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. RBSTRACT -

e

# The influence of -a golid ice cover on the general behaviour

of a fixed volumeﬂof}Asi{ck-Eeieihed'bxqeiﬂgoh“h;s»beeﬁ siudied.AA)(A-

series of expe;iments have been conducted for both ice free and ice .

covered oil slicks encompassing a range of Froude Numbers. The study

addressed deviations 1in profile shape, internal oit velocities, and

‘ interfacial waves between jce free and 1ce covered oi] s11cks. An

analytical mode describing the internal oil veloc#ty distribq&ﬁon has :

£

been developed. The addition of an ice cover was found .to ‘increase

©

the oil slick thickness, decreaseﬁthe 0il slick Tength, and suppress

the growtqhof interfacial waves.

"~
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_ GHAPTER 1, -,
INTRODUCTION

1.1 General D . S

il

. During the past.decade, conside;able investigative research
has been directed towards establishing a basic understanding of the
dynamic behaviour of 0il slicks. The scope of these previous research
stueies has been‘]imited to tme occurrence of pi1 spills in open (ice
free) waters. The frequency of oil sp1l]s w1th1n ice covered rivers
will probably increase as the development of northern pipelines 15
acce]erated. “ An oil spill, in all likelihood will 18w under an ice
cover once it entegs a river. This trend dictates the necessity for

expanding the-fesedfch“to encompass. 0il spill retention under ice

covered water. The objectivé of this study is to examine particuiar

characteristics of an oil slick retained by a boom under an ice cover B

in flowing water. << *

1.2 Genera]-Behavieur of 0il Slicks Retained by a Boom.

Development of a hypothes1s concern1ng the characterlstlcs of
0il slicks under an ice cover requires pr1or apprec1atlon of the basuy
behaviour of oil s]1cks in open flow1ng waters. For this study the
term 0il slick ‘is restr1cted to a fixed volume of oil reta1ned
upstream a boom w1th1n a fixed w1dth of channel. _The fo]]ow1ng

paragraphs summarize these ba51c characterlst1cs

4
s

_Oil, due to its buoyancy, floats on water and disperses to

L}




v SR
form a continuously expandfng film. The spreading of an\oj1 slick is
" the resulf of two physical forces. First, the force of g;avity
induces the horizontal flow of 011 due to the excess - pressace lnside
| the slick Second the net pull of sUrface tension f;rces ae\the awr‘
\

- water - oil 1nterface acts in the outward radial direction.
two driving forces are opposed by inertial and'v1scous forces.

'f\lm”Can be less than a mlllimetre thick
: ]

) ‘-',l | .
The convective movement of the oil slick in flowing water

coupled with the extreme thinness of the oil slick dictates that, for
economic removal, the o0il must be'ponded to a sufficient depth by
means of a mechanica1°barrier tarmed boom. - Any attcmpt tc draft’off
the oil, without an increase in depth, results in the'fncjusioh'of
lapge quantities of watcr, thus adding to the time, and‘consequent1y,
. the costs of removal. ‘

. The.analysis of an dil sjick formed by towing a boom in ca]m.
water is similar to the anlaysis of an 0il slick retained by a
stationary bBOm in flowicg waters, since the ensuing reTatiQe curngnt‘
will pond the o0il in front of the boom. 0il retainéd by a boom
assumes a di§tinctive shape,.influénced by thé dynamic ana viscous
 §hear forces, as a result of the,reiativé current between the flowing
water and arrested oil. F{gur; l.i depicts the characteristic shape

. of the oil slick profile at threé"differept phases induced by}variouﬁ .
rcurrent velocities. | N o Q-{ \

The shape of the arrested oil slick has been divided-ihto




\

2

three regions, (indicated in Figure }.l.b) characterized By the
relative magnitudes of viscous and dynamic forces acting

~longitudinally.

\\ The first‘region is termed the headwave or frontal zone and
portrays the shape of a half arrow-head. The headwave is a -

) distinguishing trait of al] two phase density stratified flows in
which one fluid advances‘on the other. The leading edge of an oil
slick is simllar to those observed when_sgltﬂwatereintrudes into fresh
water, when a co]d front encroaches on a warm front, and when
submerged sediment Jaden water flows into reservoirs. The shape of °
the headwave is governed by the dynamic.force exerted on the 011 slick

from the balance between horizontal momentum and hydrostat1c force

—~i

v

> "The second region 1s des1gnated,as the mid-region or viscous:
zone. ¥he shape of the viscous zone is governed by the cumu]at1ve
v1scous shear forces whlch supercede the dynamlc forces after a’
di§tance of about 10 -"20 thicknesses from the leading edgé The

viscous shear force induces a “"piling up“'of,the 0il which when

balanced by the increaying hydrostatic pressure in the oil, resu]ts in

Y

a gradual thickening of the slick from its‘min{mum thickness

immediately downstream of the headwave. | v |

-

\ The third region is termed the neariboom zone The boom .
»
protrudes deeper than the oil s11ck form1ng(a stagnat1on point as-
watér flows beneath the boom, wh1ch induces a local thlnnlng of the

0il slick ibstream of the boom. | T

»

P
°



The prediction of equilibrium oil slick thicknesses for
f * *

diverse .velocity ranges is derived from detailed analysis of the

K

preceding regions. Ty;\cal profiles of ofl slicks at three such
velocity ranges are portrayed in Figure 1. The tranSition between
these ranges are not clearly distinguishable and the iinits.vary with’
. the properties of oils. Order of magnitude velocity boundanies are

given in Figure 1.1 for the three Stad{i}%}‘”] slick profiles.

-

A comprehensive study of the oil slick phenomenon not only

. con51ders the equilibrium profile described above, but also includes

-~

an examination of oil siick behaviour beyond the range of !huilibrium

- velocity limits. - Failure of @ boom to retain oil is the consequence

\

pf'twp independent mechanisms. The first, referred to as drainage, is

simply the lack of sufficient boom draft to arrest the oil. The

- thickness of the slick at the boom is predominantly dictated by the

) relative velocity of the water resulting in an equilibrium thickness

and length of slick for 3 given vo]ume'of oil and velocity.
Therefore, if the boom draft is too shallow, the oi] will flow under
the-boom-sufficiently reducing its vo]une until a new‘equilibrium
thickness, compatible with the existing boom draft, is established.

-

0il Siick_drainage dde,to insufficient boom_draft occurs very quickly

\ and‘can ultimately result in considerable loss of oil. .

|

\

W‘ The second mode of failure, entitled entrainment, is

: independent of boom deSIgn and occurs at higher water ve]oc1t1es.

-Superinposed over the length of the 0il slick are interfaCiai waves

traveiling 1ongitudina11y from the ieading edge of the oil slick to

rd




the boom. When two different liquids move, wigh different tangential
u’ & ,
valocities across their interface, thé kinetic energy of motion will

l
4

cause undulations on the interface to grow in amplitude This

]

phenbmenon is called Kelvin - Helmholtz Instability.,_

As the water veloc1ties exceed a certain critical value,
these interfacial waves break, resulting in 0il droplets being
entrained into the flowing water. 0w1ng/to the buoyant properties of -
the oil, these droplets will rise. to thé oil—water interface and
migrate towards the boom. Consequentfy, if the slick is of
insuffiCient length SO that the 01l Aroplets do not have time to rise
to the 01l slick and coalesce before reaching the near boom region,
they uill be swept under the boon. It is the loss of 0il which does

. . } _ ,
not coalesce and is swept past the boom that constitutes entrainment
/o T

L
“ -

loss. Even though the criticai droplet formation velocity is
. -/ _ . '
sustained there may be no'adtual loss of 0il. The majority of the

wave breaking and oil droplet entrainment occurs in the headwave
region as indicated in Figure l l.c. Prevention of oil enté!inment 1s
not suppressed by a well adapted boom des1gn but rather- by the
' ¢

appropriate deployment of the boom.

CR

e 1.3 Scope of Stui!

he previously mentioned description of the characteristic

f’i \ 1l ,s/ick behav1our in open waters are well documented in
& iterature (Nicks (1969), Lindenmuth, Miller, and Hsu '

© (1970), Al and Hoult (1971), Wilkinson (1971, 1973), Hale, Norton,

- (191i), “and Milgram and Van Houten (1978)) However,

=3

.
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the current state of knowledge’ regarding the effects of an ice cover

is deficient, This thesis studies the differences in behaviour of ice

covered qiﬂgsl1cks from ice free oil slicks.

L]

., The scope is réstricted.to the treatment of 5 solid ice cover
as aLbounQary condition and does not consider deviations iq‘dynamic.

\ Qppaviour as induced by chané@s in the physical properties of the oil
resulting from interaction between oil and Jced The emphasis of the
study addresses the Basic characteristics of the oil slick profife and
intérfacia] stabiTity rather than theudetailed design of booms or
’

crecovery methods: As 1ndicated earlier, the 0i1 slick under questlon

is composed of-a fixed volume of o0il retained upstream of a rigid boom -

Y

in a fixed width f]owing channel.
The approach used in the remainder of th1s study is as -
follows. First, a presentat1on of a detailed literature review of 1ce
" free oil s]1qks is given in Chapter 2. Chapter 3 outlines the

|

laboratory study'of_oil slicks both with and without an ice Cﬁver.
Chapter 4,déve16ps various mathematica] relatioﬁships_descrjb{hg the
expected Aifferences between ice free and ice covered oil slicks.
Chapter 5 presefits thé'exberimenpal results and Chapter 6 develops sn
interpretation of these.results which leads to an'explanatioh for the
increésed thiékngss of:the 0il slick profile under an ice cover and
for the appakent stabTTity of the oil-water interféce. Finally,
Chapter 7 summarizes the conclusions and suggests recommendat1on for

”

further study.

B IR ¢ et 2 w——— ;!:a'i‘




CHAPTER 2 .
: . LITERATURE REVIEW

2.1 General
o | .
The objective of this study, (as previously stated), is to
enamine specific characteristics of &n oil slick retained by a boom
under an i&e&tover in flowing water. As a preparatory phase) an
extensive sﬁrvey qf existing literature was conducted. This'survey
enéompaeéed\the analytical and eiperimental studies pertaining to the
headwave phenomena, the effects of currents on viscous zone
development oil entraInment and dra1nage failure, interfaC1al
stability and other related subjects. The major emphasis of the
reviewed studies was restricted, in $cope, to ice free conditions.u

whereas the limited amount of literature addressing the problem of ice

B} ® -
covers negiected the dynamic behaviour of oil, but rather investigated -

the phyﬁica]'proper;ies-of the oil and their interaétion.with ice.

o

This chapter presents a concise summary of the

L]

afore-mentioned oil slick studies through the examination of

individual eomponents involved in the 0il siick phenomena.
. + . N

e

2.2 Headwave'
The leading edge of all density stratified flows is
customarily designated as the headwave (Figure 2.1La). The

Eharacteristic\snape, and subsequently the analysis, of an oil slick
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headwave is analodous to that\of submerged §ravfty currents
investigated by several reseerchers as saltwater'intrusions;
S , . . . ,

| Dimenﬁjohal analysis reveals that the details pertaining to
stratified flow can be described by three basic noy-dimensionai
parameters. These parameters are: the Reyhold; Number (ratio of
Inertial to viscous forceé),‘the Weber Number (ratio of inertial to
interfacia] tension fortes), and the Densimetric Froude Number (ratie’
of inertial to buoyant forces). ’wilkinson (1971) has demonstrated
that‘flow in the vicinity of the headwave is dominated by the dynamic
and buoyant forces. Coﬁsequent]y the effects of* interfacial sukface
tension‘ang!viscosity are secondary, thus the headwa@e phenomena can
be adequately character{zed by the Densimetric Fraude Number.
Designating the approach velocity as U, the specific'gravity‘of oil as
S, with the headwave thicknesé as h, then the Densimetrfgiproude
,NuMber (hereafter termed the Froude Number) is defined as:

¢

‘Fh - U é 3 ,. (2.2.1)
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Von Karman (1940)
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An ideal fluid model for steady propagation of gravity

currents derived from the application of the steady state irrotational
o

Bernoulli Theorem, epp]ieq between the stagnation point forward of the
"ﬁeading’edge of the headwave, and points on the interface downstream -
e . »
was postulated by Yon Karman. Assuming that the interface becomes
. - <3

-

: horizohta], the resuliing_relationship between the propagation
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velocity (U) of the gravity current and current thickness (h) is:

-

,A__,h - Uz -~ ‘l“ , - ’j‘ ' . : (2-2-2)
29 (1-s) ‘ |

In comparison to Equation (2.2.1) this yields a Froude Number of 3/2
N y

Benjamin (1968)

‘ Benjamin presents a comprehensive treatment’involving.the
application of inviscid fluid theory to stegoy gravity currents, in
which he disputes Von Karman's assumption of energy conservation as |
unjustifiab]é. Rather, Beo;amﬂn state$ that a more fundamental
condition is the overall bafance of momentum flux against hydrostatic.

forces in the fluid.

The thegretical analysis'of the headwave, regardless of
whether_the gravity current is the bottom fluid (as in the case of'oil
slicks) is similar. In this analysis, the gravitational constant g
will appear multiplied by.a sémilar factor of (l-s).' Expanding this
concept, BenJam1n argues that the upper fluid could be replaced by an
a1r-f111ed cavity displacing liquid beneath a horizontal boundary.
However, to establish continuity within this rev1ew, the fo\low1ng

theoret1cal results extacted from BenJam1n s paper include the factor

i

(1-s).

Equat1ng the change in the momentum flux w1th the pressure

forces between an approaching sect1on of depth D and a downstream

Rnua it L T TR TNTYR YT e—



N\

10

section beneath the oil slick of depth d, coupled with the equat10n of
continuity. the following relationship for the downsteam depth d)as a

function of the approach velocity U is obtained.

v -d (0% - 4% (2.2.3)

. g (1-s) D 0% (20 - a) R
Altennatgly, expfessed in terms of the headwave thickness h = D-d, '
Eguétf!ﬁ (2.2.3) defines the Froude Number as: _ o

RS | .
- Fo=(0-h) (20 -h) T (2.2.4)
D (D )

Thi§ definition of the froude Number for thg headwave is °
derived on the basis of momentum balance.”
A second equation incbrpqrating a headloss hL can be
obtained onm the appliéaﬁion of the Bernoulli energy equation between
the same approaching section and recéﬁing downstream section. The
| momentum equation combined with this energy equation yields the

N

following relationship for energy loss hL in terms of the headwave

th1ckness: ¥
h = (D - 2n) n? (2.2.5)
’ 2(D2 - hz) .

/

If energy was conserved, (i.e..hL ), as agsumed by Von
Karman, then the flon-trivial so]u;ion of Equatiqn (2.2.5) re;Eals that
\\\the headyave'thdckness h must occupy exactly one half thé dépth of \
-flow in the approaching section. However, the headwave Lhi@fﬁess, as | .
reportednh} various investigaioriinassumes a range of‘va]dés’all of -

- i " ’ ”
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which arg considerably less that one half the approaching flow depth.
Moreover, observed headwaves are characterized by the leading front
possessing 2 yave like fonn (so called “head') whose peakvobtains a
thickness uy to twice the downstream height Observations reveal that

|
the leeward side of this wave is a highly turbulent ione suggestingy

- some form of wave breaking. This wave breaking process is indicative

of an energy loss mechanism, and Equation (2.2.5) dictates the energy
loss mechanism, and Equation (2.2. S) dictates the energy loss

requirements, for various headwave thicknesses, necessary to satisfy

N Y

the gover'lng momentum, quation (2.2.4).

\

Specifying hy as the maximum thickness of the leading wave
trough, and using the cancepts of 1n§otational flow beneath the
receding oil slick (at thickness h) ﬂs subcritical. This condition is

Y

satisfied nhen the range of downstream thicknesses exceeds

\
\

h /D >0.6527. LN - . N
' The headwave observed at the front of’oil slicks is
essential, not merely incidental 'to the dissipatiye processes
necessary to sat1sfy both the momentum and energy~considerations.
Ut11121ng an lntegral form df momentum balance and Bernoull1 s
theorem, Benjam1n established that magn1tude of the maximum headeeve

thickness hn must adhere to the following relationship:

e : L« "—-'
. N

k]

hy / h>FE o - T (2.2.6)

3

“For the limit of infinite depth, Equation (2.2.4) yields the value of

~ < oo,
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the Froude Number F. as y/2 . Kedlegan (1958) reports on-his

experiments involving saltwater wedges a ratio of qm/h ﬁ? 2 36 which '. e

complies with the theoretical condition of Equation’(Z 2 6)

; ~

Neere e e 7

Milkinson (1971) “ S s

The previous tﬂeoreticaT'analysis and accdapanyjng v

experimental studies were motivated by the need to investigate gravity "’

currents other than Ehe‘oil slick phenomena. A direct analysis of the
oil slick heidwave (which closely parallels:th argumentsvemplqyed by
Beqjamin) wa$ conducted by Hiléinson. AS previously disclosed,
Wilkinson demonStrated the dqmirance of dynamic over viscous forces in
~ the vicinihy of the headwave. The momentum flux under the oi%ﬁslick
results in the. slick experiencing a balancing pressurg«force of the
order 9 Uzh;4 The stick is S1mu1taneously subjected.to a viscdus“

shear force, resulting from the cumulative interfacial shear stress of

the order: . A - B ' ‘ﬁ'
. =
o= C; o 1 U2 dx ‘
1 1 W-é-‘_ . ¢

.The ratuo of shear forces to dynamwc pressure ferces at any sectton

from the front of the ofl slick will be of the order:

‘ 2

>

“$ J . ¢t
Extracting from thé experimental work of Cross andﬁHoult‘(197l);’the

value of the interfacial shear coefficient of an 611 slick Cy as

. .
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' 0.01, Ni]kinson concludes that the dynamic fbrces"exceed the viscous
forces by a factor of 10 for approximatly 20 s‘nck thicknesses \fb

- downstrehm from the front of the slick.  \

\

quueting the dynamic pressure forces with the momentum flux,
Wilkinson's resu1tfnb momentum equation for the Froude Number in terms '
of a relative depth H = h/D is: ) |

b}

-1 ,1/2 :
IRACUNE- R S R

o -

Examining the case of infinite depth Equation :2 2.7\ yields
the value of the Froude Number . Fh as (2s) 1/2 The resu1t1ngamglu‘r
! . for the headwave thickress h deviated from BenJam1n s predlct10n by
the factor 1/s. This difference stems from the replacement o

3

Benjamin's air cavity under a solid boundary with af oil sllck af'a v

.

free surface. Witkinson's analySIS accounts for the rise of the oil
slick above the mean free,surface of the approaching sect1ont_ IP‘.-' . R

Wilkinson's stagnation pdint was taken at the top of the oil surface,

T
o

then Benjamin's results are obtained.
_ .

' Expenynents=on‘peanut 0il, conducted by Wilkinson,
corrobornte.the theoretical re]atiunship'of Froude Nugber variation
w1th relat1ve depth. Comparlson between var1gus other experimental’

) studies and the theoretical ana]ySIS presented by BenJam1n and '
Hllkinson reveals a tentative ver1f1cat1on of the ideal flu1d theony
but also exhib1ts dev1at10ns ar151ng from rea] fluid propert1es

Keulegan»reported a Froude number of F = 1 2 for a sa}twater wedge

'
)
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with e reiative depth ratio of h/D of 0.111. The corresponding
theoretical Froude Number"of~Fh = 1.23, as predicted from Equation
(2.1.4) is in close agreement. 0il slick studies performed by
Lindenmuth, Miller, end Hsu (1970) describe-values of the Froude
Number Fh ranging from a loQ of 1.0 to a high of 1.3.. Lindenmuth et
al noted that the Froude Ndimber. decreased as the oil slf&k thickness
z;nd consequently the relative depth) ircreased, which is a direct '
interpretation of the afore—mentioned theoretical ana]ysis, However,
consideration of the experimental facilities etilized indieates that
there was insufficient variation in the relative depth to account for
the range of observed Froude Numbers. Two real fluid properties were
eonsidered to be instrumepte] in producing the variations in Froude

Numbers. It was remarked that,increasing\interfacial surface tension

tends to reduce the thickness of the headwave at.a given speed.

A secqnd'observed property is that an increase in viscosity
apparently induces a greater thickness of thehheadwave at a given
water current. \ .

