected as model oils in  the expenment'
~_ The physical - chemical properties of Oseberg crude and diesel oil are given
-1n Table 1.

As this was an 1sotherrnal spread study the temperature of the oil varied with

~+ the air temperature, between 4.5 and -18°C throughout the experimental
‘period. The porosity of the snow varied between 0.4 and 0.5.

| __Téble 1: Phyéical-ChemicaI Properties

-} Properties Diesel Osebegg

|l Density (g/mb 0.847 0.85

L+ i Surface Tension (nM/m)

air/oil 29 29

o oil/seawater 20 21

"l Pour point (°C) -27 -24

Flash point (°C) 55 46.1

- || Viscosity {(-5°C.cp) 6.2 54
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Method
A total of eight experiments were done. The spill rate varied between 0.7 and

2 litres/sec. approximately. Table 2 gives a summary of the spread —
experiments. . . .

The design of these studies was similar to that used by Belore and Buist —
(1988). By pumping oil from a reservoir, 1000 litres was released from the

centre of the experimental area which was 10 x 10 metre. The spread was .
monitored from catwalks along the four axes. The experiments were —
conducted with virgin snow which had a thickness of 60 cm (approx.). . ..

Table 2: Summary of the Experiment with the spread of oil in snow

Exp. Oil type Release rate Spill conditions. Plane o
# (1/sec)

C1 Oseberg crude 0.72 Under snow Horizontal _
C2 QOseberg crude 0.74 On snow Horizontal
C3 Oseberg crude 0.72 On snow Sloping
C4 | Oseberg crude 138 Under snow Horizontal -
C5 Oseberg crude 208 On snow Horizontal
D1 Diesel 0.72 Under snow Horizontal _
D2 Diesel 0.72 On snow Horizontal
D3 Diesel 0.72 On snow Sloping
D4 Diesel 2.15 Under snow Horizontal o
D5 Diesel 1.85 On snow Horizontal

Results ‘ -

Horizontal Spread of Oil Under Snow

Table 3 lists the results from the spread studies. As can be seen, the oil is
distributed in two areas: a primary and a secondary spread area. In the
primary spread area, the thickness of the contaminated snow is nearly the
same as snow thickness. The extent of this area is defined by the surface S
spread. At the edges it decreases to the level of the secondary spread area.
Oil concentrations in this area depend on the capacity of the snow to absorb
the oil. The secondary spread area is defined by the spill volume, oil and -
snow properties and the permeability of the ground. The thickness of the oil

layer on the ground varied in this area from 2 cm to 10 cm. The difference

between what we have called the primary and secondary spread areas is —
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' Table 3; Results From the Spread Studies

Exp. #| Temp | Visc. | Spill rate | Perm. m*{ Area* | Area ** | Prim. area

(°C) (cpy | (1/sec) m? m? et m?
Release C1 -4.5 35 0.72 1.6x107 12 28 35

under C4 9.4 250 1.38 1.6x107 4 33 4
Snow D1 -17.7 10 0.72 2.2x10% 16 72 0.6
D4 94 7 2.15 1.6x10°* 19 64 32
Release on C2 45 35 074 3 23 5
snow C5 94 | 250 2.80 27 14 3.8
surface D2 -13 7.5 0.72 1.5 60 15
D5 94 7 1.85 19 118 19

* | Contaminated area just after release

o Contaminated area some days after release, when spreading has stabilized

illustrated in Figure 3.

Diesel oil spreads faster than crude oil due to lower viscosity. . . . In these

- expériments the most pronounced difference between spreading of crude and
diesel oil was the total contaminated area under the snow when oil had

. stabilized. As can be seen from Table 3, diesel oil contaminates approximately
*‘twice the area of crude oil. The great difference between contaminated area

Figure 3: Primary and Secondary Spreading Area

Primary Seconday

Secondary
spreading soreading SOreRING
area 1 ared ares

(7
///ﬁ 011 contaminated sPow
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immediately after release and a few days later indicate the very slow spread
of oil. .. .~

Spreading of Oil with Release on Snow Surface
Experiments C2, C3, C5, D2, D3 and D5 studied the spread after surface

release of oil. The spread of oil on snow is strongly dependent on the snow
surface properties and the spill rate. . . . Just after release oil spreads quickly
but once penetration has started, further surface spreading was limited. In
oil-saturated snow the penetration rate increases relative to unpolluted snow, _
where surface tension reduces the flow (Mackay et al.,, 1974). . ..

In experiments D2 and D5 diesel oil was released on the snow —
surface. . . . The final spread of oil under snow in these experiments was 60 :

and 118 m” respectively.

The spread on the surface depends on the spill rate. As in the studies with
the spread of oil under snow, the final total contaminated area depends on oil ;
properties in addition to the snow properties. —
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6.3 Spills of Opportunity - Literature Review

~ Allen, A. 1_978._ Case_S_tgdy: Oi'l‘_'ReCovery Beneath Ice;. Proceedings, Tenth Annual

Offshore Technology Cbﬁfier‘éhcé,‘ lﬁallés,'..\'fexés,"\/{:)l. 1, pp 261-266.

o This spill 6f opportumtv case studyfocused .1af:gé'1y on ;he. rééévéfy 6peraﬁ0hs

o asspciafed with a 6,000 gallon diesel oil spill. The spill occurred on and_in subzero

temperatures with oil migrating through the snow and soil to an adjacent river.

