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ABSTRACT
The paper studies_theAWInter flow and ice conditions on the
St. Clair end Detroit Rivers, the ptobability.of winter oil spills,;
the effects of ice on winter oiltepi]lage.and the containment_and

recovery of the spilled oil from the rivers under winter conditions.

The study shows that oil and ice may be separated and the 0il contained

by a floatlng boom (or booms) properly desngned and deployed on the

~ water surface. Equations for designing and laying the boom are derived.

Large volume surface pumping seems to be the most effective way for

final oil recovery.

RESUME

Les prihcianx points traités dan 1'étude sont les suivants:
le débit hivernal et 1'état de la glace des rivigres Sainte-Clair et
Détroit, ies déversements possibles de pétrole en hiver, 1'incidence de
la glace sur ces deversements et 1'isolement et la‘récupétation‘du pé-
trole déversé dans les riviéres en hiver. L'étude démontre qu'il roit.
possible de séparer la glace et le pétrole et d'isoler ces derniers
gréce 3 une ou plusieurs estacades:flottantes bien concues et correct-
ement disposées 3 la surface de 1'eau. Les calculs requis pour la
conception et la disposition de 1'estacade y sont d'ailleurs énoncés.
Enfin, it semble que la meilleure facon de récupérer le pétrole soit

le pompage en surface.
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|. Introduction

st. Clair River Iinks-Lake.Huron and Lake St. Clair and Detroff
River connects Lake St. Clair to Lake Erie. The two rivers flow throughjdne~
6f the.most industrialize& and most pdbulated areas oF‘UlS. and Canadé.rAhong
the numerous industrial plants on the banks of the rivers'are»large oil:fefih-
eries. To feed'the industries, the Shipbing on the rivers i% heavy; Af.pfeé-
ent, most Shipping traffic is in summer months. However, heavy winfer»shipping
may be expected if the navigation season is-extended. The ektension of:the
navigation season into winter and spring montﬁé is presently being studied by
the Canadian and U.S. governments. | - |

The presence of large oil refiﬁeriés along the rivers and the heavy

shipping on the rivers make oil spill a matter of high probability. 0il may

reach the rivers from overland oil spills at the refineries, may spill dir-

ectly on the riVers following a shipping accident, or may enter the rivers

from the bottom as the result of a submarine pipeline burst; The oil spill

in June, 1972 following the col]ision and'sinking of the Sydney E. Smith off

‘Port Huron is a good example of the probable oil spills. In case of ah oil

spill, emergency measures have to be taken to protect the environment. An
international joint effort by the United States and Canadian Governments -
Operation Preparedness, 0il Spill on St. Clair and Detroit Rivers - has been

initiated to investigate the counter measures in case of an oil spill.

For the Lake Huron - St. Clair River - Lake St. Clair - Detroit
River - Lake Erie system, oil may either spill over the lakes or over the
rivers. When oil is spilled over the lakes, the common méthod of containing
the spilled oil by floating booms may be used. The oil cbllected in front of

the booms can be recovered by skimming, absorbing or other methods.



Iﬁ the Iakes, the current is small so_theudrag force_on the boom is small.
and does not pose any Qperational problem. However, when oil is spilled eter
St; Clair and‘Detroit Rivers the fast flowing current will create some prob-
lems if booms are to be used. First, the drag force on the boomsvwill Ee {e}
High that the anchoring of the booms becomes difficult. Secondly, the fast
flow may entrains the oil that has accumulated in front of a boom into the
flow as globules, a process known as emulcnflcatnon, and by Wthh fails the
containment purpose of the boom. The difficu]ty of containing oil‘in a flow-.
ing water is examplified by the fact that the 9 m3 (2000 gallons) of oil
epilled from Sydney E. Smfth could not be contained and was eventually carried
down to Lake St,. Clait by the current. In case of a winter oil spili, the
presence of ice adds more difficulties. The drift ice.Flbes~may tear the
floating booms apart when ramp onto them. Many oil recovery apparatus that
are effective in Summer may not even work in Winter. The containment and re-
covery of spilled oil on St. Clair and Detroit Rivers under Winter cohaitions

therefore are not easy tasks.

A research and development project to study the effect of ice on
0il containment and control on the St. Clair and Detroit rivers was origin-‘
ally proposed for Operation Preparedness. The project was later elimiﬁated
partly because the prevailing opinion at that time that the containment and
recovery of spilled oil from a flowing water infested with ice appeared to
be an impossible task and partly because some oil spill expetiments were being
planned for the Arctic waters and it was hoped that the Atctic experiments
would help to solve the oil spill problems on St. Clair and Detroit Rivers
also. Nevertheless, it was still decided that a theoretical investigatioﬁ

based on available information and knowledge should be made to evaluate the




effect of ice on oil containment and control on the two rivers. . This report

is the outcome of such a study.

The Arctic experiments mentioned above are conducted by the U. S.
Coast Guard under the Arctic Pollution Control Program. The program aims to
develop a system to abate Arctic oil pollution pridr to massive oil movement.

Part of the program is to study the fate and behaviour of the épiiled oil under

" various Arctic ¢onditions and to test and evaluate the off-the-shelf oil

pollution control hardware (ref. 1). 1t should be pointed out here that al-
though the Arctic experiments may shed some light to the containment and con-
trol of spilled oil on the St. Clair and the Detroit: rivers, the Arctic find-v
ings may not be directly»applicﬁble to the two rivers as the hydrodynamic con-=

ditions in these waters are quite different.
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11. Probability of 0il Spill

As mentioned in Introduction that oil may sbill over St. Clair
and Detroil Rivers following either an overland oil spill, a submarine pipe-

line burst or a shippfng accident. A major oil spill by the first two causes

is not likely because an overland oil spfll may be brought under control be-

fore the oil reaches the rivers and an oil spill by pipeline rupture may be

quickly stopped by closing the pipeline valves. The more probable cause bf
an oil spill on St. Clair and Detroit Rivers, especially a more serious one,

therefore is by a shipping accident.

Al though both Salf water vessels and fresh water vessels use the
St. Lawrence - Great Lakes navigation system, the chief users of tHe sy;tem
are the Great Lakes Fleet and many Smal1ervael barges. The number of
vessels of the Great Lakes Fleet and the oil carrying capacity of the yeésejs

are shown in Table 'l below:

Table 1. Number of Vessels and ‘the 0il Carrying Capacity
of the vessels of the Great Lakes Fleet

Type of Ship No. of Ships 0il Carrying Capacity 0il Type
Tanker 60 - 4,500-18,000 m® (1-k mil. gal) Crude & Fuel
0il Powered Carrier 240 180-450 m3 (40,000-100,000 gal) Fuel

Coal Powered Carrier lod Nil .-‘ .‘f

The tankers and the oil powered carriers are the potential source of
spilled oil following shippihg accidents. The oil barges are also potential
source of spilled oil. However, they present less threat as they usually sail

over short distances and carry limited quantities of oil.

The transport of oil by ship is not a very safe way. The chance of

cargo oil spill, even for an open sea, has been estimated by Blumer (Ref. 2)

A'/ _l‘_



. to be one in a thousand for the volume transported. The same figure may also -

be expected of fue] oil spillage. For navigation on St. ‘Clair énd Detroit

Rivers in winter, since the navngatlon channels are conflned and ice hnnders

the manoeverlng of the ShIpS, the chance of oil spsll wull be increased. The.
probablllty of oil spill on the rivers is further aggravated by the out- dated-
ness of the Great Lakes.Fleet vesse]s. The average age of the ships of the
F]eet is more;thanvho yeare. The ships built before World War 11 were not
builf to strong specifications and are quite susceptible to ice damage. For
example, for the Spring monthe of March and April in 1970 alohe, 21 ice dam-

age cases were reported. Putting all the adverse factors fogether,.it‘is not

-unreasonable to expect that the prbbability-of oil spill on St. Clair and

Detroit Rivers in Winter would be at least twice that for an open sea, or |

in every 500 for the volume of oil transported.

Since both fuel oil and cargo oil are carrfed'in independent»cohpart-
ments in carriers and'tanhers,'the chance that all the cohpartments leak at
once is remote. The quantity of the oil that would spill over St. Clair and
Detroit River following a shipping accident therefore would only be a fraction

of the amount shown on Table 1.



I11. Flow Conditions in Winter in St. Clair and Qetroit_Riyers

From 74 years of cutflow data from Lake Huron and Lake St. Clair

- (Ref. 3) the“Histogram of the winter discharge in St. Clair and Detroit

Rivers are plotted as shown in Figure f.: It is seen from Figure»l'thaf fér
bo;hrrivets the‘rate of dfécharge‘decreases progressively from December to
February, then it gfadualiy inéreases again to April, The rate of flow'in
the Detroit.river is Slightly higher than that in the St. Clair river'bg-
cauée of édditional watershed conpribufion. But the difference is sma]],
less than five percent wHen the méan flow is compared. Aithough the'FTow 
rafé in the twq rivéﬁs‘varied from 2,800 fo 6,800 m3/s (100,000 to 240,000
c.f.s.), the dominent range ié frpm 3,700 to‘5,900 m3/s (130,000 to'ZQ0,000
c.f.s.); The probability of the discharge rate higher'than.5,900 m3/s i§ o
quite low. For the study here, the discharge rate‘of.5,900 m3/s may be con;’
sidered as.the‘upper limit that one is likely to enﬁounter at the.time of

an oil spill in Winter. The rate of flow shown in Figure 1 is the monthly
mean discharge. The daily discharge should not differ much from the month-

Ty mean because of the storage effect of Lake Huron and Lake St..Clair.