¢

Benjamin resolved in his discussion of experiments by Zukoski

(1966) 1nvolv1ng the advance of an air bdbble in a long water filled
rtube, that the reductlon in observed propagat1on velocity, as noted by

-Zukdski, were smaller than pred1cted by. theory due to the effects of

surface tension. The surface-tens1on 1nf1uenced the propagation

velocity by two distinct mechan{sms. Flrst the neglect of surface

tension would ov est1mate the balag;1ng pressure in the headwave at.
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" the stagnation point, and'secondly, the.downstream-forces balancing

the momentum flux should be lower due to the contribut1on of surface

tension at the jn;erface. Though Zukoski's experiments revealed that

surface tension effects resulted in a reduction of the propagation
velocity, "an alternative interpretation, similar to that of the »
Lindenmuth et al’sfudy, is that the surface tension'contributes to a

reductian in the headﬁhve thickness at a given water current.

<
ke S e

Hale, Norton, Rodenberger (1974)

e fol]owing relationship for the maximum headwave thickness (hm) was

Realizing the role of real fluid properties, Hale et al,
develoﬁ@&ran equation for, the headwave thickness in which the effects
of. surface tension (T) and viscosity ("w) were incorporated.

Correlating the Froude number with Reynolds and weber numbers, by the

[

| ut1llzat1on of a least squares fit to their exper1menta] data, the

deve loped;

0.0157 |
. (2.2.8)
Y Bt i

h = 7:535.U 3.254
g (1

This relat1onsh1p indicates the magnitude of the influence

*

"the effects of real fluid properties exercise on the development of
‘ "\ ’ . ) ) . i
the headwave.thickress. Similar to the observations of Lindenmuth et

al, Equatioﬁ“(Z,l.B) reveals that Cqmparatively, as the viscosity

o

‘increases, so does the headwave thickness, and that increases in

surface tension result in a decrea§e in headwave gg}ckness.




'Milgram and Van Houten.(1978)

n

[}

N Iﬁla_recgnt study,_Milgram and Van‘Houten df%pute the
hypothesis, as préscribgd by Ni]kinsoh and others, that the dynamic
forces predominate the viscbu§ forces in qeterminfng the headwave
profile. |

A ’
TheIafore-mehtionﬁgpana]ysis by Benjamih and, again, by
Wilkinson, indicated tha%lan‘energy loss must occur to satisfy the
momentum flux requi;ements. If viscous sﬁear forces are neglected the
dnly ;echanism for dissipationlof energy i§ the breaking of.the
leeward side of the headwave which results in fhe generation of
rotational flow and a consumption of energy. However, MiTéer aﬁd Van

Houten advocate that the consideration of- a free surface.and shear

AN N : .
stress at the oil water interface reﬁbye the theoretical necessity for

3 .
® L 5

breaking of the headwave. : ' . B

'

Various experimental studiés including Wicks (1968),

P

Wilkinson and Lindenmuth et al all ohserved that the headwave would
break 6n1y at the higher veﬁbcitjés.tested. Their studies focusgd
solely bn.the spatially constant shear stress in the viscous
downstream zone; and as a result negieﬁteq to include -the effects of

shear stress in the vicinity of the headwave.

-8 -

o~

.The major‘emphasis of the Milgram and Van Houten

¢

investigation was the disclosure of the relative importance of shear

stress. not only in the downstream viscous "zone but, also, its role in

L4 ~

\ -



_calculated for potenfial flow along thecoil_slick profile measured

17

the development of the headwave profile. Evaluation of the o0il slick

oprofile and its dependence on shear stress was accomplished through

- the following analysis.

. It was assumed that a potential flow approximation of the
flowing water phase was accurate for predicting pressures in the

water. Thus'the pressure along the bott%g of the oil'layer was

experimehta]ly. This calculated pressure distribution and the
measured oil th1ckness distr1but1on were 1n turn 1mp1emented to -

determine the shear stress d1str1but1on ut111zlhg an. equation relating

‘the 1nterfac1a1 shape, pressure and shear stress. Although the
7

complete details of the development of the eqhétioh are cbntainedAin a
fo}lohing section dealing with the viscous zone,.the basic'ratténelg ]
of the;equation cohsists of ‘a force batance foh a differential element
of the o%] slick. In order to combare the relat%ve effects of friction
and.pressure on the deterhin tion of the interfacial shape, a new o0il

slick thickness. distribution in the absence of dynami¢ forces wasf

calculated by the previous equation using the calculated shear
\TstreSSes and setting the dynamic pressure and its horizontal

derivatives to zero. ‘Milgram and Van Houten present.several-p1ots bf

ro

the experimenta]1ydheasqred profiles and calculated.profiles based on
shear stress for.a complete range of experimental conditions» In the |

range of lower velocities, and consequently for oil slicks without the
- ~
observed breaking headwave, the two prof1les match sat1sfactor11y.

or

The most remarkable feature of the ana]ys1s was that the ca]cu1ated -

fr1ct1on_coeff1c1ents 1n&the viclntlty of the headwave “assumed a range
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. , *
.of values exceedlng those prev1ously reported in the 11terature by a

factor of 10.° Asng result of the apparent matching of thie.calculated

.. . and measured oil slick profiles and large shear at the headwave

Mj]grah and ;an Houten concludéd thaé the previouslj cited assqmpt%on
that friction is unimﬁenxant in the headwave development is
i11-founded. However, observat1on of the calculated prof11es at the
high veloc1t1es revealed that)thelr ana1y51s deteriorates to the point

of 1naccurate]y descr1b1ng the development of a break1ng headwave

Y

2.3 Viscous Zone

In the mid region of the oil.s]ick between the headwave and
the restraiming boom the oil slitk.unaergoes more gradual thickening
than'jﬂ the.headwave. Contrary to the headwave zone where the dynamic
pressure forces contribute“fo the eevelbpment of the oil slick
proflle, the viscous shear stresses are predominantly respons1b1e for

b

the profile in the mid reg1on. " Hence, this region is entitled the )
s . 4

viscous zone (Figune 2.1.b).

The viscous shear forces are cumulative a]ong the length of
the sllck downstream from the leading edge of the oil, ;hus-'
contributing to a gradual increase in the thickness of the oil slick.
The cumulative shear forces are balanced by an incfeasing hydrostatic

. | T .
pressure gradient corresponding to the increasing thjckness of oil.

s CE;.
Assoc1ated with the viscous shear forces are 1nterfac1a]

‘ waves super1mposed on ‘the mean oil s]1ck profile._ These waves

<
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’ through the viscous zone with a characteris;it shape and Qelocity.

/ Section 2.4 (Interfacial Instabilities) éqyeré this phenbmenon'in

R . 19

/ ) ~

foriginate at the leading 8dge of the 0il slick and travel downstream

, A R
detail. The remainder of this section is concerned strictly with-the
development of the mean o0il slick profile in the ‘viscous zonqg

[r]

Cross and Hoult (1971) ' , .

One Ofuthe original analysis 6f the viscous zone was
presented by Cross and Hoult. Their experiments were cqnducfed fof a
low rangé of water velocities at which no noticeﬁﬁle héadwave was |
formed and thus their analysis did ﬁot‘distinguiﬁh Between a headwave ~

and a viscous zone. '

i

Assuming the momentum flux within the oil to be an order of

1

magnitude less than the momentum in water, Cross and Houkt:gquated the
vhydrostafic pressure gradient arising.fron the depth of oil h, to the

. A L &
1nterfac1a] shear stress o; This force balance takes the' form of; -

-

If the coefficient of frictioh Ci is.éssumed to be —-
constant, as suggested7by their expériments,'then the intergration of
Equation (2.3.1) yields the following relationship"for the oil slick

profile;
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- U2 ok . (2.3.2)

The ail slick profile assumes a parabolic shape with the —
thickness growing to the one half powér of the longitudinal distance.
The experimental profiles revealed values for the coefficient of

friction C. to be 0.005 for No. 2 0il and 0.008 for soybean oil.

Y
0y

Cross and Hoult's argument for a spacial constant value of
C . »
the coefficient of shear friction.C{3 used to evalute the
interfacial shear as a function of the approach water velocity, were

based on fhe following analogy employing a sand A;ughened flat plate.

" At low Reynolds Number R (Reynolds Number: expressed with

longitudihal distance x as a length scale),"the plate appears smooth
and C will decrease with 1ncreas1ng d1stance x. However, ét higher |
values of R, (supposed]y after the headwave reg1on) if the ‘grain
roughness K¢ increases wih d1stance such that the ratio Kg/x
remains constant then C; will attain a constant value. Cross and
Hgult observed that the 1nterfa93al waves wou]d grow in magn1tude as
they migrated downstream, and thus, they ﬁrgued that the increasing
wave amp]itudes provided an increasing roughness*height‘Ks,

-

sufficient to yield a constant value for the coefficient of ffiction.

»

Wicks (1969) . | )

L4

A considerably more complex analysis of the viscous zone was

- developed by Wicks-in which he utilized experiments encompassing a

~ broader range of flow conditions conducted on a much larger scale.

i



Wicks observed the headwave zone to be distinct.from the viscous

zone. Based oﬁ a concept of boundary layer separatidn and
reattachment, Wicks defined tﬁe:start of the viscous zone at a
“distance of 25 hy, (maximum headwave thickness) from the leading edge
of'the 0il slick. Wicks draws an ana]bgy to Plate's (1964)
investigation of abrupt-surface roughness in a turbulent boundary
layer, in which reattachment occurred about 50 disturbance, heights
downstreqm.' Benjamin has shown that the 6aximum headwave thickness to
be>approximate1y twicé the thickness of the downstre!h ﬁéfk of the
headwave. Wick; took the difference in thickness to be analogous to
‘&n abrypt surface roughneés and consequently assumed that reattachment |
occurs at a distance of 25 timés'the maximum;heqdwave tickness as
given by;BenJamin. Y | Co-

Réattachment of the boundary layer in flowing Water induces a
dvag—on.the'oil interfack which in turn sets up a circulation wjtﬁin'
the oil layef Nicks' analysis of.the progressive thickéning~of’the

~oil slick 1nvolves the 51mu1taneous solut1on of the following three |
4 equations. erst the c1rcu1at1on in the oil phase is related to the
interfacial drag by the appllcat)on_of-the Navier-Stokes equat1on¢
Assuming a linear velocity distribut%on bétyeen thé doﬁnstream
oil-water interfacial veloci;y,Ui and the.Upstream_oi1-aira
interchial velocity Ut’ will yield a relationship betwegnAthé
oil-water. interfacial VGIOCify U; aﬁd the interfacial shear stress

o; as follows;

.



U = . h . (2»333)
Boundary layer theory is used toIGESCFTBe the local shear
stress caused by the water fw as a function of the difference
. between the freé stream'velocity and interfacial vélocity as;’

*\’& (233.4),,

o) = 112 oy €5 (U Uy)? .
b g{{ 3
“Wicks adopts, from Schlichting, two relationships for the
coefficient oﬁgfriction'as functipﬁ§hof thé'ngholds Number R, ,
Fina]]y,'a fﬁrce balance in the horizontal diéection sﬁows that the
sldpe of the interface must gxact]y'balance'the interf?cial shear

_stress;

o. = p_ g h dh ; ~f © (2.3.5

Numerical solution of these relationships yields a prediction

of the slick thickness as a function of the longitudinal distance.

A literature Peview~by Lau and Kirchefer- (1974) outlines two
criticiéms of Wicks' analysis. First, the assumptibn of -a linear
yelotity profile within'thé’of] is inconéistent»ﬂith other repdrted‘
observations in which-the oil-water interfacial vé]ocity exdégds the
0il sufface.velocity'severai times. ,Secondly; ﬁﬁcks' fofce balance

Equgfion (2.3.5) ‘has neglected the component of the hydrostatic

pres§0re_in the direction of the sloping-fntérface. T

-

-~



Wilkinson (1971, 1973)

-
\

—-A-third method of analysis-for the viscous zone was described

A\

* by Wilkinson. The emphasis of his study focused on the endeavor to

‘incorporate the boundary effects inherent in a finite depth of flow.

g

' ) * D ) )
- "'yﬁ.'"- - . ' v
e
+

Nilkinson s force analysis of the headwave zone (S?ction 2.1)
indicated that after some 20 thicknesses downstream any further
increase in thickness was due to viﬁFous effects. Downstream of the
headwave zone, Yilkinson uti]i?ed the following three .assumptions to
develop a viscous zone model: ‘ |
1) The momentum flux due to 6ircu]ation in the oil sfick is
small in comparison to the intérfagial shear forces.
2) The flow beneath the oil slick is §teady and Jniform in
~ distrfbution over :Xé depth of fiow. v.
3)  The equilibrium of the retained 6i1 slick dictates that any
change in the longitudinal gradient of inertial and preséure

- forces must be balanced by the boundary sheér stress.

This third premise equally app]iés to a control element .
composed of the oil slick and under]ayInQ water flow, or a control

element of the oil slick alone (Figure 2.2).

Wilkinson derived the following equatfon for an overa]1

~

momentum balance ‘in terms of unit discharge q;

4
\

,, Q't'low gs (d*m%+ 1 o;,.g(_l-s) aé+ oqu-] = ~op (2.3.6)
(dx z Z. -3

.

e

. -
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Consideration of the forces acting on a contro) element

consisting of the oil slick aléne yields; ) »
_ «
Q [lo gsh ] = 04 -p, 9 s h d(d) ' (2.3.7)
dxh dx ot

’

The boundary and interfacial shear stresses are defined
oy .

respectively as; Co
o, = 1/2 C u2 and 1/2 C; o U2
b b Pw 0§ = iPw
~ In terms of the densimetric Froude Number, Equations (2.3.6)°

and (2.3.7) can be combined non-dimensionally to form;

T

i

/«//
ZH gg (O - (H+ (UE:H) )] = LU__ ) [ Term A7) .(2.3.&)
Term A = Ci (Dt—(l—S')(‘h -~ )2)] + C H
LI -H
S t
In which H = h Df s X=xand F=__ U
. D ) [g(1- S)D]llz

Equatlon (2. 3 8) contains a singularity for the 1nterfac1al‘

slopé dH/dX when;

' S 2 o - | . :
D, =H + F . : ' . (2.3.9)
t
(Uzzg) . g i
P . :

© At lesser values of H, the interfacial slope dH /dX is
‘ p051tive, indicating a thickening of the oil slick. The interfacial >

slope becomes infinte for the singularity at the critical thickness.

. ! I .
f . . . *
-
L. .
3 .
‘. '
g PO
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Finally, for larger values of H the interfacial slope is negative.

¢ ’ ‘
~ A peculiar ¢hacteristic of the critical oil'slick thickness,
given by Equation (Z.Eﬂ?). ie {ts independence from yiscous forces.
However, the.maximum length of g slick ‘at-which this critical

thickness occurs depends totali§'on the magnitude of viscous stresses.

. k.

Numerical integration of Equation {2.3.9), between the 011
s1ick thickness at the neck of the headwave and the critical .
thickness, indicates the maximum length and consequently fh@ volume of

the viscous zone is a function of the Froude Number and the magnitude

of the interfacia] (€4) and boundary (Cp) coefficients of
frict1on. This procedure reveals that the dimensionless depth Dy

does not exceed unity by more than a few percent and, therefore, the
¢,

max1mun~dimenswon1ess slick thtckness can be adequately expressed as;

-

“H = 1-F2!3 {2.3.10)

} small scale experiments performed by Wilkinson indicate the
interfacial shear stress coefficient Ei is not spaci§11y constant as R
or1ginaliy assumed, but rather, decreases with the‘]ongitudinal
distance. This concept was observed as a more,gradual‘thickening of
the oil slick than that predicted by Equation (2.3.8).» If Wilkinson
had incorporated a specia11y varying coefficient of friction into his
analysis, the singularity ef Equation (2f3.8) and resu]iing critical
thickness would not have been affected, since the critical thickness

triteria stems from.a Froude Number instability.

. B -

5
. = N
s -
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Lindenmuth, Miller and Hsu (1970)

__In an attempt to investigate the'}olehofrwaves on the .
performance(of va;ious oil slick retention devices, a.series of large
scale 011 slick fests were conducted by Lindenmuth et al. A
prelimenary set of experiments were performed in the absence of waves
to establish a set of control data.

N Inxan effort to support the experimental findings, a
simplified analysis of the viscous zone was derived by the
consideration of a différential control volume of oil. The net,,/)
"hydrostatic forces acting on the control were equated with the shear

'

stress at the interface o yield the fo]lowing
. h dh = sum o, . : (2.3.11)
‘a‘—“r‘r

This force balance of .the control volume differs from that

¢
.4

given by Cross and Hoult in Equation (2.3.1) by the factor o j Py
The difference is due to the a]lowance for the oil slick to float

above the water free surface. The slick thickness h is re]éled to the

depth of oil below the water. surface m by; ’ ,.i-'\_ o
!\ . . ‘!‘
m=p_°h -
P ‘

. Llndenmuth et al realized. that the major d¥fficulty in
apply1ng th1s theofy lay in the complexity of eva]uat1ng the shear
B
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o
forces. 'Avaflable boundary layer:theories are inadequate to account
for-the effects of interfacial wavés, flow separation at the headwave,
A'b}i viscosity. a;d cifcﬁlation within*the oil T§yer. “Hohever, it is
suggested théﬁ for engineéring estimates, adequate oil-s]ick'
geometries could be calculated on the assumpéion of a constant shear
“force along the slick. Ihtegratiqn of Equation (2.3.11).coupled Qith
,a constant shear assumption yields a parabolic shape of the oil s]ick}
" thickness distributidn in éhe following form;

h(x)2 = G(x) + hﬁ - (2.3.12)

»
Is
v

in which 6 = ¥ U2 and'hn=ﬂthicknéss‘at the neck of the

Py 9 ~s) headwave, v

o~

Applicatiq; oprduation (2.3.12) to the'experihent&] data
“reveals a range\of interf&cial‘shear ;oéfficientﬁ'ffom 0.002 for
qjesel fuel.to 0.013 for ffeshwate; over saltwatef. Engineering
estfmates of the volume of oi) retained by a boom is gfven by the
jhtegfatién'of équation,(2.3.12);
K V(x) =¥y + 2136 (h§ * 6(x))2/3 - n} ‘ (2.3.13) -
Baled on experimental data for the headwave geometries fﬁe ‘
" " volume of oil in the headwave is-g}ven by;

Y, = 15.5 hd (Ft2/ft)" - :

vt

.
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Lindenmuth-et al propsed that utilization of Equations
(2.3.12) and (?.3.13) would provide sufficient estimation for the
required boom draft'to‘prevent,drainage failure of a gjven quantity of
0il, in the absence of waves. |

Although this study is not directly concenned with the
effects of approaching waves on oil slicks, the following comments on °
the development of'the viscous zone, influenced by waves, as noted by
Lindenmuth et a], are briefly dlscussed The purpose of their .
presentat1on here is to proviqe a comparat1ve background for the brief
discussion of -the detailed studyfof wave interaction on interfacial
velocities and shear stresses outliped in the‘next section. -

i .
The range of tests eOnducted indicated that under certain -

conditons a significant 1ncrease in the 0il slick th1ckness could

occur due to waves. Typically the slick wbu]d thicken at the wave

crests and decrease in the waves troughs. The deve]opment of the
viscous zone appeared to be a complex function of the wave heights,
wave. period, and bodm-resbonse to waves. Lindenmuth‘et 51 were unable
to prov1de a quant1tat1ve theory as to their relative roles but

several trends were noted. The wave steepness, defined as the ratio

of wave height to wave length, was found to be the predominant

parameter influencing the oil slick thickness. The ratio of mean

slick thickness in waves to mean slick thickness in calm water was

found to be non-linearly proportional to wave steepness. The max imum

3

1ncrease in slick thickness occurred when the 1nc1dent waves were

I3

breaking.

A i
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The headwave was strongly disturbed under certain conditions,
suggest1ng that the phenomena does not resulthrom a simple
super1mpos1tlon of veloc1t1es. Furthermore, it was noted that the

large increase in slick thickness/occurred for the fu]l range of

frequencies tested, indicating that a simple resonance‘phenomenon was
not the respons1b]e mechanlsm. ‘It was discerned that when the wave

frequency waé suff1c1ent]y high, such that wave lenghts were® less than-

3 times the boom draft, these waves were completely reflected by the

boom with no resulting increase in slick thickness.

In conc]us1on, Llndenmuth et al sugyest that due to the

complex nature of waves effects on ‘the -viscous zone, any boom draft

,requmrements d1ctated by a “current on]y" ana]ys1s may have to be

increased by a factor of 2 or more. . .