Qualitative estimations of the ability of snow to contain oil are briefly mentioned.

On March 22, 1977, 6,000 gal of No. 2 diesel oil were spilled in Nome, Alaska,

~when a 25,000-gal storage tank was filled beyond its capacity. The storage

tank, is located adjacent to the Snake River just about a mile and a half from
- its mouth on the northern coast of Norton Sound . . .

Since the spill was not detected until the following day, the nearly 6,000 gal

- of diesel oil were allowed to move freely out over the snow-covered terrain,
'up and over a modest bank along the river, and down into an open melt zone
created by a hot water discharge from the nearby power plant. . .

~ The oil had sufficient time to saturate the snow and soil between the storage
tank and the river, and to move into and beneath the ice layers surrounding
- the exposed melt zone. . .

Environmentzl and Snow Conditions

The air temperatures before and during the spill and the subsequent cleanup
activities were consistently at or below 0°F (-18°C). Temperatures frequently
dropped to -20 to -30°F (-29 to -35°C) and remained there for days at a time.

One to 2 ft of snow covered most of the ground near the storage tanks, while
lesser amounts were typical over open areas where drifting was less
- pronounced. Snow at the spill site and over the ice-covered river was loose
and dry in consistency, granular in structure, and yet sufficiently compactible
to form effective barriers (or berms) for the temporary containment of oil.

Qil Storage in Snow
During the initial response activities, certain steps proved to be effective in
minimizing any further spread of the oil at or near the source of the spill. It
is estimated that several hundred gallons of oil were removed (by heavy
equipment). . .
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... During a recent CES Cold Weather Training School in Anchorage, similar
snow conditions were found to yield diesel/snow mixtures where as much as
35 percent of the oil/water mixture (after melt-down) was diesel. After 1 _
week of exposure, the same diesel/snow mixture was sampled again, yielding

a 20-percent concentration of oil. . . .

Once any obvious surface contamination was cleared, thin layers of clean

snow then could be cast over the exposed ground so that portions of any

remaining concentrations of oil could be drawn up out of the soil and into the —
new Snow.
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| ._‘C'a"r.steris',”T.‘ éhd E 'Séndétad; 1979. Oil 'Sp'i'l'l on the Shd're of an Tce—Covéred :Fjo“rd

~ in Spitsbergen. Proceedings, POAC 79: Fifth International Conference on Port
" and Ocean Engmeermg Under Arctic Condmons T‘rondhelm Norway,

pp 1227—1242

Carst'ens_ and Sendstad (1979) studied the various transportation routes of a diesel

fuel leak from an above grbuhd oil container. Part of the studymvolved some field

observations of oil percolation through snow.

Method
‘ After a tank truck was filled at the storage tanks in Svea on 20 April 1978, the
normal routine of unloading the plate at the end by closing two valves was
not followed. As a result some 130 ne of diesel fuel seeped out of the tanks

~+ . ~during the 26 days before the leak was dlsclosed on 16 May
. The spread of the oil from the tank occurred through several media in
3 wl'uch the flow was governed by different mechanisms. Fig.1 illustrates the

various zones.

Figure 1

FROZEN
GROUND

@ FIORD

WATER

UN-FROZEN
SEA BED

- The flow zones from the pipe end the oil percolated through a snowdrift (1)
down to the ice. The oil then spread on the ice (2) to places where it could
flow through the ice (3} into the water masses of the fjord (4). Some oil
migrated into the seabed (5).

6-43



Observations

Observations on the Ice

(Oil in

On 16 May the air temperature rose above freezing, tripping off rather early
the annual snowmelt. With the first appearance of water on the ice, due to
simultaneous local melting and to runoff from land, the first oil also appeared.
Melting oil-containing snow released oil along some 200 m of the toe of the
snowdrift near the tanks. The oil floated on top of the melt-water as a thin
light-diffracting film, as drops or as a continuous yellow layer about 1 mm
thick. -

the Snow and on the Ice

Samples of naturally drained, warm snow were taken 9 June in the drift
through which the oil had percolated. The residual interstitial oil content
varied between 0.6 and 2.8 volume percent.

Surface sample of the ice taken the same day contained from 1.9 to 7.9 volume
percent of oil. Four days later the oil concentration in the ice had increased
and showed values from 4.4 to 21.7 %. These results agree with those of
Barber (1971) although he used crude oil from Prudhoe Bay.

Discussion of Oil Transportatiorfthrough the Snow

The density of old, cold snowdrifts may be assumed to 0.2 - 0.3 g/cm with
corresponding porosities p = 0.78 and 0.67 and void ratios e = 3.55 and 2.03.
For a coarse estimate of the permeability k we apply formulas from soil
mechanics (Taylor, 1948) of the type k = e or k = e/1+e. The result is a
k-value of order 100 m/day, which is low compared with values from the
snow literature (Bader, 1939; Kuriowa, 1968).