To describe the flow conditions in St. Clair and Detroit Rivers,
the rivers are divided into sections as shown in Figures 2 and 3. To study
the containment and control of oil in an ice infested watér, the dimension-

less flow Froude number

F e '_ (1)

where V .is the flow velocity, D is the flow depth and g is the gravitation-
al acceleration, is the best parameter to describe the flow conditions . (see
later part of the report). Crookshank (ref. 4) has developed a computer model

to calculate the flow Froude number in the St. Clair and Detroit rivers for

-6 -
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. .

different ratesiof.diséharge and different tail water levels. -Based on Crook-

'shénk's model, the flow Froude number-along the St. Clair and Detroit rivers

for a Iikgly maximum winter discharge at the time of an oil spill of 5,900

m3/s is calculated and shown on,Figs; 2 and 3. It is seen from the figs. 2.

ahd 3'th§t the Froude ﬁumber for St. Clair River is calculated for two Lake
St;_CIair water levels of 173.2 m (568 fﬁ.).and 176.3 m (578'ft.),‘and>thg”,_
Froyde number for Defrdit River is calculated for two Lake Erie Qater levels
of 172.9 m (567 ft) and 175.3 m {575 ft). The head water'lgvellis assumed |

to adjust automatically to accommodate the flow. The lake levels shown above

. are'meaéured from the Intgrnational Great Lakes Datum. The flow Froude numf

ber for intermediate lake water levéls may be calculated from the two curves

shown by intrapolation.

It should be pointed out here that Crookshank's model is for ice
free flows. The study here deals with flows at the presence of ice.” The

presefce of ice tends to réduce the flow velocity and ‘increase the flow depth.

The overall effect is a reduction of the Froude number. Because of this, the

Froyde number shown on Figs. 2 and 3 tends to be over-estimated. 'No-atteMpt,
however, is made to quantify this ice effect and it is assumed that the ice

effect will ‘be tolerable except in the case of ice jamming.

Much will be said about the effect of Froude number on oil and.ice
containment. At this point, it is sufficient to know thatvthe lower the Froyde

number, the easier will oil and ice be contained by a floating boom.

- 10 -
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- 1V¥. lce Conditions and Statistics for St. Clair and Detroit Rivers

A . ‘ Background Knowledge

Before studying the ice conditions and the ice statistics for.

'St. Clair and Detroit Rivers, some background knowledgé_on fce‘formation

will be briefly presented for éasy comprehension of the later discussions.
“lce ié'fOrﬁed'wHen water is cooléd towthé'Freezing pofnt. There

are two kinds of ice»formed in water, the static ice and the_dynamic:ice.

Static ice is formed in the quiet parts of water where turbulence is low.

The static ice first appears as interwoven ice needles on the water surface.

A thin ifce sheet is formed when the water between the ice needles freezes.

. The ice sheet thickens as a result of heatvloss through it. For the shore

and bay regions of St. Clair and Detroit Rivers, static ice may be expectéd.

- Static ice is also formed in Lake Huron and Lake St. Clair.

.Dynamic ice is formed in turbuiént waters. fﬁé thbulence,may'be
caused bybflow, by wave action or.by other mechanicaI:agifatiohs. The wafér
is first supercooled without crystalization. Then fine ice crystals suddenly
forim everywhere in the'ﬁupercooled water. Immediately afteklthéir formation,
the fraz] crystals, as these fine ice crystals are called, are uniformly
suspended in the water. However, the fra,il cryétal§ soon begin to agglom-
erate and float to the top as frazil slushes. The sluggish frazil slushes
greatly modify the surface flow|characteristics. The flow turbulence is

greatly suppressed. The physical effect of the dYnamic:ice in a frazil

- slush is much more prominent than its actual proportion in the slush. For a

slush pack seemingly full of ice, the proportion of ice is seidOm more than

| percent as may be proven by draining the water away. Frazil slushes may

- 11 -
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freeze into pancake ice and then into ice floes, or it may Freeze to the
<uhdér5idé and the edges of existing ice sheets. When snow falls into water,

it also forms ice slushes similar to frazil slushes.

‘By physical appearéhée, ice may be either'in,theffofm‘of_slush’ice,

jce floes, or ice covers. An ice cover may only cover the shore region of a

river or may span across the river. A complete ice cover is usually.grown. . - -

out of border ice covers when the two border ice covers grow and join together.

The ice bridge formed catches frazil slushes and ice floes from_ubstféam and -
creafe é'loose ice cover.. The ffeeze of the ]oose ice cover prodices a'sqlid
ice\¢§ver. |
| The fbrmation of frazil ice in a turbulent water has been Studiea

by Wilfiams'(ref. 5) among ofheré. He brOposed thé‘following‘impiricél équa-
tion for célcplating the heat loss over an bpén wéter: |

Q= 4.7 (Tw-Ta) | ’ o cal/m2s '1 o (2)
wgere Tw énd;Ta are the_temperatﬁre (in Celsius) of thé wafer aﬁd tHe a};
respectfvely. Based oh theAabove heat flux and assumihg‘a boc.water‘temp-
erature for the water inh a fiver flowing at a Velocfty of V‘m/s over a-
dfétance of L métrgs,vthe améunt of fce préduced at the”surfaceltan>5e sﬁéwnr
to be | .

1= 5.9'x‘IO-SITaI%— Kg/mzi.. ' (3)‘
If the frazil ice is assumed to concentrate at the surface layer of t metreé

thick, the surface concentration of frazil ice will be

-6 '
Ci =5.9 x 10 _LIELE | % (4)

vVt
The above equation may be used to calculate the surface frazil ice concentra-

tion in the St. Clair and Detroit rivers.

- 12 -




N T N Sl ax TE am

I

B. Ice Season on St. Cléir and Detroit Rivers.

The ice season on a Fiver may be defined as the period between

‘thevday of first ice appearances and the day of last ice appearance on the

river. - For St. Clair and Detroit River, the first and last days of ice

~ appearance have been recorded by the U.S. Coast Guard since 1956. The ob-
servations were taken from the following stations:

St. Clair River

1. Dunn Paper 2. Fort Gratiot 3. Black River
L. Dry Dock 5. Marysville 6. St. Clair

7. Algonac 8. St. Clair Flats 9. Harsens Island

Detroit River .

1. Windmill Point | 2. Fort Wayne
3. Wyandotte L L. Gibraltar
. The stations .are listed in the stream-wise order and are shown
on Figs. 2 and 3 except for the Harsens Island Station, Which cdulq not be
identified from the available data and documentation although it is known
that it is somewhere on the Harsens Island as the name itself imblies.

From the observation record*, curves showing the statistical
distribution of the first day and the last day of ice at the observation
stations are plotted as shown on Fig. 4. For most of the observation
stations, 18 years observation were recorded, but for some of the statfons,
the length of record is less than 18 years; In plotting Fig; 4, a month
is divided into. three periods for calculating ﬁhe probability of occurence

in each period. The data from St. Clair Flats and Harsens Island stations

*  Raw data supplied by Commander W. E. Méson, U.S.C.G., retired, and his

successor, Commander C. R. Corbett, U.S.C.G.

..13'_
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~are used together to plot one set of curves only. This is because the length

of record for both stations is not long enough to clearly define one set
of curves for each station. Since the two stations are close to each'other

at the downstream deltas of the river, it is thoughf'justffied to_pldt the

‘data from these two stations together. It 'is seen from Fig. & that the gen-

eral trend of the statistical curves is well defined although thé_detaiied
fitting of the curves is somewhat subjective because of the small stétistical

population of only 18 years. The study of Fig. 4 gives the ice season on

'St. Clair River and Detroit River.

(i) Ice Season on St. Clair River

It is seen from Fig;‘h that the time bf first ice appearance on
Sf. Clair River may spread from early December to late January or early Febru-
ary. The most probable time of first ice appearance is in late December -
and early January. - Fig; L shows that ice will_appear in the upstream and:
downstream sections of the river earlier than.in the midstream sections.
For the upstream Dunn Paper and_Forf Gratiot stations, the time oflmost prob-
able first ice appéarance‘is in the beginning of January and the'middle of
December respectively. For the downstream St. Clair Flats énd Harsens. Island
stations, the corresponding time is around 25th of December. However, for
the midstream seétions, the time of most probable first icg‘appearanée is in
the first third of January. The ice drifted from Lake Huron }nto the river
may be responsible for the early ice appearance in the upsfream'sectiOn.
while the accumulation of the ice produced in the river itself at the down-
stream end may explain the early ice appearance in the dowhstream se;tion.

For St. Clair River, the average flow velocity is about 1 m/s. The dis- .