. o : . *

Hale:\ﬁonton; and Rodenberger (1974)

o

' ’ &
Admost comprehensive. investigation of the effents of currents

and waves on an’oil slick was conducted by Hale, Norton and
Rodenberger. The.maj03 emphasis of their study yas.directed towards
the developme:t\of a mathematical 0il1 droplet entrainment modeI% and

towards the evaluation of various 0il slick recovery devices.

‘H6wever, extensive‘preliminary study of the interfaceowithin the
viscous zone was conducted to establish a complete'understanding\of
the oil,slick'phenonenon. This stugy cons}sted primarily of the

ocolleCtionmof ancomprehensjve.set of velocity data; the resulting

-

implicatjons-are presented briefly in the following section. Details ®
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concerning the precise magnifude for the data are presented 1ater in
thlS study to complement velocity data acquired by authoridur1ng the

cqurse of the expertmenta] phase of the 1nvest1gat1on.
AN .

”
N

Using a pitot tube, at several different sections along the

'S

0il slick, velocity profiles in the water below the oil slick were -
established. A non-linear least squares regression was employed to

match the observed velocities to the following djstribution;.

5%

A L d .

e

U=A -8 exp A : : (2.3.14)

Where y is the distance below the free surface and Al, Ay and Az

are the computed coeff1c1ents. - ) . . . b
G .

i
P

- This form of velocity disgrihution was in agreement with the’

~

observed velocities. Althéugh the velocity data was applied to a

- gne-seventh power law veloc1ty distribution, it was\unable to

duplicate the same degree of corre]at1on as in the prev1ous

CN~

d1stq1butlon. : J ", N

@

Def\ining the shear stress at the interface as;
fa

°

» " Hale et é) evaluated the shear stress by the differentiating
¥
Equat1on (2.3.14). This process lead to an interesting observation

.

concerning the magnitude of shear stress at various sections along the

q..

-e: .. K .
AR E R
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s]iﬁk.. Ha]é.et al reported that‘the jnterfacfél_shear coefficients in
‘the vic?nity of the headwave were,l/gogfbf those in the mid-region as
reported by Cross and Hoult. This led.Hale et al to the conc]dsion‘..

v that Wilkinson's assumption of'the insignificance of shear stresse; in

the frontal zone is valid.

, o

_Expanding 8n the concept of Cross and Hoult that the

“interfacial shear stress is balanced by the horizontal hydfostatic
préssure gradient corresponding fo the increase in the thickness of
0i1 (Equation (2.3.1)), Hale et al d;Veloped‘the following
"relationship between the average interfacial shear coedfficient C,,

the average thickness hav and the slick ]engfh_l;

1
o

- . ) 3 .
oG =99(l-s) by, . ,(2.3..15)
o i 4 ] l;??'“ < . .

-Substitution of the experimental data into Equation (2.3.15)
reveals relatively the same shear coefficients as previously rébortedr

by Cross and Hoult. ‘ ) . . ’ .

7 ' I~
. - \ '.hn.

*

~ In addition to the water've]ocity measureméhts, an attémpt
&

- was made to develop a model for ‘the velocities within the oil slick.

Y . 2 . : .
itself. 'The velocity gradient in the oil at the interface was derived
T oA by equating‘thé"shear stress.in the water to that in the oil. Thus,

the oi]Nvelbcity gradient at the interface “is; - ,

.
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du = ., au
- )

dy i 0il " dy i water

An add1t10na1 boundary cond1t10n was estab]15hed-{g§t1m1ng
the velocities of ch1ps on the o1]-a1r surface These two

measurements coupled with the known zero shear on the surface and the

- requirement of maSS'cont1nu1ty)w1thin the circulating oil layer lead

to the development of a veloci y profile in the oil.layen. The-

coefficients of the following relat?onship were evaluated for these
considerations; ' ,/’* )

U=28; + BZYB3‘l exp ~B4Y3 ‘ . . (2.3.16)

Where Y is the dimension]ess'depth (ie. 0.0 at the free

surface, and 1.0 at the interface)

[ . . : ) -

C e

'However,‘due to ‘'the random nature-of interfacia] ve]ocities
and gradients ar1s1ng from the complication 1ntroduced by interfacial

waves, the results of this analysis were considered to be questionable

by Hale et al.

. -

A dimensionless interfacial velocity (U /U ) ne]atlonsh1p

was developed by equat1ng the veloc1t1es to the Reynold Number R

VlStOSItY ratio {u, / u,) and the d1mens1on1ess slick poswt1on

(x/t) Us1ng a least square procedure, the fo]]ow1ng equatlon‘was

: der1ved - . ' - . <:;//-
. gy
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Yy
u. (uo)-0.0397 (%)-0.133 Re—O.g14 : (2‘3.17).
My _

Though\the scatter in data was considerable, Equation
(2.3.17) indicates a strony trend for.a decrease-in U;, with
increa;ing x .(the downétfe' 1 tapce).

A major emphasis_of the fnve§tigqtion by Hale et al was
-difetted tow§rds the étudy of the combined effects of cdrrénts and
waves. Alihpugh“the ﬁetﬁfls ofttheir study are beyond the scope of”
this study,~some'of the basic conclusions regarding tﬂe interfacial
shear strésses and velocities, as'affeéted by waves, have been

extracted and are presented hgjefly in the following pafagraphs.
Y A \

»
V

Thg oi]'glick‘set-uﬁ iﬁdu&ed by waves is mafhi} an effect of
the mass transport in waves and energyvtr;nsfer from waves tO'the 0il
slick. ‘The most simple analysis is accomp]ished'hy the
supgrimpositipn of a progressing wave system velocity field on the
“velbafties,ofithe’cufrent ?]one. ‘Hale et aj have demonstrated that if
the phase shift between the motions in oil and water is zero, then the
interfacia],shéar wil]~be independent of the waves. gowever; ifra

‘phase shift occurs, the shear stress takes the foliowing form;

oi = 1/2 C; o,(U2 + q2u2(1-cosg)) o (2.3.18)

0 L.

) _ & . _ ' A
Their analysis is insufficient ta predict the magnityde of

phase?shift, but is does .provide a mechanism by which waves can ﬁitef
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the interfacial shear and consequently the oil slick length:

A mode]l test utilizing a compliant barrier (wave refeclts °
Jess than 10 percent of incident wave) were gonoucted over a complete
range of velocities and wave climates. At 1ow>curnent velocities,
waves tended to increase the slick length with the exception of steep
waves. At higher current ve]oc1t1es all waves induced a. decrease of -
the oil slick. -The per10d1C water veIOC1ties caused local variation:
in slick thigkness in a manner simi]ar to that observed by Lindemuth °
et al. Hale et al were unable to describe the effects of waves in any
systematic manner The only conc]uSion pOstuiated is that waves cou]d
Significantly alter slick lengths but their 51mp]e analysis of the
interfacial shear was inadequate to fully describe this complex

°
process.

Milgram and Van Houten (1978) - «

3

v -
—_ e e — R
. .-

An ingenious ana]ysis of the o0il slick problem is presented

in a recent paper by Milgram and Van Houten. The prime_PbJective of ]

[}
their analy51s was to evalute the relative importance of interfaCial Ef L
b ‘
: L—t
shear stress and dynamic pressure in determining the thickness “‘. “tf‘-

distribution of an 0il slick. As mentioned in the previous section
“dealing with headwa®es, Milgram ‘and Van Houten‘argue.that if shear .

LN

3IStressesvﬂn the ﬁronta] zone are sufficiently high then the

theoretical necessity for a breaking headwave, as "suggested by -
Benjamin, is removed. Milgram and Van Houten;cite as preliminary’

evidence, that the concept that dynamic forces are not dominant in-the
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: and'calculated pressure distribution. - .

prov1ded the tangent1a1 velocxty Vt along the measured oil slick

35

headwave region, one of the ba§ic observations derived during

~experimental work wiih'oii slicks. More explicitly, the leading edge

of the slick, as observed by all authors,bfs an order of_ magnitide
less than 60 degrees to the horizontal, as pred1cted by the dynamic

analy515 of Von Karman.:

Their analysis and subsequent arguments supporting the

‘postulation of. equal dom1nance of shear stresses and dynam1c forces

stems from the follow1ng combination of theory and exper1ment In
theory, it was assumed that_potent1aj'flow approx1mates the flow
within the wa;s; phase to. a sufficient degree.of accuracy. Thus,
ut1llzlng exper1menta1 measurements of the 011 slick thickness as a
boundary cond1t1on, numerlcal ana]ys1s could calculate the flow and

corresponding pressure distribution. A theoret1ca]-model equating the

pressures, o0il thickness shape, and shear stresses was then utilized

to evaluate the shear stress distribution from the measured oil shape

Numgrical integration of the water velocity potential

L

—_

shape. : The dynamlc pressure P a]ong the lnterface was then given by

the Bernoull1 equatlon, in a non—d1mensxonal form® as;

P=1T[l- ?-U '2] | - (2.3.19)
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~

Arguing that measurements by Hale et al indicate that the

velocity in the oil are sufficiently smaller than those in the water,

Milgram and Van Houten as§Umed that dynaﬁic pressure and momentum
fluxes within the oil can be neglected. The remaining mean forceé'are
shqwnlﬁn Figure 2.3.a. These are, bréssure forces on the vertical.
fa&es, stready and dynamic préﬁsure forces along the. lower ihterface,
~and the combined viscous shear and Reynolds stresses along the |
interface. The interfacial stresses can be expressed in terms/of the

~

approach velocity U and a spacial variant coefficient of friction

Ci. Pressure ¢ontinuity relates the mean thickness of 0il h to the
0il. thickness h as measured below the original free surface in the
following form;
h = by 9dm*P " (2.3.20)
Py 9 : p ' '
. The measured s1ick profile m and the horizontal length scale
‘X can be déSCribed non~dimensiona]ly by'the factor g1U2.
. . N A I
Such that M=mg and L =x9g  ~
e T
A balance of the horizoﬁtal forces on the,differentfa]i
element of oil, coupled with the afore-mentioned factors, yield-the

fo]]owing'basic equation reléting the shape of the 0il to the dynamic

pressure and-shear forces at the interface:.

M+ P)[(1-s)dM + dP] = 1 s C. | y 2..3.'.21 
WP g - 15 - (2.3.21)

S e
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.The e;perimental portion of Milgram and Van Houten's study

. encompassed a broad range of water velocities and 011 properties.

They have presented several p]ots of : these various experlments which

consisted of the measured 1nterf39e.shape m, the calculated pressure

distribution P and the calculated shear stress distribution Ci. In

order to evaluate the relative effects of friction and pressure in
determ1n1ng the 1nterfac1a] shape, M1lgarm and Van Houten deve]oped a
relationship to predict the oil thickness distribution in the absence
of dynamic pressures. This relationship consisted of setting the
dynamic pressure and its horizontal derivative to zero in Equation

(2.3.21) and solving for M. This solution was defined as Me;

M) = (s Gl a2 T (2.3.22)

This frictional oil thickness distribution was plotted with
the above ment1oned distributions. Figure 2.3.b and 2.3.C show two
typtca} plots as traced from Milgram and Van Houten. These two plots

reveal the two d1st1nct shapes of the calculated interfacial friction

‘distributions. The Type I d1str1but1on (F1gure 2, 3. b) was observed to

have a maximdm»shearxln the v1c1n1ty of max imum headwave thickness.
The magnitude of the maximum friction coefficient ranged from 0.013 to
0. 073 which is an order of magnitude'greater'than-the friction
coefficients prev1ous]y reported by other 1nve§tlgators. The friction
distribution decreases to a range between 0. 004 to 0.012 beh1nd the

ved when the'interfacial

3

he adwave. Type-I distributions were obs
waves were diminutive. However, when the interfacial waves exceeded a

specific valde~the shear distribution took’ another shape as-indicated
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in Figure 2.3.c. The Type II distribution were characterized by more
9

than one peék in the maximum value of friction coefficients. The

first peak occurred upstream of the maximum o{) thickness in the

headwave with a 'second peak immediately downstream of the headwave.

> .
The magnitude of the coefficients for Type II distributions ranged up

*

, to 0.33.

-~
The calculated ojl.thickness Mf was observed to positively

match the measured oil thickness M for Type I distributions. The two
plots were practiéally identical in the viscous zone. Based on their
calculations Milgram and Van.Houten state thg assumption that the
fric;idﬁ was instrumental in determining the'geometry_of'the rear

portion of_the 0i1 layer propounded by several previous investigators,

. is justified. However, due to the apparent match of the two oil

thickhesﬁes in the v{cinity of.thé headwave, Milgram and Van- Houten
conclude that the previous assumption, specifically that the fricion

is unimportant for the forward portion of the layer, is ill-founded.

2.4 Interfacial Instahility :

.y

L LS; -
The preceding two sections have dealt with the equilibrium
éharacteristics of(an arrested oil slick. However,-the successful
cqgtainment of an oil slick must include consideration of the various.

aspects of boom failure. Aside from the abvious failure resulting

from insufficient boom draft, termed oil drainage, a cohp]ex failure

_mechanism entitled entrainment failure must, also, be taken into

consideration. Entrainment failure stems from the interfacial shear

A

iy
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instabilities and the resultant formation of interfacial waves. In
‘the vicinity of the headwave, the interfacial waves break a?droil |
droplets are entrained in the water. The‘actual magnitude of oil loss
by this mechanism is dependent on the abiltity of the oil droplets, ™
once entrained into the flowing water, to}::::\;;;;\to the slick
interface and coalesce before being swept under the boom. This
entrainment failure, which occurs}atAcurrent\velocities of’/W
approximately 0.4 meters per second, is invariant'to.the» f al design

of the boom and, thus becomes a fundamentally limiting factor in il

spill retention and recovery.

The development of numerous mode]é for predictiﬁg the oil
droplet entrainment losses have'resulted from the Qariohs studies of
0il slick entrainment fS}J?I?°l\CThﬁse models, though di#fgrent ip .
degree :of comp]enif}; céﬁsigt“b:imarily of an evaluation of the rates
-of droplet formation‘at velocities exceeding trhac-ritica‘l formation
velocity, examination of the droplet charateristics, f}ajectories and
“"terminal velocities,'énd'gn investigation of the 'r ttachmént
phenomena. The details 6f these entréinment loss.quels is beyond the
scope of the experimental portion of this‘studj.' Thus, the remainder
bf this section will briefly examine various falgre criteria and then
addressed the déve]opmeng of interfacial waves resulting from K-H
instability. This treathent shall consist df an‘examination of the

L ) . -
basic problem and method of analysis of K-H instability waves with

emphasis on its application to oil slick interfaces.

-

~ T - 0 -




Wicks (1969) . ' ' . .
§lhce the oil_droplet entrainment phenomena was first
reported by Wicks. (1969), several theoretical and empirical
correlations‘for the critical velocity Ucr' of entrainment |
initiation, and various models'of entrainment losses have been_evolred.;
. N~
Wicks suggested that droplet entrainment is inevitable as a
result of the unstable headwave predi?ted by Benjamin's analysis. S
Wicks observed 1nterfac1al waves formed at the leadIng edge of the oil
slick, which grew in magnitude as ‘they mlgratEd downstream toward the
headwave. Droplets were torn from theé rear ot the headwave and L
'entra]ned in .the flow Based on experimental{observat10ns, Nicks
stated that the velocity at which the oil droplets are. toro from the
headwave appears to be in agreement with the predictions of a critical
' Neber Number, as suggested by Hinze, for gradial acceleration of the
wdlspersed phase. In terms of the cr1t1cal velocity Ucr' the average

droplet dﬁgmeter d, and the lnterfacial surfade tension T, the Weber

Numiber s defined as; o R : .
o
- T 2 S \ ,
(W,) =0, Uy d = 14.0 o (2.4.1)
A ST e \

— Wicks further stated that the formation of waves at the N

o1l-water interface, w1thin the viscous zoneﬁicorresponded well with

‘the predictions of Kei;in - Helmholtz 1ns-tabfhty phenomena (herea>ter

-

~termed K-H 1nstability BN C . S 9
. . e : A )

R Y
1
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Lindenmuth, Miﬁler, and'Hsu'(lQ7Ql S R
/\ .- . s

\\:
\‘) "

Lindenmuth et al proposed that drbp]et formatlon behlnd the

headwave is due to form drag. As water flows under-the headwave, a

low pressure region develops aft of the headwiye. Then, as the

»velocity .of the current increases; the low pressune eventually becomes

/
sufficient to tear ofl away from the réar of the headwawe, w1th the

| resulting fonnation of oil droplets. Experimentally, the critical

velocTty at which oil droplet formation commences was observed to be

primarily a function of interfacial surfag§-tension. - '/

»

Nilkinson>(1973)

Wrikinson indicated that the development of interfacial waves
was in‘some repects similier to the growth of wind induced wa;es on a

free~surfece . The occurence'of'interfacial waves suggested that .

energy’was being transferred from the main flow 1nto the oil sl1ck

,possibly statisfying the enerq’ d1ssipation requlrements of BenJamtn 3

headwave theory. However, Hilginson 3 exper1menta1 observat1ons of

'the 1nterfacial vave characteristics revealed that only five percent

3

of the avatJabIe energy was'consumed by. the flux of wave energy
Nilklnson had real1zed that the K-H instab1lity was
responsible for the production of interfacial waves, but he made no ,

reference to its role as a mechanjsm for the entrainment phenomena.”
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"Hale, Norton, and Rodenberger (1974)

The extensive investigation conducted by Hale et al suggested

that the use of a critical Weber Number is an adequafe means to

evaluate the_critical velocity for o0ijl droblet formation. Their
experimenta] work confirmed_that droplet formation occurs strictly at
the aft of the headwave but that actual entrainment of the oil

*

droplets exists throughout the entire length of the slick.

i

' Kelvin -~ Helmholtz Instability ' Ve

\ e o
The ba51c principle behind 1nvestlgations of the stab111ty o#e?
1.
f1u1d flow,is that given an 1n1t1a1 f]ow, the super1mp051t1on of small
petturbations upon ‘the flow are examined to determine whether the .

amplitude of the dlsturbances 1ncrease or decrease with t1me, thus

determ1n1ng whether a given flow is stable or unstab]e 5T\\_ﬂf5

J'l‘f*f’“ - Kfﬂ'type'of ih;tabi]ity is that which occurs when two (\J;’N\
different Tiquids move with different tangential velocities across
‘their jinterface. The momentum ehchange induces any ;ave'disfukbance
on the interface to 'grow in ahﬁlitudevto the verge vamiiing the two
liquids.s Interfacial surface tension tends to reduce the unstab]e‘

*

growth, as does=viscosity? but-to'e~secondary degree. .

]

l' T o Alterﬁatnly, K—H lnstabllity can be. 1nterpreted as the
resulting action of the pressure distr1but1on in phase with the ' : .

interface elevation, attempt1ng to overcome the “stiffness” (due to

$ . -
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the restoring force of gravity'and'surface tension) of the interface.
This type of 1nterpretatlon is typically followed by an examination of

- the instab111ty of a vortex sheet at-the oil-water interface. . N

- [; A

(4

Though rigid mathemat1cal analys1s of vortex sheets at’ ]1qu1d
1nterfaces has been stud1ed in Some detail, 1t w1ll be the former
descfiptionaof the K-H instability phenomerna that will be addressed in
the remaining paragraphs. .

: : .

The basic mathematical analysis of K-H instability is well
documented in existing literatune. The succeeding analysis fq]lows
closely that presented by Lamb, (Art 232).

_ A simple case of'instability occurrs wheh two fluids,
homogenous wifhin’themseives, of densities o, and Po> bne'beneaeh

the other (o > pg), move Tn a para]]e] direction with yniform

velocities U  and U “The definition skétch of F1gune'

vdeve]oped for three phase flow. (addressed 1ater in thls sect1on) but,
also, serves as a def1n1tion sketch for two phase f]ow.'.lf the/flow :

in the .upper.and lower layers is assumed to be 1rrotat1ona1\-‘hen the

veiocity potent1a15'of ¢ and d,, which satisfy the Lapace Equatlon

62 dO = U‘Q“Az d” =0 . o Lt"‘i.a’:é).‘* :"..

If the velocity potentials are disturbed by 1nf1n1te51ma11y
small perturbat:s} do' and ¢ so that ; |

ex1st.