- With a slope S of order 1:10 from the leak to the flat ice, Darcy's law v = kS

gives a travel time of about 1 week for the oil to surface on the ice. Since no
oil appeared, it must have been intercepted by cracks in the ice.
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64 Discussion
641 | Theo_re‘t’if:al Studies o | | _ “ B

. -\/Icans paper (1972) serves as a good pnmer con51der1ng the basic force

}anonshlps of oil spreadlng on snow. The experimental results favour his

‘theoretical assumption that only gravity and inertial forces need be considered for

oil spreading rate. The more recent paper written by Belore and Buist (1 988) suggest

that modelhng of oil/snow interactions is more adequately predlcted by usmg |

gravity-viscous reglme equatlons Belore and Bulst (1988) used data frorn McMinn

o - and Golden { 1972) and Vance (1971) to verlfy their grav1ty~v1scous process equatxons

It is recommended that process equatlons from Belore and Bu1st (1988) be used for

- both continuous source and 1nstantaneous spllls

The general spill model aé-vabgga‘ by Kawamura et al. (1986) considers evaporation,
o absorptlon of chemlcals by substrate and dissolution of snow by chemlcal processes.
This sp111 model is apphcable to petroleum products that are generally more volatile
. then crude oil however if the 011 product proper‘aes are known thls general model

~ ¢ould be used as an alternative method for predxchng final sp111 area.

. More research is required to verify process equations for predicting oil. spill

~ behaviour.

6.4.2 Field Studies

Experimental data obtained from these field programs have provided
important information on oil/snow interactions. There are, however, many areas
which have not, as yet, been investigated. One issue that has not been quantified is

‘the ability of snow to contain oil. Qualitative observations have suggested capacity
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sstimates of contained oil volumes within a given volume of snow but little work has
been done to develop an understanding of the effect of snow properties on oil
volume storage. This issue is of importance not only in terms of clean-up operations

but also in terms of oil/snow infiltration.

6.43 Spills of Opportunity

Numerous spills of opportunity have occurred involving oil spilt
on/within/under snow, however, very few have reported any significant findings
with respect to quéhtifying oil/snow interactions. As is the case with most spills of
opportunity, the spill site is commonly not in an accessible location. Ofien there is
little time to gather equipment and devélop a scientific research program specific to
the nature of the spill. Despite the lack of quantitative information obtained from
spills of opportunity, field observations inspire research. The two spills of
opportunity reviewed here are significant if only to identify the need for further
research. The first paper very briefly mentions the capacity of snow to store oil and
the second identifies snow properties influencing oil migration through snow. Both

are areas that require further investigation.
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70 LINKAGES BETWEEN OILICE INTERACTION AND
WEATHERING

‘While the primary objec"tive of most oil/ice interactions studies has been to determine

- the location of oil in ice, as a secondary concern various researchers have presented
data on the weathermg of oil in the presence of ice. Several researchers such as Pane

et al (1984 1987, 1989 and 1991) have devoted consn:ierable effort to studymg
011 in-ice emuls1f1catlon dlssolutron and other processes However ‘given the

e enormous body of data and knowledge that has been developed for open water

weathermg the literature concermng il / ice weathermg is limited by comparison.

As a result, conc1u51ons on the effect of ice are best approached through the topics

of evaporatlon emulsmcat:on etc., rather than from the perspectwe of oil-ice

™

g mteractlon

I

A summary of the overall effect of ice on oil weathering is presented below, to give

1

the reader an apprecxanon for the parameters of concern. For detaﬂed descr1pt1ons

| 'of chermcal behaviour, the reader is urged to turn to the other BOSS topics.
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Pane, |.R., G.D. McNabb, JR., and J.R. Clayton, JR. 1991. Oil-Weathering Behavior

In Arctic Environments. Proceedings from the Pro Mare Symposium on Polar

Marine Ecology, Trondheim, May 12-16, 1990. Polar Research 10, pp 631-662.

Excerpted from Pane et al., 1991:

~ When crude oil or refined petroleum products are released to ice-free marine
environments, oil weathering processes occur. These processes include
spreading, evaporation, dissolution, dispersion of whole-oil droplets into the
water column, photochemical oxidation, water-in-oil emulsification, microbial
degradation, adsorption onto suspended particulate material, ingestion by
organisms, sinking, and sedimentation. . . .

When oil is released into ice-covered waters, many of the same weathering
processes are in effect; however, the various forms of sea ice impart drastic,
if not controlling, changes to the rates and relative importance of these
processes. Oil released into a growing slush ice field during late fall or early
winter may be subject to stranding on upper ice pan surfaces and rapid
water-in-oil emulsification, followed by partial density-mediated submersion
and incorporation into the ice canopy. For the oil on the upper-ice surface of
pans and smaller floes (if present), diffusion-controlled evaporation weathering
predominates; however, for that portion of the oil that remains in the
ice /water matrix, the emulsification processes may be rapid enough to occur
before significant evaporation and dissolution weathering can reduce the oil
toxicity and affect the overall mass balance of the slick. Likewise, oil from a
subsurface release under an existing ice canopy is subject to encapsulation
before evaporation weathering, although dissolution of aromatics has been
demonstrated (and the potential exists for aromatic hydrocarbon transport to
the benthos with rejected brine generated during ice growth).

Once encapsulated in the ice, the oil is not subject to further weathering until
the spring thaw and ice breakup. The presence of brine channels, which have
their origin in the initial freezing process, then becomes especially important
during warming periods. As the ice begins to warm, pools maintained as 'salt
flowers' on the ice surface over winter, as well as brine trapped between the
ice crystals, begins to drain through the ice. Oil, initially trapped under or in
the ice, then may appear on the upper ice surface due to density-mediated
migration up through the open brine channel pathways. If the oil is
emulsified prior to encapsulation, this migration process is retarded
significantly, and the presence of temperature gradients within the ice also
inhibits such flow. Thus, migration rates for oil in brine channels during the
spring thaw may vary as a function of oil chemistry and viscosity (as
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controlled by water content due to previous emulsification and temperature
gradients within the ice), as well as depth in the ice canopy. . ..