_]5_
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tance from St. Clair flats and Harsens Island to Lake Huron is about 60

km. For an air temperature of -3.6°c, the minimum monthly temperature for
the region (ref. 6), the quantity of ice produced at the water surface at
St. Clair Flats and Harsens Island may be calculated from equation (3) to

be‘h.25'kg/m2, which is a rather significant quantity. Since at St. Clair

- Flats and Harsens Island, the flow is slow as may be seen from the small

Froude number on Fig. 2 (as the depth of the channel does not decrease sig-
nificantly), the frazil jce produced in the river will float up to the

surface, agglomerate and adhere to existing ice sheets or shore.

The déy of last ice spreads from early February to éarTy May.
The most probaslé time, however, is in March. From Fig. 4 one sees that
ice will disappear from the river at a later time in the upstream sections
than in the midstreah sections. For the upstream Dunn Paper and ForiGratfot
Stations, the most probable day of last ice presence is in late March while
for the midstream stétiOns, the most probabTe'day of last ice is in eérly or
mid March. Between the midstream sections and the downstream sections at
St. Clair Flats and Harsens Island, a comparison of the distribution curves,
However, shows no noticeable difference that is beyond the scatter of the

data.

(ii) Ice Season on Detroit River

For Detfoit\River, one_sees'from Fig. &4 thatlihe first‘aay of ice
may spread from the middle of November to the middle of February. The most
probable time of first ice appearance, however, is in the hid&lé of Decémbér.
For the last day of ice, it can be as early.as the middle‘of Januaryiand cén
be as late as the end of May. The most probable time of last ice appearance,

however, is in late March. Fig. 4 shows that with the scatter of the data,

- 16 -



there ‘is no systematic difference in the most probable time of first and last
ice appearance between the four observation stations. In fact, the distribu-

tion curves of the four stations even show more or less the same width of

‘spféad. The short length of the Detfoit river and the less varied channel

conditions from section to section probably are accounted for the above fact.

(iii) : Navigation Closed Season and lce Season on St;ClaTr andibétroft:‘
Rivers |
As the chance of oil spill is directly reléted to shipping, the |
rélative timing of the navigation closed season with respect to the ice sea-

son on the St. Clair and Detroit rivers should be discussed.

For St. Clair Rfver; the navigation season is normaily closedlfrom
Dec. 15 to March 19 (réf. 7). However, éhibping on fhe Eivef aé late as the
first.third of January is not Uncommon, espécialiy Qhen outwardibbuﬁd gﬁfps
aré stOpbed by lce. (ref. 6). For Detroit Rivef, fhé normal navigatfon éiosed
seéson is from Dec. 12 to February 28 (ref. 7), about three weéks Shorief-than
the St..Clair river closed season. |If the shipping volume on the Montreal -
Lake OntariorseCtion of the St. Lawrence Seaway is indicative of the shipping
volume on the St. Clair and Detroit rivérs, the shipbing volume on these
two rivers in December can reach as much as one third and in April as much as

two thirds of the peak summer monthly shipping volume (ref.7).

The navigation closed season for the two rivers is 5150 showr on
Fig. 4. It is seen from.comparing the navigation closed season with the ice
season that for St. Clair River, although the shipping season would have come
to an end before the first ice is likely to appear, the new season will begin

when the presence of ice is still very probable. For the Detroit river,
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“Fig. h'shows.that the navigation season is still not finished when the

probability'of first ice appearance is quite high and the new navigation sea-
son would have started when the river is still full of ice. 'In fact, the

distribution curves for the last day of ice on Detroit River are nearly all.

outside the line indicating the beginning of a new navigation season. It is

: worth noting that although Detroit River has a longer-ice:season_thah the-.-

St. Clair river as the comparison of the distribution curves shows, its navi-

gation season is longer than the St. Clair River's by three weeks. The above

means that the probability of a ship sailing on an ice infested water is

higher for Detroit River than for St. Clair River or that an ojl spill at the

presence of ice is more likely on Detroit River than on St.. Clair River.

c. Ice Forms on the First Day and the Llast Day of ice on St. Clair

and Detroit Rivers

The ice forms on the first day and the last day of ice appearance
on St Clalr and Detroit aners were also recorded by the u.s. Coast Guard
The three different ice forms recorded are defnned as; (I) Drlft ice; Wthh’
includes small ice floes drlftlng with the current or wuth the wnnd Iarge
ice floes that may brldge the rivers and form |ce gorges and solld ice
covers that are broken by wind and jammed together, (2) Frazil slush; whichv
includes the dynamic ice formed in the lakes and in the rfvers and“the snow
fallen into the water, and (3) Solid ice cover; which inc]udee.BOth strong
and deteriorating ice covers. From the record, the probability'ot the
difference ice forms on the first and last days of ice is calculated for

the two rivers and tabulated in Table 2 below:
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Table 2. Probability of lce Forms - percent

St. Clair River

First Day of lce . Last Day of lIce

Station - Drift Frazil Solid lce Drift Frazil Solid Ice
o Ice Slush Cover - lce Slush Cover
bunn Paper 67 22 -1 . 8 6 6
Fort Gratiot = b7 41 12 60 3 27
Black River 50 0 50 91 0 9
Dry Dock 28 " 6 42 16 42
Mafysvillé‘ 55 6 39 83 6 1
st. Clair 80 o 20 78N on
Algonac 83 6 ‘ 11 | 71 29 0
Harsens Island 63 25 12 72 ., 0 28
St. Clair Flat : : ;
Detroit River
Windmill Point 88 0 12 94 0 6
Fort Wayne 83 6 11 99 0 1
wyandotte 62 23 15 77 23 0
Gibraltar 9l 6 0 99 1 d

It is seen from the above table that all the\thrée forms of
ice are probable for both the rivers on the days of first and last ice. The
most likely ice form, however, is drift ice. 'Thgre is a large variation in
fhe probability of the different ice forms from one section to the other,
reflecting the different hydrodynamic conditions at different sections. For

St. Clair River, the channel is longer and shows more variation .than Detroit
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River. This leads to a greater variation in the ice forms probability for

St, Clair River than for Detroit River. For St. Clair River, the probability

of fra_zil slush presence can be quite high, 41 percent of the time at Fort

Gratiot. As a whole, the prqbability of drift ice is higher for the last

day of ice than for the first day of ice. This is important for oil spill

,éontainmentxas it is pointed out in the last section that an oil spill at

the presence of ice is more likely to occur at the beginning'of the naviga-

tion season than at the end of the season. Overall speaking, fhe probab-

ility of drift ice on Detroit River is higher than on St. Clair River.

Table 2 shows that for: the main channel of ‘St. Clair River, the
presence of fra;il slush at all sections is probable excépt at Black RiVer,
where a sudden channel enlargement upstream from the station (see fig. 2)
reduces the flow vélocity and enables the frazil ice to float to the sur-
face to be detained by adhering'to'the existing ice cover or to shore.

For Detroit River, the presence of frazillslush:at the ubstream windmill
point and Fort Wayne Stations and the downstream Gibraltar Station is
not very probable:. However, the'probability of frazil slush presence at the

midstream Wyandotte Station is quite high.

D. lce Conditions on St. Clair and Detroit Rivers for the Winter

Months

(i) lce data for the Winter Months of'l969-l970

The probability of ice forms on the first and last day§ of ice
presence has little to do with the ice conditions at the time of a probablé
oil spill except what form of ice that one méy expect if oil is spilléd around
the days of first and last ice appearance. To evaluate the ice conditions

for all the winter months, a long record of the number of days of ice presence
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and the forms of ice on the two. rivers is required. Such a record, un-.
fortunately, has not been made. In the wintér of 1969-70, a one-year record
of the number of days of ice presence and the forms of ice was taken by the
U.S. Coast Guard. Based onAthis record, a graph showing thevdays of ice

appearance and ice forms on the St. Clair and Detroit rivers is plotted as

~shown in Fig. 5. The observation noted that more than one form of ice

might be present on the rivers on the same day, although seldom this was
the case.

It should be borne in mind that Fig. 5 is from samplesiof only_one.'
year and is far from being typical. ,The ice conditions on the two rivers

change substantially from year to year. For instance, Fig. 5 shows that the

. ice season for Detroit River finished in March but the ice'season for St.

-Clair River did not end until April., This is not in agreement with the

earlier conclusion that the ice season for Detroit River is statistically
speaking, longer than the ice season for St. Clair River. Fig. 5 also shows
that there were more ice days on St. Clair River than on Detroit River.

It is not known whether this is the general way or if it was for the winter of

"1969-70 alone. Should the former be the case, the earlier conclusjon that an

oil spill at the presence of ice is more probable on Detroit River than on
St. Clair River should be modified.

Although Fig. 5 suffers some inborne statistic¢al inadequacy due
to the small statistical population, much can still be deduced from it as

shown below.