RN
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Go = Uox * dg' and dy = Upx +4,' (2.4.3)
an ~

It follows that the perturbations themselves must, also,

adhere to the Laplace equations. *
8245 -0 and 424, =0 | (2.4.4)

Considering the interface between the two liquids to be the y
or191n and assuming the 11qu1ds 1nf1n1te in both direct1ons, then the

dynamic boundary cond1t1on (8. C ) for the perturbat1on is;

\ limy > infinity dp' =0 apd | | (2.4.5)
. N “r ) .

limy > -infinity ¢ t'w0 L, .

e

Utll]zing these two B.C.s the solution to Equat10n (2.4.4)

can take the following form; ‘ : B -
‘ : ¢o' = A, exp(-Ky + i(Kx"i at)) ' 7(2.4,6)
¢, = A, exp( Ky + 1(Kx - gt))c} - (2.4.7)
. < ¢ :

N

wave number (positive and real) |

In which ¢ = KC. and K
C

wave veTocity (complex)
" The 1nterface between the two liquids is a. streaml1ne of both
fluwds and the path of a particle on the 1nterface is descrubed as

= n(X,t) o ) f .
\ ' . N

'J, : : - S v o, Iy
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‘The total“Uerivative
]

D_(y-n(x,t)) =0 | - (2.4.8)

Dt - S |
'is a kinematic boundary conqitioh which indicates that once a particle
is on the interface, it stays on theéiﬁterface. . Expanding the total

- derivative (Equation (2.4.8)) and realizing that vertical vélocity v

can be expressed in terms.of Ege velocity potential results in two -
édditional kinematic B,C.'s. ¢ '
For the top fluid;
® & 5 | |
: y
and for the bottom fluid; ,
dn + U, dn = -dg! at y'= n , (773.10)
dt i C—. | .
° < dy

If the amplitudé of _q is assumed»tg be small, then
utilization of Taylor's Expansion allows the previous two B.C. to be

evaluated at y = 0.

o An add1tlona1 dynamic boundary cond1t1on results f?om
cons1deratxon of the cont1nu1ty ‘of Ppressure at the interface. (Ih.
“this case surface tension 1s neglected.) Reca111ng that the 1nterface

is a streamllne, the Bernou111 Equation for the top «fluid is;

* . The symbol d represents the partial derivative ?t\}xi i=,f

e .~ . RN
. ¥ M

¥ | s



dg' + 1 (Ug +* v, ) + P + gn = C(constant)
dt 2 Py

0 .
or to a first order approximation,”
Py = =dp! - U dg} - gn * C

°5 dt -odx

Pu f@f . ax

Y

o Py = -d¢& - Uw d¢& - gnt c

The two ?luids share a common streamlinevat the interface

the pressure P is cdnstant on both sides of this streamline (in the =@

P absence of surface teﬂs1on )

(2.4.12) yields; \ >

' "
P, (dé; + U, d¢o\+'9“)
dt dx % _ dt dx

AY
X
A

Defining the form of the interface n as;

Thus, eqyat1ng equat1on (2.4.11)'and

v X
n=aexp[i(kx —ot)] (2.4.14)
. : ‘ S

Utilizing the genera] soldtlons for the perturbat1ons ¢ v

and ¢+ (ie. Equatlons (2 4.6) and (2\4 7)), the dynamic boundary

cond1t1on based on continuity of . pressure at the lhterface (equat1on
(2. 4. 13)) becomes

%
A S
X
. S
%
.
[y . AY .
X
Ay
-L}' . 3
kS
1

oo (1A o + UgikA, + gil = o, (1A Y iKA@ + ga) (é.4.15)(

Y
L

The k1nemat1c boundary condItions at the interface (Equatlon

(2 4.9) and (2 4.10)) can be reduced 1n a simi}ar manner by

\)

l
C
3
t
3
T
€
C
T
4
S
T
T
S
A4
A4
T
T
T

=0, (dd& tU, de, gn) . (2.4.13)

%\

N
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LY

‘ ‘}

/ .substituting Equation (2.4:6),'(2.X.7),-and (2.4.14) to form;

X

For the top fluid; -

and for the bottom fluid;

a(Uk - o) = -AK . O (2.4.17)
— The s1multaneous solution of Equations (2.4.15), (2.4.16),

and (2 4.17) for the three unknows Ao, Aw and a y1e1d

06 (KUp=0)2 *+ 0, (KUy=0)2 =9K(p,-py) . (2.4.18)
. " - . . v ’ .
" ~
0 The quadratlc solution of Equation (2 4.18) far the phase
wvelocity C = o/K , of an interfacial disturb3nce is; \

>

polotrlUy * [9 00, - 0y, (UO—UW)ZJI,/2 (2.4:19)

g
K Py ¥ Py K'ow Py )2

L4

(oy*eq
: The'first term is referred to as'the weighted (by density)
mean veloc1ty of the two f]u1? streams. Relat1ve to thlS ve]oc1ty,

1nterfac1a] waves travel with.a wave velocity.*C as given by;

=G = sg ey (U -u)t e (2.4.20

(95+5w)
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) .
Where Co = ; w ~ %

+
W Po

Co is the wave velocity of disturbances in the absence of

currents. These waves would subside with time and\result in a stable

flow. waever, the interfacial waves would be .unstable if C is

imaginary. That is, if;

4
h Y

(u, - uiﬂ)’2 > g pS'-— o - (2.4.21)

The results of this form of analysis reveal that in the
absence of any stabilizing forces, such as surface tension, the

interface will be unstable for any small disturbance.

~

-~

The neglect of {nterfacial surface tension between 0il and

Qater, is tota{iy unjustified for the eva1ua£ion of K-H instabilities
of 011 slicks. Incorporating the effects of surface tension into the
above analysis will only alter the dynamic boundary condition of
bressure con;inuity ét the interface; 'The prgvioﬁs analysis assumed
that pressure at the interface of the two fluids were equal. However,
the inclusion of surface tension d{ctates that the surfacé fension o,
must be balanced byvgge pressure difference at the interface: ie.

] . A

v

P~ Py =T (d2n+d%) = -Tdn atya.o (2.4.22)
| 2 2 e S
xS dy . dx

‘Appiying the two linearized Bernoulli Equatidns (2.4.11) and
(2.4.12) to Equation (2.4.22) at y = 0 yields; : '
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oo (dBy +U,dds +gn) -0, (dd +U dg} +gn) = -T ﬁ} (2.4.23)
® W ® W™

.

Pursuing the similiar solution of the previous example, the!

\_nesulting second order polynomial for‘wave‘velocity C-and the

follod}ng roots;

C = oyl * ogly * [C% - ogo, (Up\- U,y% 12 (2.4.24)
Py ¥ o °o,+ Py ‘ '
In which'cqz isnowCa=go, -0+ TK (2.4.25)

¥ ¥
Koy ¥ o5 By ¥ pg.

As previously indicated the first term of Equation (2.4.24wa
3 W

is the weighted mean velocity and c“}if:fre {nterfacia] velocity of

" disturbance waves in the abence of cdrrents. Thus as before if C is

positive and imaginary, idstability will occur, ie. if;

- ‘ \2 2 2 :
Po * Py ’ L :

-

'CO is a function of the disturbance wave humber.K , and has
a minimum value of; ' ' |

. ' <

- ¢
o min = [ 219 (o, = b,) 1112 e
T G
. ~at a critical-wave;number Kof; -,
Kc,.2 =g (o, = 0,) - ‘” . ' (2.4.28)
T .
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Therefore, surface tens1on will suppress the K-H 1nstab1llty

below a crit1cal veloc1ty difference of; L
V
(U, - 4)% < 2Tg (s, =»,) |  (2.4.29)
T T ——— LA 4 .
o Py -

»
¢ . ) *
~ -

Jones (1972)

The previous KfH instability analysis deals wlth two
semi-infinite inviscid fluids of different depsity, each moving at a
given uniform velocity. However, the critical veloclties sué}ained
from th1§ form of analysis appears to be only of the order of
‘magn1tude of those reported in the literature for critical velocities'
B at the onset of droplet format1on. In reality, the 01l slick layer

mﬁhas a finite th1ckness in which the free surface of the 01l slick does
not necessarﬁly adhere to the prev1ously used boundary condition of
-infinte depth. Jones (1972) addressed th1s problem by conducting-a
linear K-H instability analysis for a slick of arbltary but finite,
thickness. Jones concluded that a thin slick would be unstable at a
velocity lower than the cr1t1cal velocity for a’ th1ck slick.

R

Leibovich (1976)

) Leibov1ch has conducted a linear K-H lnstability analysrs
whlch leads to the opposite conclus10n from Jones' prediction that a
. “thick slick is more stable than a thin one. Leibovich states that -

Jones omitted the effects of the air-oil surface tension and air

4
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density, thus impos a'constant bressure boundary condition at the
air-oj] interface. f:Zgi)ovich argues that the justification was not
valid and he indicates that Jones <onclusfons tegaraing the
destabi11z1ng effects of decreasing the slick ‘thickness was, also,

invalid A brief description of Leibovich's analysis followst

' /
Consjdgring the configuration of Figure 2.4, the stability

analysis consists of three fluid layers. Jhe three velocitfes can be

:\perturbed by ‘ , #y', and Ga which must satisfy the Ldplace-

[ [ ]
--;v112¢w! -0 a2, w0 8%, = 0 (2.4.30)
Y T - . .
! The,;ir phase and water phase are still assumed to be iii‘

infinite, so that’Ehe dynamic boundary conditions of;

o .
- ©

limy > infinity .+ .0 and
limy'> ~infinity ¢+ .
. This leads to thelfblloqing solution to Eqdations(2,4.30);

-

8, - Ra exp[-Ky + i(Ki‘-~qt)J - v"“' (2.4.31.a)
by’ = Ay exp[ Ky + 1(Kx = ot)] (243 .

1

!

Hoyever, the f1nite thickness of oil depth h requires a more

~ general solution to the Laplace Equation;

e
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45 = (A, cosh Ky + By sinh Ky} [exp i(Kx ot)]  (2.4.32)

There -existd two interfaces which serve as streamlines
between the three liquids. Following a similiar argugent that led to
the kinematic boundary condition of Equation (2.4.8), the total

‘derivative of a sarticle‘oath can be app1ied to the oil-air interface

Y =y and to thégoil-water interface Y = n1;
. -

Dny =0 and Dny= 0
il 1

Expanding these der1vatives in terms of the partlal

derivatives and applying them to both sides of the streaml ine

P

1nterface results in the fo]lowing four kinematic boundary conditions; °

[N

 dn{*U dnf = dg, aty=h | . (2.4.33.2)
R | af" dy | ' '
| ~dnj +Uj el - dp) aty = b (2.4.33.b)
T Ow® T = ) o
dny + Uy dng = —d8) aty =0 ' 7 o ¢ (2:4.33.c)
! it ax 37 5 g .
dny U, dnye b} atya0 © o (2.4.33.4)
*® W® T » .

'Two add1tional dynamic boundary cond1t1pns ar1se from the

pressure force balance at the interfaces. - Deflnlng the o11~air

*

surface tension as Tola and the oil-water surface tenston as, Ty

.

the two force balance equations are;

-
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Coed
‘ ;;Z - :>A A

Since the interfaces are streaml1nes, the pressure forces can
be evaluated by a linearized Bernoulli Equation, thus, reducing the

force balance Equation (2.4. 34 a and b),

. »
L} . .
~ poldhg HUoddy/an) Jp, (dB) " +Uyddy tan)) = -T) ) Zn (2.4.35.2)
o - at Hi”' de :
p}(d¢' +U“dO' *gny )=, (dd,  +U dd, *gny) = “To/w nz (2.4.35.0)
L Ef dx at H? _dxz
‘?? ' ‘qf" The interfacial displacements can be defined in a‘geperal
N form as; =h<' : x N
. . ' ‘ . ‘ . \ .G : )
ny = ap exp[i(Kx - ot)] - . ~ . (2.4.36.b)

Substituting the defingd 1nterfacia1 displacements Equations

.
(2 4,36.a and .b), the genera¥l solutions of the: perturbatlons N
9Equations (2.4. 31 a and .b) and (2.4. 32) into the six boundary
conditions (Equations (2.4.33.a , .b » +C , and .d) and(z 4.35.a and ‘
.b) and performing the require differentiation yields, , j
i al (UaK - G) - AaK.éK (-Kh) ' L . (Z 4. 37.&)/

T3 (UK « o) = K(Agsinh Kh + Bocosh Kh) (2.4. 37.b)

- ™ wﬁ’ H . ‘ ' 0
. "« W 3 ) .



the relative stability of thin and thick' ofl slicks can be' dray
‘W

' 3]
4
7 .
72 \,"' 22 (UK - o) = KBy : . (2.4.37.¢c)
i 3 (UK - a) = ~AKy (2.4.37.4)
LY _
Pol(Rosinh Kh + Bocosh Kh}(Upk o)1 +ga1]  (2.4.37.e)
- 0aLAyI(UK ) *+ gny) = Tosp k2. 6
"J[M(WK -o) + gay] ‘ (2.4.37.7)

- PolAgi(UpK o) + gap] = Ty, aK?

T\

These %X equatons with the s 1x ‘unknowns By v Ag s Ay,

Bo » a1 , and ay have a solution only if the determinant of the

) cbefficients vanishes. This leﬁds to the eigen value equation for the

wave speed C as;

Po (U acqz[po(uo -c)ztanh Kh +.5,(C)] | (2¢4,38.a)’

* $1(C)leq(Ug <€)2 * Sy(C) tanh Kh] «0
Where Sl(c) = oy(ly €)% = (“w-oo) 9/K —KTo py
' and Sz(c) - pa(Ua .c) - (g-0,) 9/K KTg/a

i B | : &

v K-H 1nstability occurrs when ts solutio;\ for the wave speed
C becomes imaginary. By exaning the 1imits of the oil thickness. h ,

as it tends to zero and as h tends to infinity, a comparison bet'

~ In the linits of h tends to zero (h > 0), Equation (2. 4.38)

oy

reduces to; o)
| o

4 ) . ‘ ,
St o . s B
v .'_.‘ .
Y - . - . L . R . ; o
O ‘ -

=



<
'.'-Q ; :
.
..
Sy
3.
ar,
L ]
*
’ .
. v
© .
-
-
’l

-

e

N 5% ,
“Silc) + s (c)';'o op
| 1(e) 2l 3 .
' . .. \ ’
el -C)2 +o (u -c)2 - (0,70,) g-K(T ola® o,,,) -0
""‘\"71, T 3 _ L . _
-, . 8 ‘ |
" in whith the solution of the waerSpeEd 6 is (2.4.39);
. ‘.;\s '
. . ., o .o i'»» . o
¢ + g[ 1 ( )+I((T )) u -y 2 1/2
coe. °a a*touly _9_ Pwa ofa*Tosw "’:"w( W_a,
N % Pa Pw K ‘ - Co PPy

N ~

[g Equation (2. 4 39). is the same solution for air flou over
8

Q

- .nater but the surface xensic}n Ty w is replaced by To/a*To Iw SR

-of the equation ié similiar to that derived f‘an 1nfinite
__'ss of oil (Equation (2.4.24)). In the limitwf the ofl

thickness h tending te zero, the oil velocity and density play RO part

in the stability of wm Instabil*lty will occur uhen, . \‘.' ,’;“ R
Qu N, Q . % a X A ‘.'. .‘ = ’.}.
- . | .-__-;v ) ) . ' . ‘a_% . :;\' Y
A ; J:-S'T" b ‘
o f (U -u ) >0, [9 (o"—oa) K(T ofa* o/w)] ‘(‘2 4.40)
o "a "u K S “,"..”d { .

..,*The stabilizing influence of a thin film uﬁ \vater as. derived

' froa the elastic properfges of very thin films (bulb Art 351) uis been,

neglected in the K-H anelysis. : Lo . ‘ N

Examination of the Hnit of "
- .

il oo[(U -t;)2 + 5001 [oo(ff -c)z . sz(C)] - o

v\‘ o ', Co
o “ o ‘ a
. “r’ Y ¥
¥ B ’ iy
) . ry
) b
LA } . ) .
B . v » ‘ T
P -~ .
A e -/ “ ,’ :eg._,\
L h s : / &
* ' o~
g s 7 -
AN o o - % s 4

.4

| B 811 slicks, when h tends to¥ .
1nf1nity, reduces Equmon (2.4. 38) «to,., ' | | |

. y
EN

ey

i

(2.4.41)
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When the first bracket of Equation (2.4.4i) is equal to zero,

the K-H instability corresponding to the o,il-watef interface occurs if;

L)

- ﬁ)

(u, - u;f >80 * oy 19 (o, < 0g) *K Tyl (2.4.02)

. Po Pw K

A The minimum criticai speed Uop = (8, - Uy] at whigh
igsbfbility wild: occur is given for a minimum value for the critical

( -
wave’xumber,,k >, . .
W.r . ~ ’:? .

T REL N Be 20, v YT, s (o = 2 ) (2.4.43)
LT it B S T e

¥ e '{'l':-r,,'-}..':“"' Cyard U e P l_
,{,_,rfyfw;: S S %W o
v e s . . . .

” . St :

oo W {i\th a corresponding critical wave number of;
N ,v' - 8 B3 s ,'I o i - . ) :
-. o la e T
3:;: cr 9 .[', ‘bo") 3 ) . . " . o\“o
B : .’ - ‘ - ' a0 ' To /w | |
The critical speed for the thin oil slick cahwg expressed as; P
‘2 el L2 C ma
Uer '*.Z[To/a o/w-9 Pw 17 9 : (2.4.45)
‘;‘.‘. . "’ pa " ;;- . - 3

A compa ison between Equation (2 4, 43’) and (2. 4 45)
indicates, that ii& ihe, limits, 2 thin oil 'slick s considerably more - _
‘ " stable than a thicli o1l ivck under siﬁiiarr éonditions. This result i .
is c.gntin,gent uwpon khe fact’ t the oil-air surface tenswn has a
- st_ei:ili ing influence\ when tiﬂlayer is thin. but has less inﬂuenee

when . layeristhiée T S

, o : . e {. \' ki ' :1 ‘\\‘ ' ’44
H— ' T .

hE LI

~
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It has been consistently observed in varlous stud1es that the \
initiation of 01l droplet formatton oceurs at velocities in excess of
those predicteq by K-H analysis. Citing the work of Drazin (1970), in

which it was shown‘ihat unstable waves may be'stabilized by the
l .
) non—linear terms ignored in the linear stability ana]ys;s Liebovich

L 4

argues that wave breakind should occur at someyveloci

"‘-

Uer by the pmevious linearized K-H 1nstab111tv‘a

exceeding

. According
" to Drazin's non-linear}ana]ysis,'infinitestima ,“tude waves grow
until they achieve a‘finite'amplitude. The wave length remains

unchanged durlng ampliftcatlon and corresponds\to the critita] und!_

. number Kep g1ven by 11near stab111ty analys1s as the fastest gr! A

R -0, . '
waves. A time 1ndependent eqmlibrwm amphtude A for the critacﬂ&(

-

. ) . / " e PR . ~

rd

'€2 R Uy =g = Uer (145/32 K\ 2 Acr 2) _ o {£,4:46)
where K. Acp =

’ coet

_ Liebov1ch conc]udes that waves along the o1l-water 1ntérface

’

Break and Iead to dr0p1et ge'mat1on when the equ1libr1um most stable,

4

waves ach1eve a maxlmum wave slope Thus - if the cr1t1ca1 break1ng
. ) - . ," "‘ K .
v wave slope s is constant then dkob1et formation shou]d occur at a

velocity Ud as a constapt mu]tIpIe of Ugp, fe. Ud - kUcr°

Pad
Interfacial waves break1ng w1th a‘wave slope near unlty would
R 'account for the experlmenta] droplet formation velocities repoqted by
. A - f

‘- Hydronautics.- Their drop}et formation velcoaty Ud can be expressed

sy | - L
. . »

.ln
.