Implications for oil released in multiyear ice also were considered. . . . rotting
multiyear ice appeared to have a much lower tendency to produce a slush ice
matrix during melting, and the formation of stable water-in-oil emulsions
occurred over a relatively longer period of time.

Finally, specific mechanisms for brine-induced transport of dissolved aromatic .
hydrocarbons to benthic ecosystems in actively freezing Arctic waters were
recognised during these studies. If oil is released into water under freezing
conditions of active ice growth, lower molecular weight aromatic components
can be advected with the sinking brine generated during frazil ice formation
to the stable bottom boundary layer where, as conservative dissolved
compounds, they can persist without evaporation for periods of up to several
months.
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" 'WOthérspbc'.a.ri,.P.', ] Swiss, R 'ko‘waichu‘k 'an'c.l J. Armstrong 1198"5.. | 011 in Ice |

Computer Model. for the Environmental Studies Research Fund, Report
- No. 019. '

Yapa, P.D. and T. Chowdhury. 1989a. Qil Spreading Under Ice Covers.

s SR Proceedings, 1989 Oil Spill Conference, American Petroleum Institute,

pp 161-166.

'Yapa, P.D.and T. Chowdhury. 1989b. Sﬁféadihg of Oil S':p'illéa Under fcé: Clarkson

University, Potsdam, New York. Report No. 89-10.
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' ANCILLARY REFERENCES

‘The ancillary references include citations of papers that were not considered to be

key references on oil fate and behavior but would be listed in a key word search of

~ oil-in-ice literature, or are overview papers, or papers citied as part of a quote in the
o literature rev1ews Where appropnate comments on the ancrllary references are

B llncluded

Abdelnour R T Iohnstone, D. Howard, and V. lebett 1986 Laboratory Testmg

of an Oil-Skimming Bow in Broken Ice. Arctec Canada Ltd. for the
. Environmental Studies Research Fund, Report No. 013.
- tests focussed on the interaction of the oil sklmrnlng bow w1th the oil and ice.

Abdelnour R A. M Nawwar P Hxldebrand W.E. Purves 1977. Novel
Countermeasures for an Arctic Offshore Well Blowout. Arctec Canada Ltd.
for the Environmental Protection Service of the Department of Fisheries and
* Environment. Montreal.

- the study focussed on countermeasures.

" Allen, A and W.G. Nelson. 1983. Canola Oil as a Substifute for Crude Oil in Cold

- Water Spill Tests. Spill Technology Newsletter, Vol 8 (1), Environmental

_ Protection Service, Ottawa. |
- rope mop recovery using canola oil instead of crude oil.

Allen A A. 1984. Oil Spill Demonstrations in Broken Ice, Prudhoe Bay, Alaska, 1983.

* Proceedings of the Seventh Annual Arctic Marine Qilspill Program Technical
Seminar, Edmonton, pp 342-354.
- describes countermeasures for oil-in-ice spills (e.g. burnmg)

Ayers R C., HO. Jahns, and J.L. Glaeser. 1974 Qil prlls in the Arctrc Ocean Extent
- of Spreading and Possibility of Large-Scale Thermal Effects. Science, Vol 186.

' 7% the paper provides a general description of expected oil-in-ice behaviour and

- presents general estimates of the extent of an oil spill under a range of
condmons

Bader, H. 1939 Der Schnee und seine metamorphose Be1tr z. Geol. d SChWElZ
Geotech. Ser. Hydrologie 3, Kummerli & Frey, Bern.

9



Barber, F.G. 1971. Oil Spilled with Ice: Some Qualitative Aspects. Proceedings of
Joint Conference on Prevention and Control of OQil Spiils, June 15-17, 1971,
Washington, D.C., American Petroleum Institute, pp 133-137.

- provides examples and indications of oil containment by ice.

Bear, J. 1972. Dynamics of Fluids in Porous Media. American Elsevier Publishing
Co., New York. - 7

Belicek, J. and J. Overall. 1976. Some Aspects of Weathering and Burning of Crude
Oil in a Water-and-Ice Environment. Norcor Engineering for the Arctic
Petroleum Operators Association, Report No. 107-1.

Bobra, M. and S. Callaghan. 1990. A Catalogue of Crude Oil and Qil Product
Properties. Consultchem for Environmental Protection Directorate,

Environment Canada, Report No. EE-125, Ottawa, Ontario.

Bobra, A.M., and M.F. Fingas. 1986. The Behaviour and Fate of Arctic Oil Spills.
Water Science Technology, Vol. 18 No. 2, pp 13-23.

Brown, HM. and RH. Goodman. 1987. In Situ Burning of Qil in Experimental Ice
Leads. Esso Resources Canada Ltd., Calgary. Environmental Studies
Revolving Funds, Report No. 64, Ottawa.

Buist, LA., R.C. Belore, and L.B. Solsberg. 1983. Behaviour of and Response to a
Major Oil Spill from a Tanker in Arctic Waters. Spill Technology Newsletter,
Vol. 8, No. 3, May-June 1983, pp 50-77.
- review of previous work.