(ii) lce Conditions on St. Clair River and Physical Explanation

For St. Clair River, it is seen from Fig. 5 that at Dunn paper
Station ice appeared for a small number of days only and the ice was mostly in

the form of drift ice. The number of ice days increased towards the end of the
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winter, indicating increased ice discharge from Lake Huron. At Fort Gratiot,
the number of days of ice appearance was much more than at Dunn Paper, espec-’

ially for the mid winter months. In fact, ice was present at For Gratiot

_nearly evéry day. Although the most likely ice form was still drift ice,

fraifl slushes counted for half the ice days in December. At dry Dock, the

 number of ice days was further increased and a solid ice covefr was there more = °

than half of the time during mid winter and about one third of the.time in
December and in April. At Marysville, drift ice could be expected for every
second day. The frequency of ice appearance was about the same throughout
the winter except for December. At Algonac, the number of ice“days»in;reased
again especially for the mid winter months. The most prominent icé form

for the mid winter months was frazil slush.

The ice conditions on the St. Clair river may be physicaliy'traced.
On Lake Huron, both’étatic and dynamic ices are produced. The conso]idation
of static and dynamic ices produces solid ice covers and the agglomeration
of dynamic ice produces frazil slushes. The breaking off and diSintégratToh
of the solid ice covers on the lake supply drift ice floes to the St. Clair
river. The frazil slushes also drift with the current into the river. At
bunn Paper, the river is wide so the surface concentration of ice is low.
This makes the detection of ice difficult and probably was the cause leading
to a deceptively small number of ice days at Dunn Papér‘as_obﬁerved'in the
Winter of 1969-1970. At Fort Gratiot, the narrow river SurféCe increases -
the surface concentration of ice, make it easier to be detected and this
probably was the reason for more ice days at Fort Gratiot than.at Dunn Paper

as observed by field personnel in 1969-1970. The detection of frazil slusHes
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is particularly dependent of the surface concentration because frazil slush

is suspended in water and has the same colour as water. It can hardly be
detetted'at low concentration. Physically speaking, the frequency of ice
appearance at Dunn Paper and at Fort Gratiot should be the same because the.

ice that passes through Fort Gratiot has to pass through Dunn Papef first.

At Fort Gratiot, because the river is narrow and the current is

'Fast, a stable ice cover cannot be formed. However, after passing though Grat-

iot, the river widens and the current slows down, makes the formation of a
stable ice cover possible (the criterion for forming a stable ice cover

will be discussed in next section). This in fact, counts for the frequent -

‘ice cover presence at Dry Dock as examplified by Fig. 5. The stable ice

cover acts as an absorber and dampér of ice flow by catching ice floes énd ice
slushes af the upstream edge. Some ice floes,'h0wever will slip under the |
ice cover to the downstream sections and ibe floes will break off from the
downstream edge of the ice cover when the wind is strong and the wave and
current conditions unfavourable. These ice floes are responsible for the-

ice discharge at Marysville as shown in Fig. 5. The damping effect of the

ice cover can be seen from the more or less the same frequency of ice presence :
at Marysville for all the winter months including December. For December,
only half the month should be counted because for the first half of the month
the small ice discharge does not lead to solid ice covers on the enlarged sec-

tions upstream from Marysville.

Downstream from the ice cover, dynamic ice is continuously formed in
the open water as a consequence of heat exchange between thé water ‘and the
cold air. The frazil ice so generated has ample time to agglomerate and to
float to the surface on itslway from Dry Dock to Algonac. According to’
equation (4), if the ambient temperature is assumed to be at -3.6°%c and the
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frazil ice is assumed to concentrate at the surface metre, the concentra-

tion of frazil ice at Algonac can be calculated to be of the order of 0.3
percent. In the calculation, the average flow velbcity'is approximately
taken to be 1 m/s and the distance between the ice cover at Dry Dock and

Algonac is approximately taken as 60 km. As mentioned earlier in the report,

~ such a small percentage of frazil at the ‘surface can make the river as seem- .

ingly full of ice slushes. The appearance of slush ice at Algonac therefore
is expected. The more frequent frazil slush presence in the colaer months
of January and February is also Qﬁderstandable. THe freezing of the surface
fraZi] leshes can produce a solid ice cover.,_This;,in fact, was the case
in 1969-1970 as Fig. 5 Showé that in the two cold months of January and

February, two days of solid ice cover did exit for each month at Algonac.

(iii) lce Conditions on Detroit River and Physical Explanations

For Detroit River, Fig. 5 shows a graduai reduction in ice days

 from upstream to downstream sections. This is different from St. Clair

River where the number of ice days increases from upstream to downstréam.
The reduction in ice days méans that drift ice floes are detained By fhé |
rivér during the process of ice cover formation. The slow flow behind the
large islands provfdes good hydrodynémic conditions for 1celcover formaffon.
As the average. velocity of flow in Detroit River isvapproifmétéiy 0.6 m/s,
which is less than the average flow velocity of ] m/s inlSt.‘Clair River,
ice covers are more likely to form on Detroit River than on St. Cléir.RTver.
This, in fact, was the case in the winter of 1969-1970 as Fig. 5 shows .

that ice covers did %orm at Windmill Point, Fort Wayne and Wyandotte; 

The nearly daily appearance of drift ice at Windmill Point is caused by ice

floes drifting into the river from Lake St. Clair. While the drift ice floes
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aré_detained by the river as they traQel Hownstream, frazil ice is produced in
the open water sections and this results in frazil presence near Wyéndotte; The
small number of ice days at Gibraltar further emphasizes fhe detaining capacity
of the'rfver. The drift ice appeared at Gibraltar were Ifkely the ice floes

broken from the upstream. ice covers.

(iv) -0i1 Spill Situation on St. Clair and Detroit Rivefs at Different

Locations

The study of the ice conditions on St. Clair and Detroit Rivers

aims at estimating the situation that one has to cope with at the time of an

" 0il spill, Following the physical tracking of the ice conditions in (i) and

(ii) above, the situation on the two rivers at the time of a winter oil spill

may be expected as follows:

For St. Cléir River:

lf If the accident happens at the river gntrance, oil.may be ex-
pected to spill on a water with low surface.éoncentratiéh of drift iﬁé floes.
The ice floes would be mostly of lake origin.

2. |If the accidenf happens at the bottle neck area ﬁear For£
Gratiot, oil is likely to spill over a fast flowing water with high.surfacé
cdﬁceﬁtration of drift ice floes, and occassionally, ice slushes.

3. |If the accident happens in the widening sec£ion oflthe‘river
after the bottle neék, oil is likely to spi]l.on a water with a surface ice
cover. N

L. Downstream from the ice cover, if oi] spi]fs,,it is likely to
sp}ll over an open water with a low céncentration of drift ice floes. The
discharge of drift ice would be higher after storms or after the collapse

of the upstream ice cover. The rate of drift ice discharge would be quite
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constant wnth the exustence of an upstream ice cover.

5. The more downstream from Dry Dock the hlgher the probabullty‘
of frazil slush preSence. An oil spill at Algonac or close to it means‘

that oil is likely to spill on a water and slush mixture.

For Detroit River:

: 1. At WIndmlll P01nt, oil is llke]y to splll on an open water

: wnth a high surface concentratlon ‘of- druft ice. 0il may also splll on a

water with a surface ice cover, although with a lower probablllty. The ice
cover is'fike]y to have propagated from Belle Island where tﬁe'slowiflow
originamesithefice cbmerwformathn;_: ' |

2. Below Belle Island, 0il is Tikely to spill on a a water with
a 1ow‘surface concehtrarion of drift ice floes broken eff.from,the upstream
ice covere. The.rate of ice discharge would be rather constant except
after Storms or following the collapse of upstream ice covers. The frequen-
cy of ice preséﬁce would be one in every three days. The‘abéverfee'ednditions-
wouldxprevail tofand beyohd Fort Wayne. |

3. At Wyandotte or at the Fighting and ‘the Grosse Islands, oil
may spill on a water with all the three forms of ice. The probability of
ice appearaﬁce,'however, is not‘more than 50 percent.of the time.

L. The detention of ice by the slow flowing water at Fightingr.
Island and Grosse lIsland means that below these islands; oil fs lfkely to ..
spill over a water with a low surface drift ice concentration. ‘The,Free

quency of ice appearance at this downstream end is also low.

The above conclusions are deduced from physical Feasoning and have .

to be verified or modified by field observations. Without the backing of
observational facts, the conclusions can at best be treated as hypotheticai.

It is understood that a study of the ice conditions on the St. Clair and

Detroit rivers by H. G. Acres Consulting Engineers under contract from the



! > ' _ _ :- n U m - N -" - - —:
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u. S._Army Corp of Engineers, Detroit District, has just been completed.*
The final report of the study has not yet been released. Once'releasgd; the

report should be referred to for evéluating the conclusions made above.

e
D

J. E. Cowley, H. G. Acres Consulting Engineers, Niagafa Falls, Personal

Communication.
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V. Coptainment, Control and Recoverxiof;Spi]led Oi]AFrom

St. Clair and Detroit Rivers under Winter Conditions

A, . Interaction between lce and 0il

From the preceding analysis ohne sees that oil may spill over the

- St. Clair and Detroit Rivers at the presence of drift icé?Floes, ice covefs .-

or frazil ice slushes. For the three different ice conditions, oil and ice

_ihtera;t differently.

When oil spills over a water with surface drift ice, the situation

is probably the easiest to handle. The oil patches and the ice floes drift

downstream together but remain their own identity. |If the ice floes and the

oil can be separated by some means, the spilled oil may be removed.