@

~wave number K. is descrlbed as; - v ' o/
‘ » 4 BT r/--‘

”,/’ .
=S = wave slope .- 7., , o
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Ug = 2.2 Ugp ‘ (2.4.47) .

e
The literature has repeatedly réported that oil droplet

formation is basically restricted to the headwave zone. As previously‘
mentioned, Wicks has suggested*that the headwave dominance stems from

the 1nstabi11ty of the headane at the point of maximum thickness
disscussed by Benjlﬁ,;. Hydronautics argue the droplet formation on

the lee of the headwave results from an adverse pressure gradiant:
Leibovich‘postulates a more simpl{stic~cause. The‘local current speed - -
is greatest at the maxlmum tﬂickness point This. locally hfgher |
nurrent speed implies that droplets can be split off from the headwaup

. .f ""

’by Break¥ng of the K-H waves prior to oil drople¥ a@rma‘t‘ioq

Y A5
. .; "~ .‘.
.

ity

elsewhere. A range of U _ ‘Ug thus exs1sts ‘where
. T, :
only at the headwave. At h1gher speeds the droplet i?eddz_%'rate will

> . ¥
cont1nue to be greatest at the headwave but shedd‘ng woUl D 4 t ~3; -
g > ﬂﬂid&ﬁnﬁ;

everywhere along the oil sllck. Leibovich derives the maximum current

"

o velocity from the recogntion of Benjamin's headwave Froude Number as
Unax = ZUd. The prev1ous sect1on has sagin that the current ‘
velocity fdr droplet.formation is Ud = 2. ! “cr’ thuis the actual o @

velocity at.which the droplets are torn from the oil'slick is 91ven'as;

[
., ‘

o . .
Unax. = 2.2 (2)1/2 Ugp = 3.1 Ugp T (2.4.98)
' ' .' ' | BRI 2
Le1bov1ch concludes that since droplets will not be shed frd!l}. :‘
- the downstream portion of the 0il slick unt#l the local cugrent
velocjty exceeds Umax- there is a,range of currents veloc1t es Ugs

2.9 Uep < Uy < 3.1 Ugp

GAGLAEF Y e e
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a

. S for which droplet formation must be confined to the .h'eadwave.A

Milgram and Van Houten (1978)

e

“y By s...»,
Milgram anqe Van Houten have reported several experimental.

observatwons that reinf%ce the hypothesis that droplets are generated
&b—
by the breaking of Kelvm - Holmholtz ﬁves Initiall-yg they wepe

concerned that the observed mterfac'ial waves were results of the

Tollmien-Schhchtugr instability phenomena. Tot¥Imien-Schlichting
instabi]ity OW “&I{‘“g the transitwn from laminar to tt’xrbulent\; \
boundary layer-flow along the interface when the viscods forces, which- LN
have been restraining the small disturbances, are overwhelmed by the |

. intertial dynamic forces. Milgram and Van Houten present the :.

following three reasons tqQ indicate that the observed interfatial

“waves were in fact, Kelvin-Helmholtz waves and nqt the’results of -

-
.

- * fluctuations in'Tol lmieh—Schlichting waves. ;

f‘~_ 1) The characterlstwcs of Kelvin-Helmholtz waves depend on
‘ fluid densities, interfacial tens1ons, and flow speed, but
not on downstream location. For a. gtvqn 0il type and flow
. speed, the waves we observed had constafit phase speed and
\ . . wavelength as they moved downstream,® thus behaving as
Kelvin-Helmholtz waves. On the ather hand, Tollmien-
Schlichting waves would be expected to become longer and
‘move more-slowly as they move downstream as a result of the
increasing Reynolds Number and boundary layer thickness with

.;é"'__. . . . downstream positwn.
e et ‘ . - .j ’ ] I
b R : -, ‘ 2) As the -flow speed was slowly 1nc1=eased ‘the.waves first -
oz . b appeared near the leading edge of the mhg‘hck as would be.
STL teTe L . expected for Kelvin=Helmholtz waves becale the shear } ayer
Y o »+ in the water is stronger there than it is further
AT YR LN .. downstream. Tollmem-Schhchtmg waves would be expected to

LR A=, .. .appear downstream first owing to the larger Reynolds Number
AT i . _based on slick length for. downstream regwns than for
;:g}% R IR l‘l";» ",. upstreq. regmns. ‘ . | o B
e AL . ~ et ) > . 1

L 3 E .
vy b ~

. “ 5 - E



' eohcurs. ?Hilgram and Van Houten-speculate that the ampl1tude of the

A
!
Ay
__," v \\‘ 60

”- o

rough, starting,a short\distance downsgream from the region -
where the waves in, the boundary 1ayer must hecome
turbulent and- céagg'to support Tdllmien-Schlichting waves
having any regularity. Sever we observed interfacial

3) At the higher flow sg:eds when the\ interface is quite

“-waves possessing some regularlties over almost the entlre RSN

-slick, -although their amplitudes were substantially’
d1min1shed far downstream. This 1ndicates that“ﬁhey were not

Tolimien-Schlichting waves.

;% Milgram and Van Houten observed thet-the waves did not aebear
at_the leading edge, but rather appeared a éhdrt~distance aft of thek
leading edge They attribute this to the stab111zlng effect of a thwn :
sl1ck as indicated by. Lelbovich since the ]ead\ng edge of the 011

slick is very thin in comparision to thé headwavermex1mum th1cknesg:
The ahplitude gf the interfacial waves wasg largesthn the yicinity of
“the headwave cerrespondiﬁb to the region of maximum shear,coefficientS»

(sectian 2.2.) and both shear and wave amp]idute was fqund to increase

- with increasing Qater velocity.

{

Droplet fprmatia always occured on the leeward'side of the

headwade where fhe"loca ter veloc1ty was hlghest. However, under

k{

certain conditions some, ;% the oil slicks had a §E§netry,w1th the\

o

highest local veloc1ty occurrlng in-the v1séous zqge of the oil sl1ck

) S
althodgh K-H waves did not break w1th1n the vfscous Zone. Fromsthis X
observat1on Mllgram and Van Houten suggest that the droplet ' \
\\\ S \\\

generat1on phénomena is more compIex than postulated by Le1bov1ch who \\

\

~

determined that entralnment ocurrs with any spec1f1c o1d yheresi{ a \\\
\

k certain cr1t1ca1 speed is exceeded in the f1ow beneath the oil,

wndependent of - the portion of the slick at whlch the requ?red veloc1ty

. A? . ‘ ' o ‘:‘\
v . R Y
[ e

| e ¥y : ’ e
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" were Qgserved._ Milgram and Van Houten concluded that the\viscosity of

\ " - 61
..\\\ ) ’
| /

interﬁacial waves depends.not only on the water speed below the

: boundary layer in the water, but also on the boundary layer thickness
“tself. When the layer i5 thick, changes in interfacial shape lead

“to smaller pressure'changes than nhen the boygdary layer is thin. - -

Droplet formation was observed only in the headwave where the local

water ve1ocity was high and the -boundary layéﬂ"!? thin (as indicated

" by.high fr1ctlon\coeffic1entsi\ Downstream. though the local velocity

was hlgh the boohdary 1ayer was considerably th1cker and no droplet
formation was’ observed.. The wave slope of breaking interfacial waves
was reported to be close to unity as requnred by Leibov1ch s theory,

)
but 1ncreased b ndary layer thickness reduces the ampl1tude growth

more than was sug sted by Lelbovich ',k" | .-
o - |

\ s
\

. ‘l?; e N ’ " ‘
Another @speét\of K- 1nstab1l1ty reported by Migram and Van

'?,he appareht 1ncon515tenéy between the most unstable wave

Houten

Iength of c]ass:cal K-H waves and those observed during the course of
their experIments. They cite observing wave lengths in the range of
10 to 25 centimeters for a heavy mineral 011 whereas, -the critical
wave length given by Equat10n (2 4. 43) 1nd1cates the waves should have
been 4.3 centimeters in length. ‘\Ev1dent1y the relatively large

damplng of the very short waves prevented them.from growing large

o enough to break. ConsideFﬁBle shor er waves were observed in diese1

oil, $n which Equation (7/4 43) y1e1

centlmeters. Since the klnemat1c v1s“

W
_ than 3 percent of that for the heavy mineral 011 the shorter K-H

waves undergo less damping and as a result waves of the order of K

T ‘ . . | - \

v
e

da cr1tica1 wave length of 2. 4

ity of the dlesel oil lS less -

’
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~when the viscosity is sufficiently high.

..5
the oil plays a role in determing the critical speed of droplet

formation by suppressing the growth of the most unstable K-H waves

- /

2.5 Summarz

In summary, the following conclusions pertaining to the

headwave zone can be drawn. The thearetical analysis by Benjamin
appeifs"to describe the asymptomatic thickness of the neck, downstream

oy

of the maximum thickness of the headwave, with a fair degree of

accuracy. This analysis, based on the concept of- momehtum hplance,

) allows for the prediction,of the headwagé with a simple Froude number

model Benjaminls analysis further describes the magnitude of the
energy loss which is required for this momentum balance. Howeuer, the

neglect of shear stresses results in the breaking of the headwave to

aghieve this des1red energy dissipation. In order for the headwave to

break' the 0il thickens to roughly twice the downstream depth causing
the water to become super-crltical locally, The results of Milgram
and Van Houten s testing strongly suggest%at the shear stresses
predominate in the energy loss mechanism and thus, at the lower

veloc1t1es,‘and consequently lower energy loss levels, the oil slick

eQStobserved without a breaking headwave. However, at the larger

R

velocities when the energy loss requirements are maximum, the shear,
stresses are insufficient to consume all the energy and. the headwave

must break in the manner previously described.

~

)
’-'*é: :
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. There is total agreement, between the various investigators,
concerning the governing forces which come into play within the
viscous zone. There are several models developed which describe the
growth of the viscous zone by’variou§ methods of accumulating the

‘e

interfacial shear stresses:‘ It is only magnitude of shear stre,swv

‘the method of -utilizing the shear stresses that differs.

i

The simplest'models_employing constant'shear wére proposed by
Cross and Hoult, by Lindenmuth, Miller, and Hsu, and by Hale, "Norton,
and Rodenberger. Thisilast study.irelyded serveral empirical
relationships to describe the various aspects of the viscous zone. .

There are two-main attributes which stem from wicks'
analysis. The evaluation of 1nterfac1a] shear stress is not 11m1ted
to a spaCIal constant coefficient of friction. Furthermore, thd shear

stress 1s evaluated from the difference between the 1nterfacial

,'veloc1ty U and the free stream velocity U. The major contribution

of ‘Wicks' analysis has been the attempt to 1nc1ude the mechanics of
flow within the oil 511ck in evaluatlon of -the oil slick thickness in
the viscous zone. - o . ) ' o
\
N - ‘ .- .-, P ’
The principal contribution of wilkinsqnfs viéboqs zone model
3s.£he'employment'of the bouhdary shear for the flow of finite depth.
The major practical application of this concept should be in the

extrapolation of model to protot&pe oil s]igk geometries.



Milgramfehd-Van'HoStén's detailed analysis of the viscous
zone demonstrated conclbsively the importance of the interfacial shear
stress in the development of the viscous zone. They suggested that
the friction distributions fall into two distinct type§ but were

unable to formulate boundary limits.
. “

'

The onset of entrainment failure is the result of Kelvin -
' Helmholtz" instability at the oil-water interface. The most

‘comprehensive analysis of "linear K-H instability is given by
-4

Leibovich. Linear K-H instability anayisis under predicts the -
°crftical velociby for interfacial breakup. Citing the work of Drazin

© *  (non-linear K-H instebilities), Leibovich demonstrates the interfacial

-

breakup occurs at-a f1n1te value ﬁ%gher than predicted by l1near K H -

analys1s Milgram and Van Houten ‘further argwe that the deveIOpment

-
°

of b 1nterfac1al boundary layer retards the crit1cal breakup ve]og1ty9~>

by suppre551ng the growth of gge shortest (most unstatrle) waves. :‘

1
s

. - < i"“ -

| . This literature review documents the basic oil slick
~phenomenon for the ice free oil slick. The subsequent chapters w1ll G .

examine vag&gus components of the oil slick as they are affected by : ' '

the addition of a solid ice cover.

.
%
%
4 -~
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SCoPE OF LABORATORY STUDY

-3.1 Introduction .

investigation of the characteristic behaviour of ice covered oil
slickss The experiments were designed to address the following
-objectives:
| ' * . .
1) Initially, to determine insight into the basic
characteristics ot oii'slicks, control experi-ents'were
conducted under a varying range of flow-conditions in order
to observe an“gocument the behavig of\ice free oiT sTicks.

2) A primary objective was to identify the fundamentel

‘characteristics of oitl slicks as influenced by the presence

of an ice cover. under ikSimilar set of flow conditions S

e

ﬁutiliifd in the control experiments, the addition of a model
%
d?ce cover perMitted tﬁs nbservation and documentation of the

s

b351c diffeqpnces in behaViour of ice covered oid slicks.

| 3) In order to determine the meChanismS‘hy which the
. s differences in behaviour evolved detaiied velocity profiles‘
within the’ oil siick and wader phase were measured in both -
the codtrol and ice covered experiments. This. prov1ded the
;'basis for an'evaluation of the shear stress at the interface :

Y 4 .
o .

65

. . 4 = . " , Co . .
] e - e . '
.. T AP Ll o -

“The experimental phase of this study was directed to the '

.y
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_Hydraulics Laboratory, located at the University .of Alberta. .

. consisted of a self contained re-circulating flume. The useable

".section measures 5.0 m in-length, 0.46 m 1nside width, and 0. 9 o

o S 66
and examination of its changes as influenced by an ice cover.

4) The formation nf intenficial waves has been demonstrated
" to be résponsible for the initiation @& entrainment fajlure

« of oil slicks. . An objéctivé in this'§tudy was to, indentify
" the role of.a snlid boundary (ice cover)las it affects growih

of interfacial waves,

. , o

In brder to}pursue these objectives, several measu}ements
were:conduc;eﬁ to establish the various properties of il slick
behay iour relating to the slick thickness profile, velocity profile,"
and the .interfacial wave characteristics. éath the control and ice

Covered experiments encbmpassed ac 1ete range of Froude Numbers in

““which the primary variable was the water currént.

The remainder of the chapter describes the various aSpect'of

the testing arrangement and outllnes the exper1menta] procedures

%o

utilized in this study.

-

3.2 Equipment

—

The experiménialntests were éondncted at the T Blench

“

" The mode} Basin-utilized for aTl the 0il slick tests
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depth. Both .of the flume walls \pre constructeggpkxplexiglaSS._iZ m
in thickrtes;, which facilitated both ease of obsﬁ ion and
photographyguulhe‘bed of the flume consisf‘d of a]umihdh~plate
..censtructed-in-a~fixed postion of zero slope.- A schematic diagram of

the geherel fluma configuration is debicted in Figure 3.1.

Located at the Upstream end of the test section wae a headbox
meaéuring apprexmately 1.8 m in length, 1.0 m in‘debth and O.S'm tﬁ
width. Water was introduced from a pipe,'over'the full width of the
- bottom, at the upstream portion of_tﬁe headbox.. Insiqe_the headbox
was a baffTe-eystem EOnsisting of a full depth coarse metal screen‘
A~covered with a rubhenjgfd porous 'material similar to a furnace air -
filter. This baffle system coupled with a floating plywood .board was
required to minimize the severe turbulent fluctuation of the water

surface induced by the water dischargihg into thelneadpox,‘
L 4

-

The sufficiently narrow width of the headbox removed the need ‘

for a laterial tran51t1on. Between the headbox;and‘theaupstream of

‘the test sectioh, the fiumerwas fitted with an entrance gate. During

. the' course of : testing, this gate was raised above the water surfaqe;

and consequently had no effect on the control of the flow. Water

levels in the fluge were maintained by the adjustment of "the veriable

pos1tion undershot gate, 1ocated downstream of the test section.
Hater discharging)from the undershot gate was conveyed down a short
free flowxng chute into the sump. | '
IR R | .
The steel'sump,.isojated;§§le]y to the flume, prbvfde&'e



magnetic flowmeter located between the pump and the gate valve.

of variable. boom draft. A plywood she?},s nounted on a rack and L

Lt
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storage capacity of 4.5 m3. The self: containeh rerczréulating. flume

was fumished with a pump and appropriate piping beween the sump and
headbox. The pump, in its current piping configuratiog was capable of

delivering a maximum discharge of-0.061 m3/s. «The flow wés

~regulated by a gate valve downstream of the pump adjacent to the

headbox. The regulated discharge was monitored with an inline

v ] . ’ . .
' The afore-mentioned flume configuratipn had been constructed

‘several years prior to the inftiation of this §$tudy. Thié flume was

selected for use in this study. primarily: beca e its 1solated sumﬁ v
of the

removed the danger of lost oil contminating the r

Mhydraulics laboratory. However, in order to conduct the oil spﬂl

tests,(bwo additiona] features were incorporated into the Flune DN
configuration. | .y o |
* _ . -,
. : A o
7 . v "4 o e . o,

- The first modification consist’ed .of constructing an aux.iliary
undeqsho%ae within the test ssection.s..fpcated 1.0 m upstrem of the
water level control gate, tMs second gaté provided an oﬂ slick boom [

i XU

B
*.

pinion thus allowing adjustaemt in the M dreft Since the booa was :T'

i ifree to wove in-the vertical%tim%bber strips 3 cm wide, were ‘
- noupted 3t the side of the boam o’ Wstrem face forning a °°m:ave ..

: n“}"‘!‘?’ e .
ml agajinst the wa}1 .of ;hd‘hme . . . ,_,:.‘

: v.". : RS e
P .

The uter flow in a. f‘lu-e hes e,p inberent lateral veloc‘rtrf~ .
distribution resnltiug from the Mry lqyer effects qf the flu e

-
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i . ualls. This velocﬂy pattern-yields a. stagnation pressure e ~- o ...:ee.

’ 'distribution at the boom associategwith a lateral vortef fOrnfation at{
fée walls of the flume imediately upstream of the boom. I'f' N ‘. .

:\ .

‘unarrested these vortices quickly drain the oil slick beneath the
. boom, regardless of .,tiie boan draft Suppression of. Q&e »vprti%!s was-

C e

raccomplished by the instaflltion of a o 1 m thick stri& & rubberized

N L

porous mat on the upstreain face of the' boom . This" mat reduced ghe

_ higﬂer water velocities over the mporticin of the boom and .

8- suppressed the~resulting different €ssure gradfent<to a level

incapable of driving the vorticies. e secondary functon of the porous | S

f . "“

.mat ‘was to. absorb wave jenergy and niininlize the refleot‘ion of waves

(characteristic of a ri}id boon) iii the oil ‘ ~‘ s

s __. o .
The gcond addition to'.:*f ,
removable ice cover,a.l’he npdel igg oover,‘ consisted of a sin

. T X 0.012 m thick strip of plexigas's tmd"‘ strips Pf P‘N‘Wd*? 13 m

-.._.}*- L e
' was the incorporati""

‘ '. M . 4
xO’:le m thick fastened oq eitger side of e plexiglass,.to *i‘orni«a
~ solid s oth’ cbver 0'46 o uidg X 0.012 ® thick.. The central | i
a ‘& N ¢
transparent $ t}ion of the ice cover pemitted both the observation X -

“ . ; and the. Qerhead lighting of&the oil slick The: nodel cover was 3L.5m -

long and uas floated on thensurf‘ of the oit and water upstream of

»
©

“the boom: SR S SRR

L4

The model covo’r was narr r than the flume to facf‘l itate
ease of removal. thus the ice cover‘Was propelled upstream b_y the |

Y shear forces exerted by the oil slick as the upper layer of oil flowed

' upstream. The ice cover was wedged in place . t prevent this problem. _
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B : Since the madel ice cover consisted of only a srnooti;,-so*lid S
o " sheat At dt‘ not attempt. to model all aspects of a rea'l ice cover. "% s

Only y those characteristics determined by a solid boundary on the
surfac&pi' the oil" were invesi;igated and, no consideration was given to
YN \ . bxavioural changes. induced by the interaction &F the oil and ice with o .

AT Weq to the‘r thermai and or chemicai proper.ties. ’ B :
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Ry Lt Ty
' ‘ * ‘To aci?ieve thé experimental objectives outlined at the ¥ ‘
- . \V} . \

i begi/lin;of this%apter. disi:inrc.t characteristics of the

£ ¥ . :‘*. -si'iciwrere monitoreid A_ing»i,pﬁ“ meg;ure:ﬁenf consisted of ‘ L e o

,v.: P deteminim the ChartacteriStic Ww,’;utkness profiierover' a e
~ tompl enneofflbw dition.li LU ST

et doigoaion T
S . S R - ‘ﬁ"--’*‘,-'-, . v . s
.‘ ) , S i ’ . . , , ‘ \ .‘.' [ £ 3N - \ L

b .,
. mechahisms of an on slm. | .'f ? . ,,,- A,
. * . b‘\‘ "_.;‘ . « L ‘ . [ . V . | ' ‘ .'
- ) The last seri_es of meashiﬂen_ients consisted of. defining the .
- aci_ali‘ wave charact’-erlis‘,tics ""asfunctionsi of both time and space. ;
> o o QThe remainder of the section addresses the specific details
o involved in tke three forms of. measurements. - o K
: . R Ny
i ¢ o - "; . Y
| | & L -
"* . ! . cﬁ- . . ,
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| \a 4 g of tigse was to measure{the oiT slick profile out1ined on the s
plexiglass flume walls/ The oi'l slick was in. continous ﬂd‘i’ionés

P

~

?"”*‘;»4;.{" _ .;" %

" ‘. ~successfully determined by two independant methods. The »piost obvious

._‘P

S
. uave forms .