Burns, RC. 1988. Cleanup and Containment of a Diesel Fuel Spill to a Sensitive
Water Body at a Remote Site Under Extreme Winter Conditions. Proceedings
of the Eleventh Arctic and Marine Oilspill Program Technical Seminar,
Vancouver.

Campbell, W.J. and S. Martin. 1973. Oil and Ice in the Arctic Ocean: Possible
Large-Scale Interactions. Science, Volume 181, 6 July, 1973, pp 56-58.
- theorizes on a macro-scale about diffusion of oil from lead closure, raises
possible issues of concern regarding oil spills in the Beaufort Sea Gyre.

Chen, E.C. and B.F. Scott. 1975. Aging Characteristics of Crude Oil on Ice.
Proceedings, POAC 1979, Trondheim, Norway.
- only an extended abstract.
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ComfortG ‘and W.F. Purves. 1978. AnInvestlgatlon of theBehavxour of Crude Oil
Spllled Under Multi-Year Ice at Griper Bay, NW.T. Prepared by Arctec
Canada Limited Report for the Environmental Protection Service, Environment
‘Canada.

- Cox, J.C. 1980. The Transport and Behaviour of Oil Spllled in and Under Sea Ice.
' Arctec Incorporated Report, No. 460. ' '

% " DF Dickins 'Associates Ttd. 1979, Air Deployable Oil Spill Igniter Tests -
- ~ " Yellowknife, May 14, 1979. Proprietary report for Canadian Marine Drilling
o _ Limited, Calgary, Alberta.

Ej ' . - an 011 burn test behav:our not dlscussed

e DF Dickins Associates Ltd. 1982. Baffin Island Oil Splll Project: Cape Hatt Ice
B -~ Conditions. Prepared for Environment Canada, Environmental Protection

it

o
CHEE

b
Service. Edmonton.
ij Darcy, HP.G. 1856. Les Fontaines Publiques de la Ville de Dijon. Dalamont, Paris.
""% ' de Quervam, M.R  1972." Snow Structure, Heat and Mass Flux Through Snow.
E,, ' -7 International Association of Hydrological Sciences, Publication No. 107.
>} - Dmitriev, F.A. and S.V. Pivovarov. 1983. Hydrocarbons in the Snow-ice Cover and
o . Water of the Kara Sea. ‘Meteorologita i gidrologiia, 1983, No. 5, pp 87-91.
& - - abstract indicates measurement of hydrocarbons naturally present in the
g’; env1ronment
Dome Petroleum Lid., Esso Resources Canada Ltd. and Gulf Canada Resources Inc
® ... 1982. Environmental Impact Statement for Hydrocarbon Development in the
o " Beaufort Sea - Mackenzie Delta Region, Volume 6 - Accidental Spills.
- - envrronmental 1mpact only.
:&"'”"‘ETDuerden, FC and T3 Swiss. 1981, Kurdistan: an Unusual Splll Successfully
Handled. Proceedings, 1981 Oil Spill Conference: Prevention, Behavior,
' Control, Cleanup March 2-5, 1981, Atlanta, Georgia, American Petroleum
Institute, pp 215-219.
o~ - very bnef descnpnon of 011 in 1ce
' “ Dunton K. H ‘Use of an Electromc Dlver Detectlon System for Trackmg 011 Sprlls
o~ Under Ice in the Beaufort Sea: Results of Preliminary Tests in McKinley Bay.
b Western Washington University for Dome Petroleum Ltd.
- description of diver detection system.
ik
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El-Tahan, M. and G. Warbanski. 1987. Prediction of Short-term Ice Edge Drift.

Proceedings, Sixth Conference on Offshore Mechanics and Arctic Engineering,
Houston, Vol. IV, pp 393-400.

Energetex Engineering. 1981 Burning of Crude Oil Under Wind Herding
Conditions. Prepared for Canadian Marine Drilling Limited, Calgary, Alberta.
- burning of oil, no behaviour specific fo ice.

Environment Canada. 1984. Discussion Notes from a Workshop on Self Help Oil
Spill Countermeasures for Tankers in Remote Areas. Sponsored by the
Environmental Protection Service, Toronto, Ontario.

Fay, J.A. 1969. The Spread of Oil Slicks on a Calm Sea. Fluid Mechanics Laboratory,
Department of Mechanical Engineering. ~ Massachusetts Institute of

Technology, Cambridge, MA.

Fenco Consultants Ltd. Brief Report on Thin Section Analyses on Two Ice Cores with
Oil Lenses. for Canadian Marine Drilling Limited, Calgary, Alberta.

Getman, J.H. and L.A. Schultz. 1976. Tests of Oil Recovery Devices in a Broken Ice
Field. Proceedings, 1976 Offshore Technology Conference, Volume IIL

Golden, LTJG P.C. 1974. Oil Removal Techniques in an Arctic Environment.

Marine Technology Society. No. 8(8), pp 38-43.
- paper mostly concerned with disposal techniques, summarizes Glaeser and
~ Vance (1971), MecMinn (1972), and Wolfe and Hoult (1972).

‘Goodman, RH., A.G. Holoboff, T.W. Daley, P.Waddel, L.D. Murdock. and M. Fingas.
A Technique for the Measurement of Under-Ice Roughness to Determine Oil
Storage Volumes. Proceedings, 1987 Oil Spill Conference, American Petroleum

Institute, pp 395-400.