The interact}0n>between oil and an ice cover is more complicated.
An ice coyer'may be made up of loose ice floés packed together‘br ma9 béAa
sinélé-consolidéted fce sheet. For St. Clair and Detroit RiQeré, the {ée‘\
éovers Qill be more likely of the first kind, especiéfly for the upstreaﬁ
part of the ice cover, so the discussion here will be mainly concerned with
the interaction between oil and the upstream pack ice part of an ice cover.
When an oil patch reaches the upstream edge of an iceréovér,'its adVanCé‘fs
étopped. In this case, the ice cover acts as an oil Boom.v'As oil accumu-
lates in front of the ice cover, the oil slick thickens and may spill over or

under the ice cover. The oil spilled over the ice cover will .remain in the

depressions or will mix with the snow on the surface. The oil siipped Qnder
the ice cover will collect into oil pockets. As air pockets under an ice
cover, the oil pockets will hardly move downstream. As the upstream part

of an ice cover is made up of packed ice floes, the oil will also find its
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way into the ice pack through gaps and passages in the ice cover. The con-

tinuing detention of the drift ice floes from upstream by the'ice cover

further helps to trap the oil in the ice pack. A small part of the spilled

oil may even find its way into the ice floes theméeTves through the min- -
‘ute éhahnels and voids in the ice. The oil caught between ice floes‘and_ 

"~ trapped in the floes themselves will remain where they are. When the at-

moSpheric temperature drops to subfreezing, heat wilf'flow from the»watgr
through the oil slick and the ice cover to the atmosphere. As a resUlt,
ice will form under the oil slick. Although the low temperafure makes the
oil more viscous, it remains to be a liquid. - Depending oh whether the

specific gravity of the oil is yreater, equal to or less than that of ice,

" the newly formed ice may float into the oil slick and then to the under-

side of the surface ice cover, may mingle with the oil and form a slushy

 mixture, or may accumulate under'thé oil slick, thicken and consolidate

into a solid ice layer and sandwich the oil slick between it and the. surface
ice cover. .For the first case, a'slow clean up of the spilled oil probab-"
ly will not cause much additional problem because the oil pockéts will re=
main where they are. In fact, a stronger ice cover‘after a cold spell

would also help to support the pumping gears or other épparatus to pump
the oil through the ice cover. For the seéond and the third cases, a

delay in cleaning up the oil means the oil will becomé.a-part of the -ice
cover and a much greater effort will be required td separate the ofl from
the ice. 1In case the ice cover breaks up, the entrapped 0il will -be
carried a long way downstream. In the literature,. the formatjgn.of ice
under an oil slick has been reported a number of times. On the other

hand, the floating of the newly formed ice under an oil slick into the
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" oil slick so far had not been mentioned. Apparently, more experiments'are_

needed fo understand the behavior of the ice formed under a slick of heavy

oil.

Although the above discussions concern the interaction of spill-

. ed oil with a river .ice cover, the same interaction may be expected when -

oil drifts from a river into a lake covered with ice. It is therefore im-

portant to contain and remove spilled oil on St. Clair and Detroit Rivers
"before it enters Lakes St. Clair and Erie. Once in the lakes, the affec-
~ ted area will be multiplied because now the oil and ice are not confined to

‘a small area.

When oil spills over a water infested with frazil ice slushes, a

'slurry of oil globules and frazil clusters suspended in water may be ex-

~pected. With our present state of the knowledge, no'oné knows what will

be the interaction between oil, water and ice in such a state. Tntuition-
ally, one can be sure that the clean up of the spilled oil will be dif-
ficult. When the frazil slushes are frozeq and consolidated, the oil will
be trapped among the ice crystals. This again leads:to a similar, but .
more difficult situation for clean up as when oil ié.trapped under an fce
cover.

Following the above discussions, it becoﬁes.c]ear fhat,the spilled
oil should be stopped before it reaches an established ice cover. Once
reaching the ice cover, the oil will be trapped in the ice éndAits»remov-
al will be difficult especially after cold spells. Algo, frazil slu;hes
sould be prevented from mingling with the spilled oil. The oil patch
should Ee contained as close to the point of spill as possible so fhe oil

will not spread over a large area and to be affected by more ice. The
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short travel distance also means that one does not have to deal with more
frazil slush that is produced over the open water travelled by the oil.
The conta:nment of oil in a flowing water . |nfested with drift ice and

_ frazll slush therefore becomes the focus of oil splll control on St. Clairb

and Detroit Rivers.

B. : The Containment of 0il and lce by a Floating Boom

(i) The Physical Principle of 0il and lce Containment by a Boom

Both oil and ice may be contained by a floating boom spanning

‘across the flow at the surface. The physical basis of such a containment

is simple; since both oil. and ice are lighter than water they float to’

the surface and may be Stopped at the surface by a boom.

| The hydrodynamlc COﬂdlthﬂ of containing 0|lv|n azflowrng water
by a boom is shown in Fig. 6. The boom consists of a buoyant tube, a |
retaining sklrt and a counter weight.  The boom causes a constriction in
the flow as shown by the contracting streamlines. The .idealized velocity
distribution ‘in front of the boom is shown by the solid line while the ac-
tual velocity distrlbution is shown by the dashed line. A reasonable
depth of the skirt is necessary for effectively containing the oil. Too'
short a skirt means the accumulated oil may reach the lower édge and spill
underneath into the main stream. Too long a skirt, on,the other hand,
means e*cessive force on the boom. | These two considerationsvshould come‘

to a compromise for a good oil boom|design.

There are two mechanisms that will pull ‘the retained oil into
the main stream. The first is by turbulent entrainment and the second is

by pressure differential.
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Turbulence in a flow is produéed'ih the shear layer where a

velocity radient exists. At the lower surface of the oil wedge, because

' ,fhg eXisfenCe Qf'a‘velocity,radient as shown by the'velocity distributEOn

on Fié;”G, turbufence'is producea. Turbulence means thétvbesidesxtheﬁ '
aVéfégé motiohs,_the flpid partiéles gre‘ndwféubjgct to addjtioqalvgddyhl
mofiéns: -The.eddy motions, in fact, can.be detécted‘fréﬁ.the ripbié mé-
tions of the undér surfaée of an.oij slick. If the eddy motions are
sufficient]y vigorous, the oil particles will be brought down info the

mainstream and be‘carried downstream beyond the boom.

The hégative pressure under the hoil slick at the constriction
also tends to upset the stability of the oil slick. From Befnoulli's'
equation, one knows that for a floQing fluid, “the faster it flows, the
lower will be the pressure. By Writing the Bernoulli equation between a
pdjnt'under the oil wedge and an upstream undisturbed point, the préssure
ét the poinf under the oil wedge‘can be calculated. - If'tﬁis‘presSUre is
sufficiently negative‘thaf it exceeds the budyéht’forcé of the oil, fhe
oil will be pulled into the main steam. |If tHis happens, ‘the oil boom
also fails its purpose.

The hydrodynamic condition in front of an ice boom is very -much
the same as that of an oil boom. = The entrainment of ice by fUrbulence,

however, is less likely because the massive ice floes and slush clusters

do not respond to the minute eddy motions as readily as the small oil drop-

lets. The subi:rgency of ice by the negative pressure . under the ice there-
fore is the main consideration in treating the problem of ice cover stab-
ility.

By treating the problem of ice cover the oil slick stability
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~ along the lines shown above, theoretical and experimental investigations.

Squed that oil may be contained by a boom if the flow Froude number obeys

Fr < A(1-5) S (5)

‘and ice may be contained by a boom if

- where S is the specific gravity of the oil and A and B are constants.

The rough value of A is 0.4 and the rough value of B is 0.1 although thefr»

‘exact values are still a subject of debate. In this report, however, these

values of A and B will be used.

The specific gravity of ice is 0.92. For an oil with a‘spec?fic

gravity as that of ice, the critical value of the Froude number for con-
“taining it is calculated from equation (5) to be 0.113. This value is

~slightly higher than the critical Froude number of 0.1 for contaihing ice.

This outcome is not unexpected because for an oil slick it is only subject
to the downpull force while for an ice floe the areal distribution of the
downpull force produces an additional moment to upset its equilibrium also.

(ii) Boom for Winter 0il Containment in a Flowing Water

Pneumatic booms of canvas or other synthetic materfafs are gén-
erally used for oil containment in summer months. A boom is either tied
to boats or ground anchoring points by its two ehds. The drag fofce'ofv
the flow produces a tensile load on the boom. The arch éhape of a boom
in a flowing water means that the highest stress is at the ends of the

boom.

A pneumatic boom is not designed to stand a high stress. For

this reason, a conventional oil boom can only be expected to operate sat-
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isfactorily on a calm water or a slow flowing water. For St. Clair and

Detroit Rivers, even in summer months, the fast flowing water probably

- would have produced too high a stress on a conventional boom. In winter_

“months, with the presence of ice, the stress on the boom will be further

increased.. On St. Clair and Detroit Rivers, ice floes hundreds:of fegtj

in linear dimension are not uncommon. When such floes ramp onto a con-

ventional oil boom, the boom will likely fail. Thus, a conventional oil

boom does not work on St. Clair and Detroit Rivers for winter oil con-

tainhent.