AT . L 71

The characte'ristic length scales of the oil s_licmuere “ f“-‘ﬁi_"

-

)
L

in‘terfacial waves travelled down its entire length Thu/\ the
’thickness pnofile was recorded by visuat integration (with time)_ of
thu interfacial position every 0. 05 m alo”h% its l&ugth Although the

l @

ofl 5lick shape ‘at( the Flume, walls appeared to be adequately o

; reprqsehative @he ofl thickne‘Ss for, the full width at a given

ction. th'e le diq 'edge of the slick was not spaoial invariant  The 9

- '7‘ ,r‘écor‘ged ,“Siftk' ‘\"‘? M riveida from the visual averaging the e
# positan of tNEEIEAAT Wige Of %QF oil slick over; the flune’ width.A )
R R ' - -~ & T . Ve

L4y )
\', '

e As‘secm set of oil sl-ick groﬁles was determmed
indirecil*?‘wby recordinﬁhe o?l shick piﬂnom,ena on s*oer 8 mm film. “
‘ﬁ’b fa¢iiitate accurate lneasurtibits the flume wal] was out]ine*ith
Q?hin br'taék tape to form a grid netw‘o:k compo%ed gf 005 m square;
‘Vi&ning of the’ fi]m‘enabled a frame by . frame ana*s of tﬁe oil sl‘ick
.%ed describi'ng the ihstantaneous interfaciial o

o C e e
e T

- ’ . o
’ BN . - s . 1}

profﬂes, and fail

1

-
g

) . ' . - . "'5
! . ,’x P ; ﬁ,\

‘A third method employed to'measure t-he oil slick profile was

’

somewhat&nproductive. This procedure consisﬁd of utilizing a-water”

surface probe to indicate ‘the oﬂ-water interface. “The probe i

..

' consisted of a thin steel rod in which the resistance of water at

"for a feed-back circuit

var?ng depths of penetration provided in"

which in turn positioned the probe mechanﬁcally to maintain 2 constant
EAUAE "

“ . N o .
. -
\

B . : . “a

R

taw
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passed The apparent reason far the probe's failure was that a thin

' quantities of flow above ‘and below the midpmnt of the oii slick ’%. [
Further researcheréme shown the ‘velocity distribution to deviate A

‘ and_,ihterﬁaciai surface velocities.. ’[herefore the majoc :
. gy

@%

'depth of penetratwn Sﬁce oil is a relative insulat the i
KR!
electronic controls could be adjusted to haveo‘e probe penetrate the

‘0il and deteet the oi’l-water interface. This type of apparatus couid

&)

ideally. produce a continuous polot of the oil-water interface in the

{

middle of the fiume 20 R o “any waii"effe&tks. Hawever, with the

, ) P v
passage of an interf ave, - the ‘probe woald fo]]ow the water Y

' .surface down as the ofl thickeped but it failed to return assthe wave

-

layer of 0il would adhere to. the probe and fail.to rise at the same

v 0y
A

rate as the general oil-water surface ow’rng teo the oil!' sgigh

*viscosity. 'v T’ms with g coating of 0il on the probe, the probe ° I'

. constant]y stayed at the maximum 011 depth with successive passt

~ N o .

2 N T »

’& A

One of the. princimi objective ‘of thi study was to examine
R 2

interfacial waves -: C o
b ‘ *&, e

. _the interfaciai sitear ‘stressés as 1nfiuenced by the addition of an ice‘

s,

!over to the oil slick. Earlier investigators have evalnﬁidkthe %

‘ »interfac,iai shear stresg 1,ndigre_ct]ysfrom an -.over_ail force b ance__‘o_f -

the soil sl‘ick'.' Wicks (1968)'considered'th’e effects of- a-velecity '
distributiovy assuming a. linear distribytion. throughout ghe ofl
slick. Hicks' velocity profile co'nsisted of ident1ca1 veiocities and ¢

i~

Ay
»

~drasticaily from uicks simpiified mode] but ~the1r welocity

measurements have consisted oniy of crude estimates of the top surface
RS . '

v - . \



i iﬁ. slick and evaluate its role on the interfacial shear stress.
~ In this investig'at-ion,§ t.ree. independent' techniques were employed . '
to describe the velocity t‘ield within the 0il slick. Briefly ,they"-
wepe: vt - o .
: _ 1) The timing’ of particles on both the top surface and : ,
v %7 . interfacial surface was utilizied tq determine each -of the d
’g - B 1trelocities‘;'e§pectfully. ‘ . - )
* . | 2) A pitot tube coupled with a differential pressure
| | .trar@ducer was used to establish the velociﬂy‘?»ield below the |
oil-water interface. d -
. 3 ‘ w
_ 3) A laser anemometer was used to accurately establish
L . o vélﬁty profiks,in the water phase and within the oil slick ,
P T
) . ‘f ; > S These: fiﬁt twd?methods are similar to l‘t e 5ta'lized by the 3
o C »previous researchers. Howevei' due to: the major drawbaci( i;iherent in |
' - their useage they are limited*t'o the crude estimation ori‘ the velocity
o | distribution.({)he timmg of particles has the obvious limitation of
@ { e gstablishing, only two pomts on a veloc1ty distribution.‘ The major
. ; handicap assocmted with the use of a pitot tube is that the sue of

+ .the instcument is so large, compared to the flow, that the instrument ‘

(I
: invariably 1nteracts with and induces changes in- the velocity ield. ~‘

¢
__/,/'l

-

On the other hand a. hser anemonter does not disturb the ‘-

-

waﬁ““'-:“'f~;ztv*'.. m A
flow an¢ can be dse go accurately define the velocity of a point I

“ ’ ~ ' ’ .
- .1 1] - .
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v ’
.
‘



o

"

' the 1nterface.a This behavmur wou'ld result in"an obcerved velocity ,

-

‘- corrpﬂwndmg ve]ocity ﬂas \ssigned to the midpomt for the test r

A N
was preceived that the use of a laser anemonter wéuld be umqué to

this oil. shck study and 1t would provide® cons1derab]e data on

ve]pgit_y profile in, the o‘H slick.

’,the

\
)
v
4
)
3 y
)
A
¥

5

A brief descmptioﬂ of each of these three methods fo]lbvis. "o

L . : " vl’) 'y h‘
The first method of measuring the traveme of pa?tlcies ,
was ut1hzed in most oil slick tests, including those not _dLrg:t\dd

so'lely to velocity measurements. Th1s“od though s_omewhat grud

A N A

prov1ded a quick and easy xvérification of the velocittes Qg.termined by -
the other two niéthods. f ' "
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_ Ea“ch helomty meas'urement at a g1ven pmnt consisted ojéhe ' L
Y wy . .
average of*‘a mimmum of . three separate tridals. An ind1v1dual ti"'lal

gnvol’\ﬁue re?ease pf a smaﬁ pa,pe“r flag upstream Yo the wint oﬁ
rag
1nteres ahd t1m1ng.1t Qve'l over~a distanc'e of at least 30 cm. The

eaph

N

S PR .
Y .

Y

The smal] paper f1ag would float on the water at the mJ- B T
water 1nterface.3 However, in some: cases, the paper., fl_ags‘ released.at

the mterface wottld’ assume an orientatiqn deviating from para]le] with

slightly lower than the true mterfac‘ial velocity. Th1s prob’lem was

not ev1dent vnth the top surface and it was considered that the
surface flags. accurately repmsented the surface ueloc1ty.
. - : N 4 \.‘/ =

]’h_js_,methy‘iq}; ubsequentiy ‘used to estimate point

S

~ v

An
P
|
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5' : conducted_hdfow the 0il in-the water phase. However, - an: attempt to

‘b

"n

approximatel y 60 cm. apart

- »

[
-
q

The - pitot .tube measurements were orginalty used ds an

)

independﬂt check of the laser anemometer velocity measurements

. measure the velocities using a pitot tube, within the oil slick was

+

concfucted with somq degree of success.
lp e .

B
The pitot tube was connected to a differential pressure

M trahsducer with a.full,gscale range of + 1.0.inches. of. water. ¥he .

«’.

- char‘t rei!'ording of. a two 6r *three minui:‘e tontinuous sample. L _
5 S ﬂ N A . %,

, tuhe penetrate through the oxh&lick #hito t
Le
. portion of ‘the tube pen%tratmg onto the wﬁ:er’below the oi‘r o T

veloc1ty measurement s0 the ml failed to adversely influnce he

«v analog output from the' transducer wa;s input to a str é ehart recorder.

Imhiv‘iddal p‘oint veloci’cies were derived From averag g the/ strip

R . iR R « _.‘~". : Yo e . :
; S T g e T

i r% o ) Sy F
t’. . Thﬁ*e were two manr proh&ems associated with the utilization

'of the pitot tube measurements in this study. First the extenswn o@

AoTwgE e

the pitot tuhonnto the water from the top: surface required that the '
The

wwater phase.

T

: experienced a form drag assoc1ated with the water velocity‘ This-form

vl' .‘ v
diate

k.2
drag would regult in a reduction in pressure within the i
v1cinity of the pitot tube. Consequently some of the ofl fi om: the

slick would be 'sucked" into the' water phase. ‘However, this problem o

was restricted to a fimte -layer below the oil slick. Below this ’\. '

layen the intruswn of 01l was ﬁnSIgnif icant opmpared to the depth of

P4 N . ) . :
- b e L T = e e en— e e
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water. ;'E‘?l] and water phases would transmit paqssunqarluctat4ons
.-as di: ﬁﬁgtes resulting in .some erroneous readiqgs\at the

‘measurements obtained by the laser anemometer.

£l 76

reading. Above thls finite'lay'e“r, in close proxi 'fty,gb the

. interface, thé‘!ﬁtot.tube had insufficfznt penetration resulting in a

inteqﬁace.

. , .
.o v : ‘

At

The second maJor d iwback concerning tﬂ? usage of pitot tube
occurred ﬂuring the measurements of the interfacial velocities. The

interface exists in a continously changing form in the presence " of

interfaCial waves, travelling the entire Tength of the oil sl}ck

Ve
with time.qﬂis resiits. in a change in the fluid medium at a giveﬁ

fixed depthuof penetration in the vicinity of the interface A s

J

problem resulted with the passage of interfacial waves 3s. the static

and dynamic ports of the pitot tube were expOSed to eithéA Oil or

. - 5, . B ..
eyt - . . ¢
L o B ’
~"’.”:,~ W e S . '
-

*

The lasac doplﬁt;gnemometer (LDA) is a sophisticated and

'accurate technique of measuring fluid veloc1t1es. Even though it is a

’ complex and extremely expensive method it offers the primany

advantage of non-disturbance within the flow, since only the laser

3

beam. is in direct contact with the flow. The fTow in an odl slick is

) ',confined to a small layer and any conventional probe induces changes

.

i
i
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- light. " A;.a paﬁtgéqz within the veloc y field passes through the
-dark to light fringest>>This *signal"is recieved by an f

‘sfgnaT. The signal takes the form of a sine uave with an’ amplitude

77

in the velocity field as it attempts to measure it. [t is the
non—dfsturbance' property of laser' anemometery that makes it

attractive for this type of study.

A second advantage to usage of this technique 1s its ﬁossibiii%

.

utilization when the condition of a solid 1ce cover ex1sts

L -
The equg::ent used in laser anemometery consists’ of "
t\ansmitting optics, receiving optics, 7and a ;fgnal processor. A

Slmp]e model termed the fringe model describ!ésthe basic physics
(V]

" utilized in laser anemometeny.

o .
Y
»

.. 4;drst the laser~beam is split with a prism into two parallel
beams. Th

ese beams are focused with a diverging lens charactemzed by .
-y
a short focal Iength, to form‘qp intersection pornt within the -

velocity fieid If. a. projbctipn of the intersection were conducted,’

»

the- 1magesformed would be a pattern of vertical. lines of light and

dark These are the 1nter€erence fringes caused by the intersection

-
between the two monochromic laser beams. The fringe spaeing is a
<t

function of the intersection ang]e and the wave length of ‘the laser’

i
-

intersectiqn point it,ref]ects scattered light»as it moves from the

ehectrd-optical device and is converted to an analogceiectrical

~

proportiona] to the amount of l1ght scattened in a period equal to the

}time taken by the particle to: cnoss a single fringe of- light and -

-
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" dark. Since the fringe spacing is constant with a'given intersection *

~angle,

h)

There are several methods of utilizing the laser anemometery ' 2

. »
» 1]

T

technique.

f
!

N "‘cf b

The first, termed forward scatter, exists when the |
transmitting and receiving optics are on opposite sides of the flume
The second method termed back scatter, exists when both the
transmitting and receiving optics res1de on the same side of the - -
flume. The forward scatter method is proferable since th&sultmg,
51gnal lS much - stronger and easier to track° However, phySical space , '
limitation on the flu,me dictated the use o_f ‘the back scatter method.

As a result of‘?using back scatter, and .the resu'ltin'g weaker signal,

the maximum penetration of the 1ntersection\ poiﬁt was limited' to

). Cm i.nsmgbheaflyme wall, This could have beén C .
of a tron er laser had one been . g s
Jerong o )

‘ dvantage gained wtth the back scatter method is that
it is fairly simple to, mountgboth the transmitting and- receiving S w

,optics on the same transversing base. ,‘

-
..

, L. o _
In addition to’ the limitation of only 5 cm penetratpn of the S

PR 5
‘ml slick for the velocity mea?urements‘ a second handicap ‘was

‘encountere when measuring zero velocity in the oi; slick layer.., .
| Interfaé waves travelling the length of the 0il slick induce a N .t
'superinmSition of small orbital velocities over the ar”velocities

- okne oil slick in its steady state.' Therefore, 4n :gtain *egions

- .

'the 1nstantaneous velocity at a gi.ven point could .be eit!her upstreain T
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) & o or‘downstream. ‘ In th‘e laser anemometer configuration utiiized during

this study. the irﬂ’trumentation was unable to detect the dirhction of .
. \
‘ "fvelocity. ‘Rather- the cai'ulations determined were iimited to the

absolute magnitude of velooity. This was of minor consequeace when

the oii Velocit,y direction was obvious but inh regions of néar zero

velocity, when the instantanedus veiocity aiternated direction, the

time average veiocity at a givan point consisted of a summation of the

magnitude of instantaneous v,egociti'es. Thus, under certain conditions
when. the time average‘fyelocity was zero resulting from the

o _ cancellation of. the up‘stremand downstream Eb%’onent Velocities, the
R ' 3 .

PR © . LDA recorded erronegut.ugiodkrmgniwde- L e

-

t_v ‘ ,;g

A method exist ‘ ev‘come this handicap but the required #,r- .

S ~v,instrumentation was una'" 7"' le for the study. ‘Briefly, it consists "},;-_ -
o . Syt R
oo LT - of - the *urement of yghahdeviatiaf -_r.‘om dn artifigal velocity
» " base’ greater ‘than’ any em:' SUggelocity field. © AL
SR - " . ) b L . :
oy e ' ‘ )
AL 3 o Though ‘some problems were encountered in the utiiization of
o . the iaser anemometer, the ﬁtnal rﬁs proved i;o mee xpectations. ” "
e | The use. of a LDA system al&ws %r the definition 6f the time average
| - veio;;my gradieﬁ encountered in the internéi flow of oii This
tec?mque was,,also, uwnted .\vhen an, Ace cover extended the oi'i
& ‘P, . »
- ‘ 'siick Chapter 4 pres the experimentai velocity profnies
P ‘depicting the’“difference in oil siick circulatiorgs 1nf1uenced by the
' - addition of an ice cover. . SR - : R s "
: “:fc;.. SR : B A S _"~ N
' ' - The investigation of interfac'ral waves on the o'l"l sl‘ick was
S P T A - e v e



W 'est_imated from the timing of wave crests passing

. ~
velocity and characthistic sh&pe.v - ‘o
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composed of two forms of measurements. First, wave eds were

)

ixed points. A
deficiency in these measurements stemmed from the continuously
changing form ‘of the waves. The interfacial waves expanded and

‘ diminished in ampl‘it'ude as they migrated downstream. Only the largest
waves would maintain a recognizable shape for a continuous distance,

and thus onlﬁ/ the largest waves could be monitored.

A sfecond and more detailed analysis of the inte?facia waves

was possible with the use of super, 8 mm film. -The side of the flume ?

was marked out into a grid pattern'. Knowledg@:f the filming speed -

thus allowed for a detailed frame. by frame examination pf the film
footage. These measurement& rés'ulted"in both definition. of ,mave

‘ ~ The bas.ic characteristics of oil sliék beha\nour vary

according td properties of the paﬁt‘icular oil involved. Three @
. l‘ .
distinct types of oil were .utilized in the experiment'al phase of this

- 'study. The physmel properties of these oil,’ as analyized by the S |

~7

el .. ~ofl, prior to, ‘their use in ‘the flume Extendefd im’-— in the | o .
BRSNS f.;exmﬂ@"tal study resolted in slight »Ghaﬂgé'g in the Phys’“] '

e A

Standards,,g.aboratory associated with thé Chemical Enﬁﬁ&ing / ", a
Depnrtment at the Universi‘ty of Alberta, are pres /‘ﬁed on ”ﬁgbie 3. 1

The reported propert,ies resylt frhm tests ;ieri’orme&~ 09 each of the

properties but these changes were ignored in the follouing analysis.'v

St E
‘v'.' ~,." .

s

.'omms-.;‘*‘ R :i!-.-‘, _~
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* N . | @ .
- ’ . The first oil studi& was a conmon' rapeseed 'vegetablen
' available from any retail outlet. fliis oil ’woul'd emulsify. rapldly
during ghe te'Sts turning the water into a milky color that hindered
the db,envation of the oil slick In addition, this oil was 5

unsuitabl for the laser anemometer velocity measurements.
, '

_ Tht second. oil was labeled CWO base and was supplied by tlﬁ
o ~ Strathcona refinery of Imperial 011 COulpany4Limited During the ;
P testing period this ofl remained fairly clear and as a result it was
\ 'utiliz#exclusively in the velocity measuréments: “' : : - t,' .
i S S T o
AR ?The last 'oil wa§ a. dark heavy machine 0il acquired from dead ?ff
R Y ‘ -', :t.pryge‘: the~University of Albarta Hydraulics Laboratory. (Mirlw .
R s its Mgh viscosity, this oil. wa’utili;ed in\the investigation of the
_ ‘ . ’ Qextreme charaéteristics of viscosity. . "‘, L ‘4} ,\ﬁ,- . |

P An- elaborate oil recovery system was unwarranted as the oo

SR 2% amount of‘% (less than 0 05 m3) employed during individual tests

ALY

vlas dimunitive. Oil was introduced into the flow by simply pouri

o ore-measured amounts dl’ oil upstream of the slick ‘The. onil was

AR
e * AR allowed to flow freely from a bucket onto the water s,urface in’ an
v » N "" .
L T atftempt to minimize the droplet. fon&tfon s'nd entraiment.

. - s R . . .
TR After testmg was completed the oil was\recovered with the
- . TS g - uL :

s use of an ord.inary wet—dry shop vaoulnn cleaner and stored in large
plaétic-containers where tne 01l and water mixture from the vacumn
e -/ &eaner wdtlld separate. S .y L ST
.+ ! L " ' ’ o,
. VR |
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f',' Previous experinental and analytical studies, docuj:te,d‘im

', 4.1 General :, .