Hirvi, ]-P. 1990. Summary of the Environmental Effects of the Antonio Gramsci Oil
Spill in the Guif of Finland in 1987. Proceedings of the Thirteenth Arctic and
Marine Qil Spill Program Technical Seminar, Environment Canada, Ottawa,
Ontario. '

Hoult, D.P., S. Wolfe, S. O'Dea and J.P. Patureau. 1975. Oil in the Arctic. United
States Coast Guard Office of Research and Development, Report GG-D-96-75
and Massachusetts Institute of Technology. '

. summarizes several previous studies conducted by the USCG.

A



el

" Humphrey, B. G. Sergy, and EH. Owens. 1990. Stranded Oil Persistence in Cold
Climates. Proceedings of the Thirteenth Arctic and Marine Oilspill Program
~Technical Seminar, Environment Canada, Ottawa, Ontario, pp 401410,

- no ice.

S ']ason, N. H (editor).” 1988 Alaska Arctic Offshore Oil Spill Response Technology

L R it B

Proceedings from a Workshop held in ‘Anchorage, Alaska from November
29 - December 1. Sponsored by the Minerals Management Service, U.S.
' ‘Department of the Intenor

o Ierbo, A. 1973. Two Types of Oil Spills in Swedish Inland Waters - Tests of New

e

71
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o
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Materials, Ideas and Methods. Proceedings of Joint Conference on Prevention
and Control of Oil Spills, American Petroleum Institute, Washington, D.C.,

pp 559-567.
- oil discharged into a partly frozen river, but oil-ice interaction not discussed

Johansen, O. 1989. Qil Spill in Ice Simulation Model Development. Proceedings,
©+ POAC 89: Port and Ocean Engineering under Arctic Conditions, Lulea,

Sweden.

]ordan, RE. and IR Pay'ne 1980 011 Released in Arctlc Env1ronments 011 and
Ice/Snow Interactions. Fate and Weathering of Petroleum Spills in the
Marine Environment: A Literature Review and Synopsis, Ann Arbor Science,

Pp 108-114.
- abstract indicates that this is a l1terature review.

Keev1l B. E 1974. therature Survey on the Behav1or of 011 Under Ice unpubhshed
manuscrlpt Floatmg Ice Sectlon Glaaology D1v151on Env1ronment Canada

o '”"*"‘Korppoo S 1990 The Ice Cleaner Pro]ect Proceedmgs IAHR 1990 the 10th

R |
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p
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_ International Symposium on Ice, Espoo Finland.
G extended abstract only

Kovacs, A. 1979. Oil Poohng under Sea Ice U.S. Bureau of I_and Management
Environmental Assessment of the Alaskan Continental Shelf: Annual Reports
“of Principal Investlgators for the Year Ending March 1979. Vol VIIT: Transport,
pp 310-323.
- interim reports, see Kovacs, 1981.

Kur01wa 1968. L1qu1d Permeability of Snow. Low Temperature Science Series.
- A 26, pp 29-52.
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Jerbo, A. 1973. Two Types of Oil Spills in Swedish Inland Waters _ Tests of New
Materials, Ideas, and Methods. Proceedings of Joint Conference on Prevention
and Control of Oil Spills, American Petroleum Institute, Washington, D.C.
- cleanup of an oil spill in a river.

Lewis, E.L. 1975. Qil in Sea Ice. Proceedings, Third International Conference on
Port and Ocean Engineering Under Arctic Conditions, University of Alaska,

Fairbanks, Alaska.
- overview paper, all of the relevant information is reported elsewhere.

Lissauer, LM. and D.A. Baird. 1982. Aerial Photographic Surveys Analyzed to
Deduce Oil Spill Movement During the Decay and Breakup of Fast Ice,
Prudhoe Bay, Alaska. U.S. Coast Guard Research and Development Center,
Report No. CG-D-51-82, Groton, CT.

- air photos poorly reproduced.

Liu, S.K, and J.J. Leendertse. 1981. A 3-D Oil Spill Model With and Without Ice
Cover. Presented at the International Symposium on Mechanics of Oil Slicks,

8 September 1981, Paris, France.
- focussed on oil spreading and ice drift; oil in ice interaction are not

considered.

Logan, W]., D.E. Thornton and S.L. Ross. 1975. Oil Spill Countermeasures for the
Southern Beaufort Sea. Prepared by the Environmental Protection Service,
Department of the Environment for the Beaufort Sea Project, Beaufort Sea
Technical Report No. 31a and b.

- overview

Loset, S., T. Carstens and H. Jensen. 1991. Deflection of Open Pack Ice in an Oil
Spill Recovery Area. Proceedings of the Fourteenth Arctic and Marine Oil
Spill Program Technical Seminar, Vancouver, B.C.

Mackay, D. and R.S. Matsuga. 1973. Evaporation Rates of Liquid Hydrocarbon
spills. Canadian Journal of Chemical Engineering, Vol. 51, pp 434-440.

Mackay, D., M.E. Charles, and C.R. Phillips. 1974. The Physical Aspects of Crude
Oil Spills on Northern Terrain (Final Report). Department of Indian and
Northern Affairs, Report ALUR 1974-75, Ottawa, Ontario.