Timber booms are generally used for ice containment.  Although
bulkier, the sturdier timber boom has theistrength‘to stand the stress
produced by the ice. It should be noted at this point thatAalth0ugh.the
ice cover in front of -an ice boom may extend to a great distance upstream,
not all the load is taken by the boom. The boom only takes the,fuli a
load when the ice cover is short; As the ice covéf grows, most of the force

is transmitted to the river banks. For the common design, & timber boom i

is made up of timber log sections. Each timer log of'apﬁroximately'lo m
long is chained by its two ends to a subsurface anchoring cable. The sub-
surface anchoring cable spans between two joint plates over a distance of
1-200 meters depending on engineering consideratiéns.' The jojnt'plates
are chained to bottom anchors and floated to the desirable position:by,;

subsurface buoys. With such a design, a timber boom will yield by pivoting

about the anchoring cable when the ice force on it becomes excessive..

"This temporary submergency relieves the stress on the boom and permits

some ice to override the boom and discharge downstream. Because of this

load relief feature, the force on an ice boom can be limited to a design
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value.

From the above discussions, one can see easily that a conventional
oil boom will not work on St. Clair and Detroit Rivers for winter oil con- .

taifiment. The ice force can only be handled by an ice boom of proper de-

.. sign. Since an ice boom works on the same principle as an oil boom and .

can contain oil just as good as ice, an ice boom should be used for winter

oil containment on St. Clair and Detroit Rivers.  The boom members can be

of timber or other suitable materials as judged by other considerations.

(iii) Dynamic Analysis of a Winter 0il Boom

The force and ice condition of a section of a winter oil boom

is shown in Figure 7. From the dynamics point of vfew, the presence of

oil does not affect the force analysis so the winter oil boom may be an-

alysed as an ice boom.

1t is seen from Fig. 7 that the bu0yént force on the bobm is
F, = vbd -y, bH (7)

where vy and Y, are the specific weight of water and the boom respectively;

and the total drag force on the boom is given by

F=C.dX_ +c. LY +¢ v - (8)
D "De 29 Dg 29 v . : L v
wher CD is the form drag coefficient of the boom, CD is the skin drag
f s T :

coefficient of the ice cover, g is the gravitational_acéeleratioq; Y; is
the specific weight of ice, q, is the rate of discharge of ice and CV is
the coefficient of virtual mass. In the above equation, the first term
on the right is the form drag by the boom, the second term is the drag on
the ice cover in front of the boom and the third term is the impulsive

force that the boom has to exert to arrest the drift ice. The coefficient
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given by

of virtual mass ‘taken into account the water whose movement is affected -
by the stoppage of the drift ice. From static equilibrium of the boom, .
one has

F, = F, tana , , ' (9)

‘The substitution of equations (7) and (8) into the above equation and

- the -later simplifying lead to

. b(yd-y H) : 2 .
o9 w'oo_ w-o. '
% T T [ —na (Cped* Cost)zg 1 Y

When the boom is cbmpletély submerged, d becomes H and q; reaches the

- maximum value. Thus the maximum ice discharge the boom can contain is

bH (Y'Yw)

q. = =3 _ [ — - (C.H + C L) w2 ] coQan
im C v.V tan o Df DS 2g -

When the rate of ice discharge is greater than‘qim, the ice will spill
over the boom.
From static equilibrium, one also has

] | - |
F. = . 1
T cos a FD . , (12) '

The substitution of equation (8) into the above equation under the fully

submerged condition gives the maximum force on the anchoring cable to be

. ‘ Y2 Vi%m
FTm " cos o [ (CDfH + CDsL) 29 +C, g v 1 (13)

Equations (11) and (13) are for the condition Qhéh'the bdom is
just fully submerged. For the ice to pass, the boom has. to rotate.and tip
back also. This means the boom will meet the flow broad-side-on and by
which increases the form drag. To accommodate the increasedvform drag,

equations (11) and (13) should be modified to

_ bH (y-v ) 2
= g W _ YV y
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and

i V2 Y. Q.
[ (epeb + Cpt) J + ¢, [ilim v 5)

FTm cos o g

"

The above two équations are for ice discharged as discrete frag-

‘ments. When a larger ice floe ramps onto the boom, the dynamic situation. ‘“
* will be different and a new analysis is needed. Fig.,8¢shows-the;case .
‘when a large ice floe is about to hit the boom. It is noted that an ice

cover is not present in front of the boom. This is because otherwise the

momentum of the ice floe will be gradually absorbgd by the loose ice pack
and the problem can be considered as belonging to»thé case already treated.
Befére the ice floe reaching the bbom, the boom is in dynamic éduilibrium;
The buoyant force on it is given by equation (7) and the drag force on it
is given by the first term on the right hand side equation (8);: Substit-
uting these two forces.into equation (9) leads to the following equation:
T T e

- b an o Zg

which gives the depth of immergency at the time of equilibrium.: Frbm the
above equation, the excessive buoyancy that the boom processes for  the

purpose of containing ice is seen to be:

yw . : S
b(H=d) v = bH [y - T ] L (17)
1 - 2f e e B ' ‘
b 29

With this excessive buoyant force, the horizontal force for arresting drift

ice may be calculated from equation (9) to be
Y,
Fi = 2! W - o (18)

= [Y- ]
D tan o ch !3
b 29

l - — tan o

It is seen from Fig. 8 that as the ice floe of thickness t.hits the boom, the
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boom will go down to a depth of 0.92 t for the ice floe to glide over it.

The displacement of the boom may be divided into two stages: (a) from the

-initial.position to the position when the boom is just fully immersed in

water, and (b) from this intermediate position to the final position of

OQSZ_t below the water surface. For the firét'stage of'the‘dispigcemeqt,

the average arresting force of the boom can be seen to be 4 F6. For ‘the

‘ second stage, the arresting force is F!. From Fig. 8 one sees that if.

D

the anchoring chain to the boom is long, the boom may be approximately

' _considered as moving in a straight line perpendicular to the chain. With

such motion, for a total vertical movement of (H - d) + 0.92t of the boom,

‘its horizontal movement is (H=d + 0.92t)tan @ and the_wofk réquired‘

to produce this horizontal movement -is:

5 Fp (H-d) tan o + 0.92 t Fa tan o

Multiplying the above expression by the length of a section of the boom

W gives thé work required for submersing'the boom section. Equatiﬁg this

work with the kinetic energy of the driftiﬁg ice floe %E-CV (0:927)ft 22y2,

where % is the linear dimension of the floe, and'COmbinTng the resultant

equation with equations (16) and (18) lead to:

- y
- WoH [F H () Y_ 9+ 0.92]'
0.92C 2t 2
v 1- ¢. tan a Vo
Df b 29
™ ok - (9
- Y 2 ‘ - '
(1 1 - Cp tana !f_) V%
b 29
- b4 -




- The above equation gives the floe size greater than which the boom can

no longer contain.

For a rectangular obstacle in a flow, the form drag coeffic-

,f ient is Cpf= 2. The coefficient of virtual mass of a.cylindrical body

df the same density as water is 2. For én'jce floe of elongated rec- = "

tangular shape, the coefficient jof virtual mass has yet to be obtained

~ from future research . As a rough estimate, a value of C, = 2 may be

|

_used. With the above values of_;CDf and C,» for a section of timber
- “boom of W=10m, b =0.6m, H= 0.3 mand 'w/y = 0.5 chained to the’

“anchoring cable at an angle of o = 45° in a ‘water flowing at V - 0. 5 m/s

and infested with ice floes t = 0.4 m thick, from eqUation (19) the min-
imum 1inear dimension df the ice floes that the boom section can no
longer contain is calculated to be Zm = 6.5 metres. On St. Clair and

Detroit Rivers most of the ice floes are smaller than this size.

Equatidné (14), (15) and (19) may be used for de5|gn|ng a wun-

ter oil and ice boom. Further discussion on these equatlons is beyond

. the scope of this report. It is seen from these equatlons, however,

that the desugn of a boom for winter oil and ice containment is englneer-

ing feasible.
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C. " The Containment and Recovery of Spilled 0il from St. Clair

and Detroit Rivers.

Following the preeeding.theOFetical investigatIOns, One;may now
_hproceed to study the ways to recover the spnlled 0il from St Clair>and
‘fDetr0|t Rlvers WhICh really is- the ultimate goal of Operatnon Prepared-v'
.hess. The three aspects of oil spill control that will be looked into
'Arare: (1) How tovcontain ice and oil on St. Clair and Detroit.Rivers hy

‘a floating boom, (2) How to separate oil and ice after they are centained,
and (3) How to finally remove or recover the oil. These aspects-wilf be

studied in the above order.

(i) The Containment of 0il and lce on St. Clair and Detroit

Rivers by a Floating Boom -

‘The criterion for containing oil and ice on a flownng water by
a floatnng boom is glven by equatlons (5) and (6) These equatlons ‘state
the containment of oil and ice on St. Clair and Detro:t Rivers is deter-

mined by the Froude number of the’tiVer'alone.