CHAPTER 4 o
ICE COVERED OIL SLICKS. ’

A

o

— g e

.ol

the literature, have systeqtically Characterized the ice F
-
slick phenonena. . The purpose of, this chapter is to examir{

amalytically, the changes induced b.y ag "ice cover in the behaviour of‘ '

-ofl slicks retained upstrean of a rigid boom in flowing water. This °

» treatnent will be limited to two maJor areas. First, the. addition of

. ‘
. :
G

-’

4.2 Velogity Di__stribution' I T

’as'ice cc&vér will alter the interna®’ velocity. dt%tribution of theloil
This will subsequently; afﬁect the force balance of the oil slick.
The second major effect of the ice cover will be its influence on’ the

e . Iy /-}\
instability of th il-water interface. These twor areao will ( B

°

exmined in detai #e renainder of this chapter.. !
. ‘Q ,°\>. “‘ N . y D‘

0'.'7',' u.- . - %*

'S . "5 o

. . . . r N Sy . N
. . N . M . - B Te
(2 ‘ .’ B R . c .o .
: J . . [
DS Y . 5 . . '4‘ -f o
. . . ,z- 3 V4 i . R )

ign 'red the role of internal~‘9il velocity distri.but'ions. The uiouientum

)

] 'the oil phase is. an order of magnitude less than the under"f‘ylng
ase. consequently the analysis ofvice free ml sl i,cks havg,not

3

. S MR o L,

Previous invest?gators.owlth the vteptlon of Hicks, have ‘5*fi;v

Howevet, a8 1ndicated in the i‘ollowing section the o1 velocity
distributions ﬁghin the ice free and tce covered oil slicksrare shown Ed
tobeunrkedly dlfferent . ,»‘ff»_j Lt e T

..\-\‘
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. _ .
This difference stems from the b&1ance ¥f mass and momentum
N . . -~ .
in the o1l slick. The shear force, exerted by the flowing water, on
,9" ice free oil slickhinduces a forward (downstréam) flow of oil"

towards the\boom. Howéver. since the oil is arrested at the boom, a

~ return flow of oil occurrs in the upper layer of the slick. The

conservation of mass"dictaté; that this mass ftux of the return flow
must equal the mass flux of oil in the downstream direction. The
resulting idealized velocity distribution in an ice free oil slick is

shown in Figure 4.1.a as a typical, case.

The addition of aﬁ ice cover over an 0il slick restricts the
velocity on the upper suxface of the oil to zero, in order to satisfy
the condition of no slip at a (rigid) bounda}y. The reduction of the
velocity profile in the upper layer of o0il to zero at the oil-ice
interface retards the return momentum flux. However, since the shear
forces on the eil-water interface induces relatively the same
downstream flow of o0il, (a similar ﬁomentqm flux), the oil1 slick must
thicken to compensate for the momentum deficit resglting.from the
retagﬁéd upper layer re!urA;flow. A typical idea]iéed'ye]ocity

profile in an ice covered oil slick is shown in Figure 4.1.b. .

. The idealized velocity distributions éan be developed by
solvfﬁg the one dimensional Navier-Stokes Equations. It will be
assumed fhat the velocities within the oil are laminar in magh{tude
and the flow steady. The superimposed orbital velocities induced by

the paséage”of interfacial waves will be ignored.
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Referring to the idealized velocity distribations depicted ;?
Figures 4.1.a and 4 l b ,» One dimensional flow is defined when the
ver:?cal vkiocity V and lateral velocity W are zero, and the
longitudinal velocity U is a function of longitudinal distance x and
vertical distance y (ie. U -‘u(u.y)). In addition; the pressure P is
also a function of x and y such that P = p(x,y). These conditions

limit the general form of the Navier-Stokes (N S) equations to~

N-S Eqn. x_.direction *

2

2

-1 dP d~u da’u 1 dp
0.—0.3;4'\,37— > ay—-;a; §40201)
N-S Egn. y direction

dP
0 - a—i Q ) ¢
N-S eqn. z direction - - . . - .

. B ’ B LY ‘.v.\'-
0= g; > P p(x) T (4.2.2)
o ¥
_ Continuity'Eqn. ; »

du | h ‘
H.O;U:u(y) | (423)

n Equations (4 2.2) and (4 2.3) 1nd1cate that the piezometric
pressure is a function of x only and velocity is solely of y,
therefore Equation (4.2. 1) can only be satisfied: 1f the left ‘hand side

and the right hand side are equai to a constant Co

W
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dzu--1- c . (4.2.4)
E—? u = 0 Re: . 3

y u‘ *
" The general solution to Equation (4:2.}) takes the following
! . ' . ’ .
form; P : D -

1 dp 2 . 3 -
U = v yo o+ C1 y + C2 : - (4.2.5) ’

-

. ¢
The specific solution for an ice covered 0il slick is similar

i
to Couette flow between two parallel flat walls. Referring to F1gure

4.1.b the following boundary conditions are ev1dent . ’
At y = OU=0 > Cz =0
At y = h U = U; interfacial velocity
ool 1 n? oo

"h " Zudxh
' The resulting specific solution for the velocity U is;
u,.{-“ *(1-%’) L (8.2.6)
Schlichting definés.a dimension1@&s pressure gradiant as:
]
Py = hz ~dp B J : : (4.2.7)
‘ : | ‘ . "2

Substituting the dimensionless pressure gradiant P, into .

equation (4.2.6), leads to the follo&ing dimensionless veiocity

.distribdtion for Couette flow.

N
\/
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U = 1+p, (1 ’ : 4.2.8
i y C (1+ %)] (‘ .8)

An additional boundary condition can be derived from
continuity of mass. & was stated earlier that the downstream flow of
of1 equals the return flow'of o0il resulting in no net flow of o0il gy .

past a given section.

)

h . P
q= foudy=0 N (4.2.9)

Performing this intergration yields a dimensionless pressure

gradiant of P, . 3. Thus, Equation (4.2.8) becomes;

U =y[1-3(1-y) o (4.2.10)
oo A .
The maximum apstream velocity of U= -0.33 Ui océurs at y/h -

= 0.33 from the top. At y/h = 067 the velqcity is zero.

~ The idealized distrfbution shown in Figure 4.1.b represents

g‘quatiori (4.2.10). ~ . }\ .

The case of the ice free oil slick velocity distribution
- . | N P
follows the preceeding solution but with a different boundary

condition on the free surface. Although the velocity on the surface

_has a finite value, the shear §tfess is zero. This can be represented

by the first derivative o( the velocity distribdtionAbeing set to zero

at the free surface. ./ ‘-.
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Aty=0 dU=0 » C=0. B
c .

Aty=h Up=U > c = U gl dp he

?‘ ax

Utillzing the d1mensionless pressure gradIent of Equation

(4.2. 7) the specific solut10n of Equatlon (4.2. 5) in a d1men51on!ess

form is; : ’ o,
U =1-7, (1-y) . T (4.2.11)
mooTT -

. The boundary condition of zero net flow past a glven sect1on

y1e1ds a dimensionless pressure gradiant of.pP, ~-3/2. Thus

Equat1on (4.2.11) becomes;

. ’ 2 ) i ’ ,
U‘ =1 - %( 1- (%) ) (4.2-12)
i
‘ M . .
The maximum upstream velocity of U = -0.5 Ui now occurs at
- the top.-y/h = 0 and at y/h = 0.577 the velocity is zero. The .
idealized Velocity distributionspresented in Figure-4.1.a is derived

N
~

from Equation (4.2.12).

Tl

| 4.3 Shear Stress’

Development of interéacial shear slress relationships readily’
follows the pii%eding laminar flow velocity dlstr1but1on analysws
: LamInar shear stress is proportlonal to the flrst derivative of the
velocity Q‘UEr1bution at the interface.

*
-

ind
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Differentiating Equations (4.2.10) and (4.2.12) yields the

following shear stress relationships;

Ll

Ice free ' topy =0 oy =0
i interface y = h o;= u 3U, - (4.3.1)
' o The ‘
Ice covered top y = 0 o= -u 2, o (4.3.2)
‘ TR . '
interface y = h o, = w 4Ui . (4.3.3)

' - h

' A comparison can be made concErﬁipg thg relative oil slick
thickness betweeﬁ the {delfrEe and ice covered conditions. Assuming
that fdr similar approach velocities the interfacial velocities at a
given distance from the leading edge of the slick will be bésiéélly
the'iame fér éce.free and.ice covered oilzslicks,.;he inferfdcial
shear stressés should.be similar. Equating Equations (4.3u2)~and
(4.3;3) with similar interfacial velocities and shear stress results
in';hé thickness of an ice covered oil slick 4(3 times the thicknesg'
of an ice free oil slick. | A \ ' .., .

‘t

The utilization of shear stress estimates can be émp]oyed in -

.the development of force balance relationships of the, oil slick. -

- Consider the ice free oil slick control:voi;ﬁé presented in .

Figure 4.2.a, the sum of horizontal force states;' .

PL*Py+ojax=Py o SR (4.3.0) :



W,

2 . ' 2
%pogh jpog:!(h*ég)Ah +inx ’%Pogh +oog(h+5;)ah, (§.3.52
0 , .
. 0
_\~Assumin51Ah/2 << h and rearranqing Equation (4.3.5) yields;
: [ Y

. -

oj 8. =0y g (L -p ) hah . " (403.6.a)

w

In terms of the interfacial slope am this is

o; 8% =0, 9 (1 -05) h am (4.3.6.b)

Py \Eh:
~ _Referring to Figure 4.2.b the force Balance for a comftrol
volume of 0il under an ice covered oil slick leads ;o‘a similar
solution in which;
: (ai - °t) AX = o G (1 - po) h ah (4.3.7)

Pw

Equation (4.3.7) applies equally to the increase in oil

thickness and the interfaciat slope.

Ut111zatﬂon of the previously developed shear stress

re]at10n5h1ps lntroduces a unique re]at1onsh1p

For the ice free case, subst1tut1ng Equation (4.3.1) for the

.1nterfac1a1 shear stress of Equation. (4 3.6) yields;
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-
3 Ui AX = LI g (1 - oo) h\A>X (4.3.9)
\ " or rearanging ‘ .
R (eg 9 (1 - p,) 80 - | (4.3.10)
— B
*2 2 uUi P

P

This corresponds dfréctly to Schlichting dimensionless

pressure gradiant equation (4.2.7) in which,

N
4P =0 g (l -0 ) ah : ‘ (4.3.11)
. a; 0 —OA—X .
Ow

-

and results in the same Dimensionless pressure gradiant

P = -3/2 as given by velocity solution of N.S. Equations.

.
-

In a similiar manner substitution of Equation (4.3.2) and

{4.3.3) for the interfacial and top shear stress into Equation (4.3.8)

yields;
‘ '

=6 u Uf =0, g‘(l - ig) h ah ° (4.3.12)
. 5,

or )

-2 A ' Q3
-3 = <N Py 9 (1 - po) ah . (4.%?13)
u U; — AX

1
w o\

As earlier presented the Dimensionless pressure gradiant is

now P = -3...
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The direct consequence of these pressure gradmants c§Q be’

shown by the comparison of the interfacial slopes on ice coveréd. and

ice free 0il slicks. The two s]opes are related as;

o%“

ah ice covered = 2.0 0 \Aﬁ ice free ° (4.3.14)
ax \N— &x
. pw
' . a . ¢ ~
In conclusion, the difference betweep the Vvelocity

distributions and related force balance of ice covered and ice free

0il slicks plays a dominant role in describing the 1nf1uence of an 1ce :

cover on an 0il slick ) ' N

L4

4.4 Interfacial Instability

!

,It has been noted by various researchers that the limiting

facte¥® to successful containment of o1l slicks is the onset of

breaking interfacial waves at water velocities of the order of 0.4 m/s.

Section 2.4s0n interfacial instaoilities indicates ‘that the
deveIOpmeno and eventual breakup of interfacial wave form; can be
described by Kelvin -~ Helmholtz (K-H) instability analysio? Even
though the solutions td’l1near K-H analysis do not pred1ct the exact
jmagnitude of wave breakup K-H analysis is suffic1ently capable of

indicating trends and order of magnitude on interfacial wave

instabilitity,

Ore of the earlier stated object1ves was to document the
dbvelopment of interfacial waves as influenced by an ice cover. The

following section outlines the development of»K-H 1nstab111ty analysis

)

AT
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as governed by the, addition sf‘a‘solid cover.

. | ?’ 4‘\::3*;.

' | Assuming the flow in the water andeHl phases is
.irrotational the velocityvot*tials mdﬂsm;n perturbations must
satisfy the Lapace Equatmnhs. r e 1ng bﬁe lnterface between the oil

2, B s »:-'\,",q .
* and water as y = Q, tgérfﬁ%t“ 1hE Mo oundary conditions (B.C.) exist,;

By =) \g
B.C+ 1)- ﬁ§§§he ice §§*-y = h, the‘veloclty normal to the
« ice i; zero? Thus V, = 0'= dd;} '
/. T
B.C. 2) If the bottom of the ;ater is suficiently far, no
perturbations exist. Thus 6. ' . 0 at y = —infinity

I

The general solutions to the Lapace €quations with the.

preceding boundary conditions are;

A
]

Ag cosh K(y-h) exp [i(kx-ot)] (4.4.1)

S
1]

A, exp Ky exp [i(kx-ot)] - (4.4.2)

- In which A; ‘A are constants
K = Wave number = 2x/1

o = wave peribd = 2x/1

-

The interfacial wave form of amplitude a, can be described as;

w



n=aexp [i(kx-ot)] (4.4.3)

The total derivative

D (y-n{x,t)) = 0 : (4.4.4)
b y-nfx:t)) ,

states that a particle on the 1A!énfacg remains on the lnterfacual
streaml1ne Expanding Equation (4.4.4) and evaluatlng ‘at the
interface y = 0 (Taylors expansion) yields the following two kinematic

boundary conditions;

B.C. 3)dn+U_dnm=-¢g' atya=0 4.4.5)
° I 0 .
B.C.3)dn + U, dn=-¢' atya=0 (4.4.6)
w w
3'2' ax a-y

F - .
An additional dyngmic boundaj? condition is derived from the

balante of pressures at the interface with surface tension such that;

»

. 2
B.C. 5) P = -Ted"n atya=0
kY _ w .
‘Q« 5:2.

The interface is a common streamline between the two fluids,
-\ .
and thus the pressure can be evaluated with a linearized form of the

Berndb]li Equation and Boundary Condition 5 becomes ;

“

ou(dy +U,dd) +an) - oo (ddg U de; *gn) = T 4%y (4.4.7)
dt dx dt X dx

r“\



- ‘ 94
(4
Substituting the general solution to the Lapace Equaiions
14.4.1} and (4.4.2) and the assumed interfacial shape, Eduation
(4.4.3) into-the Bowndary Conditions 3, 4, and § (Equations (4;&;5).
(4.4.6), a\P'(4.4.7)) results in the foiIowing three equations;

{
3 1{Uk ~ a) = K Ay sinh (Kh) | 7 (4.4.8)
VoA (UK - a) - KA, ° (4.4.9)
\

. A\ 4 .
» -
0, ,lANi(_UwKw)+ga] -oo[Aoi" cosh Kh (U0K~o)+gaj - TaK? (4.4.10) . @,
' - -y

The simultaneous solution for the three unkowns a, Ays and
LS
Ay yTelds the following

3

PW(Uw“C)? +a\°(U°--C)2 coth Kh -TK 5% (ow~p°) =0 (4.4.11)

Solving for the "interfacial wave speed C yields;
[T .

C = 0,4, *Up0 * [a(b, -0, )+TK* o 0 (U -ugh) 112~ (a.40.12)

p‘w + D 5 a“,*—D (Ow* 0)2

In which D = p,COth (Kh)

s The first term of Equation (4.4.12) is the weighted mean
velocity of flow and the terms within the square root indicate.thé

interfacial wave velocities. Instabilitity of the interface will

) e

occur when C becomes imaginary. Denoting the critical flow velocity ¢

Uep = U, ~ Uy, instability is defined as;

L

o,

3

s

7’

8
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0 o a :
‘ «. ‘ : 4, g’
N *
- (ow) po COth Kh-[ ¢ ('o,, - oa), T'F] ‘ (‘f'-f-13) k :
o'{ + po Coth KR K - S
T ; T T T' T .
The dqrsity of water in the S.I. sy@lem is 1 glcm3 thus ‘v J._‘;«
- for convenience Equation (4.4.13) reduces to; & e .
o i Vi
P iy
Ul = 1+ tanh kh [ g (1 - o) + TK]" (4414) B Y
Po K o . -
_ . ' g = . ;f,";,._: K3
) ' : o P .
It is evident fmm Equation (4.4. l4)'that f'"or a*gfﬂv@w wave oo, %
e
, Number- K the critical ve%ocity U increases w‘t’th the. depth of ot h, ‘
Reduced to. ovsimﬁar form, the anaiysis of ice free ' "
mterfaciﬁ waves presented by Leibovlch (Section 2.4 and Equations ,’
(2.4.40) and (2.4. 42)) becomes o ;.’ R | T
A Foo - ‘ ST .
For thin sTicks as:h » 0 T S g -
. U2 = g/K + K (TO," + Tofw) i '(&4-._15;) ) ‘i .
and for thick slicks as h » infinity, a . ' S
. . . ' ‘ L - PN . - .
, ' =, .f';»' ? R s "
As prev1ously stated Equations (4 4. 15) .and e(j_ 4.1 ) show V :
that ice free oﬂ shcks are destebihzed by increasio | G
~  Intially it Mould appear that smce Equation (4 4 14}- ihdicates the ; ﬂ:%
converse for an ice covered oil slick that this aiooe should suffice |
ki o .
in describing the stabﬂity of ice covered oﬂnslicks. However, close . o/
examination reveals that for thick slicks, Equation (4.4, }4) equals =3 3
‘—,_;;._j?% e , . : i . z
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Equation (4.4.16) and both ice free and ice covered thick slicks have"
similar ins®bility. The conclusion drawn from a comp&Pison of all

three equations would be that ice free slicks should be as stable, if

not more, than ice covered ofl slicks.



CHAPTER §
EXPERIMENTAL RESULTS

5.1 General

The “intent of this chapter is to present the results of the
experimental phase of the study. As indfcated earl:;r, the objectives
of this investiéation, aside from the initia] familiarization with the
behaviour of an ice free oil slick, were three-fold. First, a series
of,tésts was ‘conducted in conjunction with the control runs to
idehfify the basic behévioural differences resulting from the addition
of an ice cover. .Secondly, the distribution of internal oil
| velocities was' investigated both Qith and without ah ice cover.

Finally, the formation of interfacial waves as inflpencéq by the

“addition of an ice cover was examined.

5.2 Test Schedule

The afore—menti?dned objectives were realized through thre“eq‘ _'
series of tests. The thre; series are broadly defined .in the;
' followihg éz:agraphs. It sh0u1d be noted at this point that
observations,‘documentatioh and objectives of seQeral tests overlapped

" the series boundaries.

97
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Series A Preliminary Testing.

Thfs Eéries served to produce control tests of‘ice free oil
‘slick behavicur and to develop an intial understanding of the
‘infiuence of a solid ice cover. -Series A was conducted
exclusively witﬁ the rabeséed 911. A total of 15 tests

consisted of longitudinal profile measurements were performed.
Series B Velocity Distributions.

This series was EEStricted to defining the internél oil slick
velocity distributions in both iée covered and ice frée oil»
slicks. A total of 9 runs were conducted of which 8 utilized
>the\Cw0 base Ail,-and l.used~rapeseed’6il. 'In.addition.tO’

the velocity data, ]ongitudinal-profiles weré recorded.

Series C Interfacial Waves.

4
-

This éeries of testing consisted ofvfjlming 20 in&ividual
tests. Stop action ana]ysfs of the filims faciljtéied
documeﬁtatioﬁ of inferfacfél waves, longitudial profiles, ;nd‘
observétion‘of'the"headﬁave‘develdpments; Series p_ihvolved

testing of all three qils.
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Table 5.1 summarizes the complete range of test conditions utilized in
the 44 tests.
The synopsis of test results-are subsequently presented as a
general discussion preceding fhe individual interpreta;ion.
(% ) i \

5.3 Series A Test Results

A brief description of thé;verall 0il slick behavio\:\r with

\

and without an ice cover is s\preliminary-requisite for the \\

appreciation of thé experimental results. Informat10n conta1ned\an

\
this sectwon is pr1mar1]y a capsule summary of the observat1ons \

\
concluded durlngdthe course of .Series A testing. However, some of the
general observations pertainiﬁg to different'oilst(ie.Series B and C)\
are,included in this section. Subsequent sections will present the

detailed experimental results of Series B and C.

. Basically, a rigid boom of sufficient draft.was deployed into
the fiume.to arresf'and pond a fixed vo]umenof oil in order\to form an
dil slick of some degérmindst1c shape. The longitudina]'pfofiles
correspondiné to the 44 tests are recorded in Abéendix A. The
resulting shape, the .oil slick agsumé& can behcha;acterized by tHEee"
velocity ranges. The trans1t1on of the shape between these ranges was_

not clearly d1st1ngu1shab1e and the range l1m1ts vary w1th the

properties of the ‘three oils tested.

.