Mackay, D. 1985. The Physical and Chemical Fate of Spilled Oil. Petroleum Effects
‘1 the Arctic Environment, F.R. Engelhardt (ed.), Elsevier Applied Science
Publishers, London, New York, pp 37-62.

- Young (1986) indicates that this is a general review.
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" Mackay, D., K. Hossain, and A. Kisil. 1979. Research in Oil, Gas and Ice at the

University of Toronto. Oil, Ice and Gas, Environment Canada, Toronto,
Ontario, pp 27-31

Martin, 5. 1979. The Interaction of Oll w1th Sea Ice in the Arctlc Ocean U.S. Bureau

of Land Management. Environmental Assessment of the Alaskan Continental
Shelf: Annual Reports of Principal Investigators for the Year Ending March
1979, Vol. VII: Transport, pp 171-180.

- descrlpnon of project ob)ecnves and progress.

o Martm S. 1980. The Interaction of Oil with Sea Ice in the Arctic Ocean. U.S. Bureau

of Land Management. Environmental Assessment of the Alaskan Continental
~ Shelf: Annual Reports of Principal Investigators for the Year Ending March
1980, Vol. VI: Transport, pp 1-8.

e descnptxon of project objectives and progress.

Martin, S. 1981. The Interaction of Oil with Sea Ice in the Arctic Ocean. U.S. Bureau
of Land Management. Environmental Assessment of the Alaskan Continental
Shelf: Annual Reports of Principal Investigators for the Year Ending March

... 1981, Vol. V: Transport.

_ "% description of project objectives and progress.

. Milne, AR 1977. The Physical Environment of the Beaufort Sea Related to Oil, Ice

- and Water Interactions. Proceedings, 6th Arctic Environmental Workshop,
Fairmont Hot Springs, B.C., April 17-20, 1977. University of Toronto, Institute
for Environmental Studies, EE 6, p. 43-53.

- - overview paper, speculatwe

Milne, AR, RH. Herlinveaux, and G.R. Wilion. 1977. A Field Study of the

- Permeability of Multiyear Ice to Sea Water with Implications on Its
Permeability to Oil. Environment Canada Report No. EPS-4-EC-77-11.

- No oil used, studied permeability, has implications to vertical porosity
modelling.

 Nadreau, JR, W.G. Wallace and RY. Edwards Jr. 1976. Evaluation of the

Bennett-Canmar Oil Containment Boom. Arctec Canada Ltd. for the Archc
Petroleum Operators Association, Report No. 100—2
- - d1d not involve ice, oil bummg tests.

Narayanan S., JR Marko, and D.B. Flssel 1979. Movement of Oil Slicks in

Northwestern Baffin Bay, SLIKTRAK Simulations. Arctic Sciences Limited for
Petro-Canada.
- abstract indicates open water movement only.



National Oceanic and Atmospheric Administration/Ministry for Greenland. 1977.
USNS Potomac Oil Spill - Melville Bay, Greenland. U.S. Dept. of
Commerce/Greenland Fisheries Investigations, Washington, D.C, NTIS
Publication No. PB 80173727.

- vessel was holed in ice but taken to port, report concentrates on biological

effects and open water behaviour of oil.

NORCOR Engineering and Research Limited. Report on the Remote Sensing of Oil
Spills in the Beaufort Sea.
- overview of some aspects.

O'Brien, P.S., G. Hayden, B. Butts, W. Van Dyke, and S.L. Ross Environmental
Research Limited. 1984. Decision Regarding the Oil Industry’s Capability to
Clean Up Spilled Oil in the Alaskan Beaufort Sea during Broken Ice Periods.

Proceedings of the Seventh Arctic Marine Oilspill Program Technical Seminar,

Environment Canada, Ottawa, Ontario.
- briefly describes equipment demonstration tests.

Payne, J.R,J.R Clayton, G.D. McNabb, Jr., B.E. Kirstein, C.L. Clary, R.T. Redding, ]J.S.
Evans, E. Reinmitz, and E.-W. Kepema. 1989. Qil-Ice Sediment Interactions

During Freezeup and Breakup. Science Applications International
Corporation for NOAA /OCSEAP Office, Research Unit No. 680, Anchorage,
Alaska.

- describes how sediment is incorporated into sea ice. Project scope did not
include effect of sedimented ice on oil behaviour.

Payne, J.R, LE. Hachmeister, G.D. McNabb, H.E. Sharpe, G.S. Smith, and CA.
Manen. 1991. Brine-Induced Advection of Dissolved Aromatic Hydrocarbons
to Arctic Bottom Waters. in Environmental Science and Technology, Vol. 25,

pp 940-951. _
- experimental and analytical study of transport of hydrocarbons to the benthic

layer via sinking brine.

Perry, RH. (ed)) 1963. Chemical Engineers’ Handbook. 4th Edition, McGraw-Hill,
New York, pp 5-19.

Pritchard, RS. 1979. Transport and Behaviour of a Prudhoe Bay Qil Spill.  Oil, Ice
and Gas, Environment Canada, Toronto, Ontario, pp 103-109.
- short, no data, only tentative conclusions.
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" Pritchard, RS, 1981, Pollutant ‘Behavior, Tra]ectorles, and Issues Analyses
Proceeding of a Synthesis Meeting, Beaufort Sea Sale 71, Synthesis Report,
Chena Hot Springs, Alaska, April 21-23, 1981. Edited by D.W. Norton, W.M.
Sackinger, J.G. Strauch Jr. and E.A. Strauch. Outer Continental Shelf
- Environmental Assessment Program, 1981, pp 137-154.
T - summanzes scenarlos from Thomas 1980 (a and b) Cox et al., 1980

: Ramseler RO 1971 Qil Pollution in Ice-Infested Waters. Inland Waters Branch,
et Department of the Environment, Reprint No. 163, Ottawa.
i very brief.