The value of the flow Froude nuﬁber along.the St. clair and
Detroit rivers with a probable maximum winter diacharge‘of 5 900 m3/S‘ia
shown on Figs. 2 and 3. |If a floating boom is placed across the stream
perpendicular to the flow, it is seen from F|g 2 that for St C]a1rlR|ver.'
the containment of ice is only possible when the lake level in Lake St.r
Clair is high. For low Lake St. Clair levels, the-containment_bt ice or
the formation and maintenance of a stable ice cover is not possible except

at the downstream sections. Since in winter.months, the lake level is

i 4'3 -




' - S NS MR ms AR S M am .._ N E mm wm - R e p—

likely to be low becauée the run off is retained by the land in the form

- of ice and snow. This leads to a higher Froude number and a less favourable

i condition for ice containment. Although at the time of a wihtér oil spill,

the rate of discharge is likely to be less than the maximum probable dis-

charge, the-Froude number fof ice. containment would still be border41ined:'

" The containment of ice by a boom across St. Clair River therefore. is not

a promising waYQ‘ Parallel discussion may be easily extended to oil contain-

ment once the specific gravity of the oil is known.

For Detroit River the containment of ice and oil by a boom per-

‘pendicular to the flow is easier as it is seen from Fig. 3 that the Froude

number for Detroit River is mostly less than 0.1. But for some downstream

sections under low Lake Erie level conditions, the containment of oil and

- ice will still be a problem.

There is no reason why a floating boom must' be placéd'pérpeﬁdic-
ular to the flow. The stability of the ice cover or the oil slick in front
of the boom is affected by the normal velocity of the flow to the boom
alone. ‘By placing the boom at a suitable angle to the flow, the normal
velocity component can be limited to any value and the ice and. oil can be
reétricted‘to the upstream side of the boom (see Fig; 9)

The ?roude number based on the normal component éfvthe leogity

may be written as

Fr =Vs—ine_,=F
n VgD

and be called the normal Froude number. Apparently, the stability of an

- sin 8 : | (19)

"0oil slick or an ice cover in front of an oblfque boom is largely deter-

mined by the value of the normal Froude number. The velocity component
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" ‘parallel to the boom will cause the oil or the ice to move along the boom,

but its effect on this stability would be insignifféaﬁt.
" The substitution of Frn in place of Fr in equations (5) and -

(6) leads to:

-1 - Q)%
1 [ 0.4 él S) ]

r

© < sin

(20):.

0 < sin B [ 0.1/Fr]

(25)

- When the above two equations are satisfied, oil and ice can be contained.

Ffom the above, it is seen ;hat a high Froude_number_réélly.is
no;'é de;errent matter for ice aﬁd ojl containment. ‘By making a proper
angle to the flowva boom -can always:stop icé or oil. |

After being stopped by an oblique boom, ice will:glidebaloné the
boom and move to a side. Before the ice spills arqund the end, if acéum-
ulates in front of the boom. At the ﬁpstream end, ice will accumurété.
the least because only the drift ice from the flow will add to its growth.
At the downstream end, ice will acc@mulate the most'gecause ice coﬁes from
both the flow and the upstream part of the boom.' Fi§.19 show§ a boom
making an angle of 0 to a flow of velocity V and surface'icé concentration Ci.

At a point w from the leading end, the length of the accumulated ice. cover

is L. From conservation of mass, for the shaded area .one may write

dA
ot

Where A is the shaded ice area. In the above equation, the first term on

CiV sin®w-Vcos 0L = Co(22)
the left is the influx of the ice from the flow and the éecond term is the
outflux of the ice along the boom from the control volume and the right hand
side term is the rate of increase of the area of ice cover. Since an incr-

easing ice cover in front of a boom means an increasing load, a boom should
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be so placed thatdA/3t =0 and this leads to:

L ] o ‘ » :

0= tan-l'[

.The above equatlon says that knownng the surface concentratlon

of drift lce, ‘the amount of accumulated ice in front of a boom can be

: reduced to minimum by properly adjusting the angle of the boom 'Thé'

~equation also shows a linear relationship between L and w, or a triangular

ice accumulation in front of the boom.

Equation (23) is obtained assuming that the ice moves alongbthe

boom at a velocity equal to the tangentlal component of the flow velocnty

-In reallty, because of the frlctlon between the ice floes and the boom

and the mutual hinderance of the ice floes, the ice floes Will~movetelong

the boom at a slower veloeity. If a coefficient n of less than dnity is
introduced into the second term of equation (22) to take~the above into’
account, thenleduation (23) changes to

0 = tan” [%itén ¢ ] I ‘ o (2m)
Where ¢ is the angle between the upstream edge of the ‘ice cover and the
boom as shown in Fig. 9. Not much is known about the‘friction between

ice: floes and between ice floes and .booms of different material. A good

estimate of the value of n therefore can not be made before a systematnc

investigation is conducted. In deriving the above equation, the. ice -

concentration C; -is also assumed uniform. |If C; varies laterally, some.

adjustment will be needed. A parallel analysis involving the variation

- of C‘i can be done following more or less the same step as shown above.

It may be noted that although ice floes are used in the above

discussions, the discussions are equally valid for frazil slushes.



From earliér discussions in the report, one knows that an ex-
tensive ice cover in front of a boom is not desifeable.: Besides increaé-
ing the drag»fbrce‘qn the ice boom, an extensive ice cover also traps oil
in it and makes the later recovery difficult. On-the‘pfher haﬁd, smalll
"; jce accumqlation requiréd a long boom and more qnchdring.ggaﬁ. A”CQ@PFOf p

misé therefore should be reached between many factors.

(ii) The Separation of lce and 0il

To recover oil from a winter spill, ice and oil should be sep-
arated. The separation of oil and ice includes the separation of oil and
‘fdrift ice floes and the ‘'separation of oil and frazil slushes. "The separ-

“ation of oil and dfift ice floes will be discussed first.

In a flowing river, oil and.ice can be separatéd by a perforated
bqom laid at an angle to the flow as sHown.in Fig. 10. The berforatéd‘boom
- may Qe,made of tWo tfmber logs bolted togéthef one'bn tdp o% the ofﬁér Qitﬁ'
; small gap Bétween théﬁ, or of other designs, 'When an oil patch and‘ice
floes drift down with the flow and meet the:boom, the ice floes will be
detained and deflected to oné side while the oil will bass'thrGUQh_the‘gap.
If a conventional boom now is placed behind the perforated Bdom on the ice
free water, oil may be contaiﬁed gnd removed as if it had spiiiedZOVér
an ice free flowing water. To catch the oil that may have'Seén deflected.to.
~ the side with the ice floes, multiple pairs of perforated and non-perforated.

booms may be used together as shown on Fig. 10.

The above way of ice and oil separation is applicable for what-
ever value of the Froude number of the flow and for oils of all specific

gravities. For light oil in a fast flowing water, however, a single non-
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~ perforated bdom appears'to be capable of both separating the oil and ice'

and retaining the oil. It is shown by equations (5) and (6) that the
critical Froude number for containingvoil and icé'isvrespéctively 0.4 (1-
S)'i and 0.1.. From these two Froude numbers, the specific gravity of the

oilithét will be critcally contained as ice is calculated to be 0.9374.

I a spilled oil is lighter than this oil, from equation (20) a critical

‘yangle Gi may-be‘calculated. When a boom makes an angle 1éss than 91 with

the flow, the spilled oil will be contained; From equation (21), another

‘angle ©, may be calculated. When the boom makes an angle lessvthat 0y

with the flow, ice also will be contained. Now if the angle between the

boom and the current is between ©, and ©;, only 6il will be cqnféined‘whfle
ice will dive under the boom and discharge downstream. By sobpléciné'a
boom, both the goals of separating ice and oil and containing’oil‘can be
accomplishea. The oil, once contained, may be directed to slow f]bw and
ice free regionS‘fo} final recher. ‘A fast flow with a Froude number
greater than 0.1 is necessary for the above oil and ice Separatfon._ I f

the Froude number is less than O.I,‘fheré‘is no way"for'one’td.get rid =~

of the ice.

The above discussions are for separating oif and i¢e'F]des When
ice is in the form of frazil slushes, the separation of oil and ice will
be more difficult. With our present state of knowledge, the intéﬁactfon'
between oil and frazil slush, as mentioned earléer, is still not well
known. This makes the proposal of separation methods difficult. From
common sense,_it is however, apparent that ice slushes should be prevented
from interact with the spilled oil whenever possible. The ice slushes

formed upstreém from an oil spill site therefore should be prevented from
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i-enterihg the site and that the detention site should be as close to the spill

site as possible so the open water area for frazil ice production and the
time for the oil to spread will be minimum. The first aim may'be‘achieved

by placing a boom in front of the spill site to deflect the ice away from

the Splll area and the second aim may be achleved by. a prompt response to

the oul splll event, whlch really, is what Operatlon Preparedness is all

about. |If the oil spills out as a patch or that the leaking haslalready

- stopped before the containment operation can get into the act, the deflec-

tion of the upstream slush ice, of course, will be unnecessary.

Both oil and ice slushes, of course, may be stopped by afpro—
perly placed boom and be pumped out together for later out:of water separa-’

tion..

(iii) Final Recovery and Removal of §pilled 0il
~Once contained, the’spll]ed oil or the mlxture of-oil-and ice

slushes may be recovered or removed The removal and recovery of oil only

»wull be dealt wuth first. Some ways of recovering and removal of 0|l

from water in a cold environment were mentloned in Reference 8. -Follomlng

are some comments on the various ways of'oilvrecovery and'removal that are

relevant to‘Operation Preparedness:'
1. Skimming.* The oil collected in front of a boom’may’be.re-.
covered by using skimmers or vacuum trucks. Skimmers have not.
‘been proved effective in open water or under ice condltions.
Field eXperiments of one commerclally available skimmerrshowed‘
a disappointing collection rate of 30 percent. It is, however,
believed that small skimmers used in gangs may be effective (ref.

8). Small skimmer gangs therefore may be used for St. Clair and

_5]._.



Detroit Rivers in case of a winter oil spill‘

2. Absorbing - The spllled oil may be removed by absorbants.

- Laboratory. experlments showed that polymetrlc foams have a

h|gh absorptlon capablllty -However, there |s stlll no fleld

ev;denee to thlS effect. Expernments |n the Arctlc have shown
that the absorptnon rate of peat moss and straw is. not affected
by the arctic low temperature and straw |s_a better_material'

because it is much easier to handle although its absorption rate

- is lower than that of peat moss. For St. Clair and Detroit

Rivers, straw should be used for oil clean up if absorbant is
decided to be used. Polymetric foams may be used if;fn_the

mean time field experiments confirm their.superiority}_

3. Dispersion - The use of chemical dispersants in Arctic

and subarctic oil spills has been quite'discouraging.apaft‘from

‘ecological considerations (ref. 8). If oil spill at the‘hresénce.

of slush and solid ice, the low‘temperature~would‘ihéfease the
viScosity'of the oil to such a point that dispérsahfs have little
effect. Thus dispersants should not be used for St. Clair and
Detront Rlvers | |

L. Biodegradation - At a freezing temperatUre,fthereaia nefu
bacteria that would degrade hydrocarbons. 'Bfodegfadation'ap—'
parently is not a way out for St. Clair and Detroit‘Rivere ofl

spill control.

5. Burning - The collected oil may be burned in front of the -
boom. Various degrees of success have been experienced in the

Arctic. There are two factors which may hinder the successful
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burning of the oil. The first factor is that the cold water

lowers the temperature of the oil to such a point that it Is

lower than the flash point. The second factor is that the com-
bustion heat heats up the oil that its viscosity lowers and this

~ makes the 6il to spread too thin to sustain the combustion. The )

combustion of the oil may also damage thé'boom-itself."The main
objection to burhing oil is probablyﬁthat we sihplyléubstitute
one form of pollution for another. Based on the above, the re-

moval of oil by burning is not recommended for St,‘CIair_and” 

~Detroit Rivers.

6.ererding = Herding agenfs have not been extensive]y.festéd,‘
However, if is believed that they would have a néglégfble’efFeCt
at a freezing. temperature because pf the high viscosity of the
oil (ref. 8). The use of herding agent for the St. Clair and
Detroit.rfvers therefore fs'not recommended.

7. Pumping - Although pumping is not mentiqnéd-in Rgfefence 8,
it seems to be the best and probab]y the\éheapést»mé;hod for .
recovering oil. The surface layer of oil and water may be

pumped from the river to a barge by a submergeable pump install-

ed to the floor of the barge.. If the suction line is below‘the

waterline, cavitation will not pose a problem. The pump casing,

of course, should be insulated and heated so ice particfes wiil 

not deposit on the pump wall to block the flow. A schematic
diagram for a pumping barge is shown in Fig. 11.
When one comes to it, pumping really is a kind of slimming, -only

that now skimming is by pumping rather than by vacuum suction
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_or by gravity flow and thus the rate of skimming cah be»greatiy
increased.
When the mixture of oil and slush ice is to be dealt with, pump-

ing appears to be the only effective way. For a frazil slush infested wa-

v“ter, thg frazil laden layer and consequently.the oil_contémlnated layer..

of the water is thick. This means the volume of oil, water and‘Ffazil

“that has to be skimmed off the water surface for oil recovery’is‘much

larger than in the slush icevfree_caSe. Only by high volume pumping can

such a requirement be met. Since the skimming process now requires a high

| vO]uMetric rate of discharge against a low head, axial flow pumps should

be USed. In addltuon to their capablllty to dellver a large dlscharge
rate, axial flow pumps are also more tolerant to the small solld ice frag;
ments that may still remain in the water.

Absorbants will nét work in_a"slush,ice;infesped water -for oil"
clean up becaﬁse only a small part of the oil woﬁid be. in contact with
the absorbants on the surface, the remainder wiii be mixing With,the-ice
clusters over a great depth and has litt[e chance to fIOat‘up ¥o thé top.

Once collected, the frazil ice may be separated from the oil. :

‘and water by straining. The straining element is also shown in the

schematic drawing of the oil clean up barge shown on Figure I1.



vi. Conclusions, Discussibns”and‘Prqposals for Future Work

The thebretical investigation by now has come to an end and. the

- following conclusions may be summerized:

(1) . The probability of an oil spill on the St. Clair and the Detroit

rivers is far from remote even with the existing navigation season. - The

probability will be further increa§ed.if the navigation éeasoﬁ:is extend-
end. The probability of an oil spfl].at the presence of ice is higher for
the spring break-up period than for the winter freeze up perfod.“The prob-
ability of a winter oil spill is higher for the Detroit river than for

thée St. Clair river.

_(2) Ice may be in the form of drift ice floes, frazil ice slUsHeS-

and stable ice covers on St. Clair and Detroit Rivers. At thglﬁpstreém
sections, the ice is likely to be in the form of drift ice floes. In

slow sections, the formation of a stable iCé'cover1by the detention of ice
floes by the banks, the border ice and the river constrictions is poééible.
For the downstream sections, the probability of frazil slush presence fs
high. The chance of stable‘ice'00ver formation is higher for the slower

Detroit River than for the faster St. Clair River.

(3) The interaction between ice and oil depends on the form of_fhe
ice. For drift ice floes, there is little interactTon.v.For'iée'c0verS 
composed of packed ice floes, the oil will be trapped and hérdvto be re-
covered. For slush ice, the oil and the ice will form a thick Iayef'éf
mixture. The specific gravity of the oil plays an important rolé'in

affecting the interaction between oil and ice.

(4) Spilled oil should be stopped before it reaches an ice cover.
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This requireé a prompt action following an oil spill accident.

(5) .Oil and ice can be contained by a floating boom. For. fast flows,
the boom has to be laid at an angle to the flow. Formulae are derived for

laying the boom to meet various ice conditions and for designing. the boom.
(6) - Perfbrafed?booms may be used to separate oil and drift-ice floes.
The oil passed through the perforated gap may be collected by a non-perfor-

ated second boom. For light oil spilled on a fast flowing water,.a single

non-perforated boom may serve both the purposes of oil containment and oil

and ice separation if the boom is laid at a proper angle to the flow.

(7) When oil is spilled over a water infested with sluéh iée,'the
frazii slush from upstream sections should be preventéd_froﬁien;efihé.tﬁe
spill site. Deflecting Booms may be used to achieve this goal. The re-
covering site should Pé‘as clbse to the sbilf site as poséible to fédUCe
the area of oil spread. The oil-frazil mixture should be cdntaiﬁed, de-

flected and removed as one matter.

(8) Surface skimming by high volume pumping appears to be the best
way for removing oil and the oil-frazil mixture. Special bargeé may be
constructed for the clean up operatioﬁ. In case frazil ice is not present,

straw may be used as an absorbent.

It must be kept in mind that the above conclusions érelbbféine&
from a theoretical investigation based on available data and knowfedgé only.
They have yet to be substantiated by systematic léboratofy and ffeld éx-
périments. More field obgerVations are needed to better.define the'fce
conditions on the two rivers. For instance, at the moment there is no

data on the rate of discharge of ice on the rivers nor the statistical



distribution of the size of the drift ice floes. Without such data, one

cannot effeotively_design an ice and oil boom.

A.careful review of all the work done on oil pollution control

in a cold enyironment is needed.- As always the case, the communication

' between scuentlflc research and technolog:cal applucatlon |s weak A good,”

review will give a good picture of the present state of the art about

oil spill control on a flowing water under a freezing temperature,.

Although some proposals have been suggested They are not.
readlly workable and requnre further study From the report |tself one

sees ample room for future research and development work Some are more

basnc such as the |nteract|on between oil and ice slushes and the trans-

port of an oil pocket under an ice cover. Others are more apolicatron or-
iented such as the separation of oil and ice by a perforated boom. From
the study, it becomes clear that the containment and control of sbi]led”“'
oil on St. Clair and Detroit Rivers under ice conditions after all are

not as formidable a task as one first thought it might be. With morée work
and effort, an action plan to contain and recover:oil-froﬁ St. Clair and
Detroit'Rivers under winter conditions does not seem to be too distent a
reality. The earlier decision to terminate Project 6 now does seem. too
pesimistic end too premature a move. |If at all possible, the research

and development project should be reinstated.
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