%

sl chhardson,P 1980 ABSORB Tests Qil/Ice Interactlon Alaska Constructlon & QOil,
' ~ Vol. 21, No. 5, May 1980, pp 18-20.
b n results presented

SL.T Ross Envrronmental Research Lxrmted 1982 Proceedmgs of a Bramstormmg
Workshop on Recovery .of Oil in an Ice Environment. Prepared for the
Canadian Offshore Oil prll Research Association, Ottawa, Ontario.

~SL. Ross Env1ronmenta1 Research lelted 1983 Evaluatlon of Industrys oil Sp111
Countermeasures Capability in Broken Ice Conditions in the Alaskan Beaufort
... ... Sea. Prepared for Alaska Department of Environmental Conservation.
(R mainly countermeasures. .

(R
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: S L. Ross Environmental Research lelted 1984 Ignlter Requlrernents for a Major

' Oil Spill From a Vessel in the Canadian Arctic. Prepared for the

Environmental Protection Directorate, Environment Canada, Ottawa, Ontario,
Report No EE 56

1

b

ree

S L Ross Envrronmental Research L1m1ted and Dome Petroleum Ltd 1984. Oil
S ~ Recovery Systems in Ice, Part A and B. Canadian Offshore Oil Spill Research
Association (COORSA) Report No. CS20.
- dlscussed w1th Solsberg who worked on pro]ect behavrour not stud1ed

"“Sandkwst .] 1989. Oil Spllls in Arctlc Reglons - Env1ronmental Hazards and' |
- Recovery Techniques. Proceedmgs POAC 1989, Vol. 3, pp 1281-1296.
e ‘overview paper.

e - Sayed M. and Abdelnour, R. 1982. Oil Movement Under Ice. Prepared by Arctec

' Ej’ -~ oo+ Canada Ltd. for Atmospheric Environment Service, Arctec Canada Report
-7 No.1117.

- literature review .
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Schulze, R. 1984. A Field Guide for Arctic Oil Spill Behavior. Prepared by Arctec,
‘Inc., for the United States Coast Guard Research and Development Center,

Report No. CG-D-85, Groton, CT.

Schulze, R. 1985. Qil Spreading in Broken Ice. Proceedings of the Eighth Arctic and
Marine Oilspill Program, Environment Canada, Ottawa, Ontario, pp 1-4.
. uses results of Martin et al., 1976 to predict slick area in pancake ice.

Schultz, L.A. and J.C. Cox. 1980. The Transport and Behavior of Qil Spilled In and

' Under Sea Ice: Phase II of Physical Processes. U.S. Bureau of Land
Management. Environmental Assessment of the Alaskan Continental Shelf:
Annual Reports of Principal Investigators for the Year Ending March 1980.
Vol. VII: Transport, data management, pp 349-360. :

Scott, B.F. and R.M. Chatterjee. 1975. Behavior of Qil Under Canadian Climatic
Conditions: Part 1, Oil on Water under Ice-Forming Conditions. Inland
Waters Directorate, Environment Canada, Scientific Series No. 50.

Shafer, R.V. and S. Bowen. 1988. ARCTICSKIM: An Oilspill Skimming System for
Broken Ice and Shallow Waters. Proceedings of the Eleventh Arctic and
Marine OilSpill Program Technical Seminar, Vancouver, pp 205-208.

- very brief, no behaviour.

Shell Western E&P, Sohio Alaska Petroleum Company, Exxon Company, and Amoco
Petroleum Company. 1983. Oil Spill Response in the Arctic: An Assessment
of Containment, Recovery and Disposal Techniques (Draft), Anchorage,
Alaska. '

Shell Western E&P, Sohio Alaska Petroleum Company, Exxon Company, and Amoco
Petroleum Company. 1983. Oil Spill Response in the Arctic: Part 2, Field
Demonstrations in Broken Ice, Anchorage, Alaska.

- report focuses mainly on countermeasures; however, some observations of ol
spreading in broken ice are presented.

Shell Western E&P, Sohio Alaska‘Petroleum Company, Exxon Company, and Amoco
Petroleum Company. 1984. Oil Spill Response in the Arctic: Part 3, Technical

Documentation, Anchorage, Alaska.
- report focuses mainly on countermeasures; however, some relevant material

is presented.

Shen, HLT., P.D. Yapa, and Petroski, M.E. 1900. Simulation of Oil Slick Transport in
Great Lakes Connecting Channels: Theory and Model Formulation, CREEL

Report 90-1. :
- general drift model, no oil-in-ice behaviour.
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* Tide crack: Crack at the hne of }unctlon between an 1mmovable ice foot or ice wall

and fast ice, the latter sub}ect to rise and fall of the nde

\

'Weathered ndge Rldge with peaks shghtly rounded and slope of sides usually 30°

to -10° Individual fragments are not dlscermble

Young ice: Ice in the transmon stage between nllas and first-year ice, 10-30 cm in
thickness. May be sub-divided into grey ice and grey-white ice.
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