~
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' Typically, at low water velocities of the order of less than
0.2‘m/53 the oil slick assumed a smooth parabolic shape with little or
no evideﬁce of either a headwave or interfacial waves.

~ As the 3ater velocities were increased to somewhere bétween
0.2 and 0.4 m/s, the oil slick profile obtained a more distinct shape, ..
characterized by the formation of a headwave at the 1eading'edge of
the slick and the development .of interfacial waves along tHerentire

length of slick. For a given volume of oil, thé oil slick length

shortened as the velocity wés incremented.

Finally, the last stage was obtained as the water vélocities

were further increased to exceed approximatelg 0.4 m/s. The 0il slick

'conyinued to thicken and decrease_in‘léﬁgth ynti]nthe interfacial
waves started to break in the vicinity of the headwave. 0il droplets
were entrained into the flow and when water velocities were

. sufficiently high,.the oil\droplets did not rise back and cpa]eség
with the slick but rather swept bast the boom. The breakup of
interfaéial waves resuTted‘ih a rapid loss 6f 0il past the boom;
Consedqently,‘Bil_profiles and measureﬁents in this study were
réstricted to velocit%es below this range. |

The preceding description applies eqbﬁ??} tb the i;e free and .

\ice covered oil slicks, although the rénge limits varies between the

_ . L ' N

. three distinguishable stages.
%

l L . e
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It was observed that ice covered oil slicks exhibit two major
deviations from their ice free counter-parts. The most obvious |
difference is that for similiar relative velocities, ice covered o0il

~slicks are thic\er and shorter than ice free oil slicks. In addition
~thébheadwavé itself appears to be thicker but less pronouced at the
downstream contraction than at similar velocities in\the ice free
case. The second dissimi]grity is the apparent stability of the
interfacial waves and the associated diminished entrainment f53luré at

e

comparable approach velocities to those of the ice free oil slicks.

As indicated above;‘icé covered oil slicks are shorter than
their ice free'counter-parts at similar abproach.ve]ocities. The ice
chered 0il slick exhibit an'analogouS'bghavibur to ice free bil_slick‘-
in their tendencylto shortg: witﬁ ianeasing approach velocify.

In order to represent the various oil slick lengths as a

- funétion of approach velocity a normalized effective length" is’ -f\\
~ _defined. The effective length directly incorporates the relative
influence of headwave thic¢kness,' near boom region, volume of oii; and

the flume width.

»

~.The first factor to be considered in defining an effective
length is the intial thickness of the headwave. The relative headwave
thickness of two different 0ils should be related by the ratio of
* their speciffc weights .(Equation 2.2.1). Qrawing,upon the difference -
between Benjamin and Wilkinson's.definition o% thé Headwave Frou&e

Number, the-ice covered headwaves exceeds the thickness of ice free
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headwaves by the inverse .of specific wéight§,J The definition of

effective Length use§ £he spéc%fic éravi&y o% rapeseed oil to

normalize all 44 tests.

A second factor in the definition of the effective length
pertains fo the influence of the near boom region.. In the immediate
Qicinity of the boom the thickness of oil is primarly governed by the --
stagnation pressure induced bj the protfuding boom draft.. In this
case it was assumed that this influence occurs for a reéch length
up§tream of the boom equal to 5.0 times the boom drafg. Consequently
5.0 boom drafts are subtracted from the measured oil slick length.

-’ Finally the length 6f an oil slick is governed by the volume
of 0il tésted,aﬁd the width of the flume. In thf§ case theswidth of
the flume is constant for all tests ;nd is not included in the 5:

effective length, 4 : ‘ e

Coupling the preceeding factors together, the effective

length of the 0il slick is defined as;

Ice free;

s -
El. = 35395 length - 5.0 boom draft

0il )
vo iume
Ice covered;. N
by Srape ‘1 - ‘
* El. = g% x ~~— x length - 5.0 boom draft
1., . 0il 0il -
_ ; vo lume ' : :
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Utilizing these relationships, all* 44 test have been plotted
as Effective length (E1.) vs Approach Velocity and are presented in

Figure 5.1 .

5.4 Series B Test Re&ults .

) Table 5.1 reveals that 9 runs were conducted to investigate

Qelocity distributions. A total of 10 veloci}y—profiles were recorded

of which 4 were under an ice cover. Thése 10 velocfty profiles are

" plotted in Appendix B

In'order to validate the fheqret1ca1 velocity distributions
developed in Chapter 4 ,Equation (4.2.10)’(jce covered) and Equation

(4.2.12) (ice free),‘it is neccesary to reduce these profiles into a

non-dimensional form.

2

As evident in Appendix B the ihtgrfacia] velocities were not
direqt]y measured by -the laser anemometry syétem;- The interface
oscillated verticaly with each passage of an interfacial wave and
slnce the laser was aimed at a fixed vertlcal location, the readIngs .
were conducted in a continuoysly chang1ng medium between water and

0il. The coefficients utilized with the laser system in calculating

velocity differ with oil and water, and, thus, any attempt to directly .

cafculate the interfacial velocity was impractical.

-t

-

S e e o rrt—
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Estimates of the interfacial velocities were derived frop the
internally measured ve]oéities and with the aid of the preceding
theoretical relationships. In the case of ice free conditions, the"
surface velocity was first establiehed by extrapolating the measured
velocities immediately below the surface. This velocity was in turn
assumed to be -0.5 times the interfacial velocity as suggested by
Equation (4.4.12). For the-ice covered condition, the interfacial
velocity was. calculated as -3.0 times the maximum upstream velocity.

Both the surface and interfacial velocities developed in th1s manner

are 1nd1cated in Appendix B.

Utilizing the estimates of interfacial ve]pcity,
dimensionless velocity profiles -composed of
U(meaSUPEG)/U-(calculatéd) Vs y/h were established. The profile for
the ice free and ice covered oil slicks are presented inNFigures 5.2

and 5.3 respect1ve]y | . E \\

The development -of the 1nternal velocity distributions in
Chapter 4 leads to an exam1nat1pn of shear stress and a compar1son of
the relative slick thickness between ice covered and ice free ‘0il
slicks. It wes demonstrated that for similar shear stresses and
interfacial velocities the ice covered oil slick should be 4/3 times
as thick as their ice free counterpart. Visual tomparfson of the oil
profiles contained 'in Appendix A for Simi]ar approach ve]ocities
reveal that this trend is reasonable. Specific comparlson is not
possible as the thickness of 0il slicks var1es with the 1ong1tud1na1

position and the length of ice free, in addition, ice covered oil
» - , - . .
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slicks also vary.

Support of the assumption of a similar interfdcial velocity
and shear stress is provided by the following analysis. Figure 5.4
represents the interfacial velocity as a function of approach velocity
for both ice free and ice covered oil $licks. The general trend
indicates both ice free and ice covered interfacial velocities are
similar. Figure 5.5 reveals the shear stress 9; vs. Uy; as
calculated by Equation (4.3.1),for the ice free case , and (4.3.3) for
the ice covered example. Here again, the ice free and ice covered

represent ‘similar shear stress at comparable velcoities. The

preceding two plots do not distinguish as to the longitudinal location
of "the recorded velocity data. However, Figure 5.6 reveals the shear

stress coefficient as a funciton of.longitidinalgggynolds Number. The

coefficient is calculated as; <\
C_i= 2 U.i
| G
P

Table 5.2 reyeais the primary'dgta used td compile the

o7

preceding Figures- 5.4, 5.5, and 5.6 .

- .

5.5 Seriesaz'Test Resulfs

»
It was observed in ice free 0il slicks that intially short
waves, at the leading edge, of the order of 5 cm. would grow as they

migrated along the slick to become larger waves of the order 15 - 30
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_.cm. within the viscous zone. These waves would travel downstream with

the following speed;

Rapeseed 011 15 - 25 cm/s.
CWO base‘oil 10 - 20 cm/s.

Heavy geér oil 3 -6 cm/s.

Since-a complete range of superimpdsed waves existed along the slick,
encompassing various wave lengths and periods, it was extremely
difficult fo pin point spécific charactefistics or develop
relationships for the angs as functions of either the different oils

or approach velocities in the various runs.
L

’ -

However, the major observation noted, though not quantified,

was ‘the addition of an ice cover markedly reduced the interfacial wave.

activity. Interfacial waves under an ice cover tend to travel slower

¥ . :
and are composed of only a few waves with §mall amplitudes. It was

noted that the waves consisted)o} a longer wave length than those in
the ice free oil §1ick. The overall basic observation dyring the

. study indicated that ice covered oil slicks exhibit decreased wave
activity, a staBle interface, and are less suscgptib]e to‘entrainment
failure at comparable velocities to ice free oil §licks.

‘r,

)

|
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CHAPTER 6
DISCUSSION

6.1 General

The observations of ice free o0il slicks.méde during this
[
study did not deviate to any significant degree from those reported in
the literature reviewed. This chapter primarily addresses the

observed behaviour of oil slicks as influenced by an ice cover.

The general characteristiﬁs of ice covered bil slicks
simulate those of ice ffee'oil slicks. For example, both types of 0il
slicks exhibit a decrease in oil slick length with an increase in
veloc1ty as indicated in the effect1ve length plot of figure 5.1 . 
With the except1on of the he&vy o0il (in which the‘v15c051ty greatly
exceeds the other oils), this type of dimensional length/volume
adeqBately describes the general length relationship as a function of
approach velocity for both ice free and ice coverad oil s'icks.
fDéviations from a _single line arise from experimental.érror, viscosity

effects, and error in definition of an effective length (ie. boom

Fraft factor).

/o<

T~ .
The three major differences in behaviour of "ice covered oil

~

slicks are the altered headwave act1v1ty, a general increased 011

sllck thlckness and the apparent stability of the oil-water
lnterface. These varrattons will compose the leading theme of the

e

fol]ow1ng Sectlons.

[P
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6.2 Headwave
- .‘3

; 4

" The development of the headwave is the one of the most
dominant features of oil slicks retained by 2 boom. A simple Headwave
Froude Number states that the thickness of the headwave is %wice the
thickness of the slick in the lee of the headwave. More specifically,
the thickness'i§ a function of Froude Number and relative depth.
Benjamin argued that for conservation of eneérgy and momentum the

formation of the headwave is imperative. On the other hand, Milgram L

13
:

and van Houten contradicted this premise by arguing that the shear
stresses are all important in the format1on of the 0il slick profwle.
They further demonstrate (at low velocities) that 1n the absence of
dynamic considefations the shear stress'gén adquately describg the .
0oil slick shabe. However, at higher vélocities,.khen the‘heaGWave is

viéually obvious its existence can not be described from shear

stre§ses»a]one. It was observed during the course of this,thdylthat.~

with increasing velocity the headwave was more eévident,

It is reasonSble to consider that both of these arguments are
valid to a degree. At lower velocities, the shdar stresses are
capable of consuming the energy necessary to satisfy Beniamin's

.

momentum. requirements, thus explaining the absencé of any'headwaves in

"the low velocity ranges. At velocities exceed1ng about 0.2 mls the

-

headwave must form to meet the def1c1ency in energy consumption not
supplied by shear stresses. Observations within this study indicate
that the headwave only apnoached 2 times the thlckness at the ngher

end of the ve]oc1t1es-tested

¢

SV R S ——
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It was, alsg, observed that the 1ce coverednofl slick

v

exhibits 4 thicker headwave but it is less pronounced than in the 1ce Y E

free state at the déwnstream contraction This could be t:au’«fii,y.J two

factors. First, the wvelocity field approaching the ofl slick is u‘?- a4
.\‘ ‘ A A
somewhat reduced in the boundary layer induced by the presence of an

ice cover, poiflbly explaining the less prpnounced headwave formation.
: \ |

kA

The sec0ndupos§?gle factor describing the increased thickness. .
] g A

. can be explained by comparing the analysi§ of headwaves by Benjamin
and Wilkinson. Wilkinson allows the oiT™slick to rise above the water
‘and assumes the stagnamﬁon point at the water surface. However,

Bonjamin s analysis.of air cavities assumes the stagnation point is

i
N
under an ice cover.” Close examinat:on of the two headuanefthickness - -

adJacent the cav1éf roof. This corresponds dlrectly to an o0il slick

relationships reveals that Benjamin's thickness exceeds that.of : }
Wilkjnson by the factor 1/s (this factor was utilized*in the defintien .
of the effective length). Thus, as observed, it is valid that the

=

headwave is thicker under an ice cover. : -
-

6.3 Velocity Distribution

2
>

L v o ' ) ‘
The dimensionless velocity profiles présented in Chapter 5~ ', W
(Figures 5.2 and 5.3) appear to be in réosonable agreement with tnL ' C,

analytical velocity distributions developed in Chapter 4. ' \

[ [ 3

Ly
o

Examination of the velocity profiles contained in Appendix B

reveal that the magnitude of velocity is such that the flow is :

. 1)
»

o
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of. the Navier - Stokes Equatfons for the velocity distributions.

& | R )

basically‘léminar.q Thjs-supborts theiuse of the'simple 1-d solution

il

éﬁ)

V}sual comparison 'of the two d1stribut1ons suggests that the

.

d@vr&tlons from the theoretical re]at1onsh1p are greater for the ice

free case. This deviation from the theory probab]y stems from two

sourcgs;;_gipst, since the interfacial waves migrate downstream and

~induce the oil. slick to.oscillate vertically, the fixed position laser

anemometry measurements are actually averaging the ve]oc1t1es from

several d1fferent oil depths. The 1nterfac1a1 waves Were most act1ve
in the ice free oil slick SInce the addition of \lce cover
/

. suppressed wave activity. The second 'source of er or isi from the

L,

néglect of the orbital velocities 1nduced by the passage"of
interfacial waves. This error wou]d be 51gn1f1cant near the intgrface

and of even more 1mportance in the ice free state with 1ts 1ncreased

iwave act1v1ty Evidence of th1s error is 1nf1cated by thé slower

'1nterfac1al ve]ocztles measured by floating partlcles as shown in

N 4
Append1x B. . The p;rt1cle velocities at the 1nterface were

- considerably slower than the measured surface ve]oc1t1es and therefore

demonstrated the trend for greater error close to'the interfacei. In:
summary, even_though‘SOme deviations from theory i evident, the

general”i§reement between‘the‘meaSUred and theorétical velocites

appears to be acceptable. - e

. : ' ¥
. In clusion, the difference between qu velocity

LS

distfibptions of ice covered and ice free oil slicks plays a dominate .

. role in describing the influence of an ice cover on ar 0il slick.

»




- 6.4 Interfacial Instabifity ' . "

111

The seeond major dev}ation in the oil sliék behaviour,
induced by the presence of an ice cover, is the apparent suppression
of interfacial wave growth.

) . .

There are a several passible reasons as to why the preceding-
conc]us1ons are in direct contradiction to the linear K-H lnstablltlty
ana]ySIS. First, it has been suggested that lnte;faCIal wave growth
is suppressed by the presence of a thick boundary layer. In the case
of an ice covered oil slick the boundary layer already present from
the ice cover itself should suppress interfaeial waves at phe
interface. This s supported by the observation of weves of greater

length on an ice covered oil S]le which are ]ess critical than the

shorter waves that lead to breakuqﬁ}ﬁl&&ﬁix:{;ab111ty analysis.
3

Secondly, viécosity dampens the growth of interfacial waves.

The increased thickness of the vil slick as previously'demonstrated

“allows a greater internal dissipation of kinetic-energy. This

mechanism for viscous energy dissipation appears to suppress the K-H

‘instability at the oil-water interface.

Finally, the preceding analysié has been simplified in

several other areas. The K-H solution is based on the assumption of

irrotational flow. The analytlcal and measured veloc1ty distributions

' Indlcate that thlS is not val1d‘for either the ice free and ice

covered cases. Liebovich shown‘that neglect of the non-linear terms

7

as
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in the solution of K-H instability analysis lead to lower critical

“velocities than those which exist before the onset. of interfacial wave

break-up.
~ .
In conclusion, although K-H instahlity analysis indicates
that ice free oil slicks should be stable in comparison to ice covered
011 slicks, the observat1ons during this study support the preced1ng
arguments thab%ce covered oil slicks are less subJect to 1nstab1]1ty

failure than the1r ice free counternﬁrts



CHAPTER 7
e CONCLUSIONS AND RECOMMENDATIONS

-

7.1 CONCLUSIONS

The general behaviour of ice free o0il slicks is well

[
documented in the ava11ab]e literature. This study serves as an.
1n1t1a1 evaluation of the effects a salid ice cover causes on the

deve]opment of an oil sl1ck reta1ned by a boom. The major conclusions

« arising from this study are as fallows:

1. There were no deviations in the behaviour of ice free oil
slicks which were contary to the 1iterature. |

. . RE .

2. The headwave*undeffen ice cover was»observedeto be

thicker than those of ice free oil slicks

3. - Unique relationshipsvfor the internal 0il velocities were
introduced. - The differences between the ice covered and ice
free 01] s]1ck ve]oc1t1es play a dominate role in descr1b1ng

the 1nf1uence of an 1ce cover.

4. As a result of the differences in velocity disrtibutions,
the ice covered oil slicks are thicker and shorter.

€

P

T 3
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S 3 :
5. A linear Kelvin - Helmholtz instability analysis indicate
“the stability of ice covered oil slicks increases with
increasing 011 51ick.thi¢kness. However, K-H instability

analysis shows that ice free oil slicks should always be more

stable than ice covered o0il slick;. The bbservations

- conducted in this study lead to a direct contradition to the

K-H instablity analysis as ice covered oil slicks.are more

stable than their ice free counterparts.

7.2 RECOMMENDATIONS

- Prior to the establishment of a compféhensive an§lytica]

model of ide‘covered 0il slicks, several critical areas should be

~

examined;

“1; In order to facilitate the use of shear stress in a force
balance, a more dgtai]ed've]ocity sdrvey should be conduéted

along the entire oil slick length.

2. 'The question of interfacial iastablity shoud be
addressed. Emphasis oh the‘estab1ishment,of a relationéhip

" for the critical breakup velocity should be pursued.

3. Tﬁé ice cover utilized in this study served only as a
"soijd boundary condition. The effects of a real ice ‘cover |

' should»Ee exploréd.

- r

— e o e
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o TABLE 3.1 .
OIL PROPERTIES

OIL I Rapeseed 61]

b
Viscosity : = 67.33 centipoise "at 21.1° C
Surface Tension  =44.71  dyne/cm ’
Density = 0.915 gm/cm3

0I1 II CWO Base

Viscosity 22,75 centipoise at 21.1° C

Surface Tension 28424  dyne/cm

Density 0.862 gm/cm3

OIT II Heavy 01l

Viscosity = 3794. centipoise at 21.1° ¢
Surface Tension = 32.33 dyne/cm a
‘Density = 0.910 gm/cm3

A1l oils were properties determined prior to use in the flume.

~—
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TABLE 5.1
TEST SCHEDULE

RUN  ICE OIL VOLUME  VELOCITY WATER BOOM LENGTH -~

NUMBER liter cm./s  DEPTH DRAFT cm.
Co cm. cm.
Series A
1 no 1 14/ 24.1 44 9 104
2 no I 28 24.1 a4 9 168
3 no 1 28 . 25.5 44 9 152
4 o 1 28 - 27.0 14 10 145
5 no I 28 28.3 44 10 137
6 no I 28 29.7 44 12 130
7" no I 28 27.6 47 10 154
8 no I 42 24.1 a4 9 236
9 no I 42 25.5 .44 - 10 221
10 no I 42 27.0 a4. 12 198,
11 yes I 42 .27.0 a4’ 15 191
12 .yes T 42 . 25.5 44 15 213
13 yes 1 42 . 23.6 46 15 251
14 om0 1 42 " 23.6 46 12 267
15 no 1 28 27.8 47 - 12 | 152~
Series B
16 no I .21 4.1 44 10 - 150
17 no II . 22.2 47 8 . 235
18 yes II 21 2.0 . 47 8 . 23
19 " no II 2L . . 28.6 44 9 ~ 190 -
20 yes II 21 28.6 44 9 167
21, no II 2 2.1 44 10 28
22 no II' 21 24.1 44 - 10 187
23 yes II . 21  28.3 44 10 169

24 . yes II - 21 28.3 44 - IQ 152

Py



RUN  ICE

NUMBER
/Series C
25 no
26 no
27 no
28 no
29 no

- 30 no
31 yes:
32 - yes
33 no
25 no

- 26 no
27 . no
28 no

29 no

30 no
31 yes
32 yes -
33 no

34 no
35 yes

. 36 no
37 no
-38 yes
39  yes
40 no
41 no
42 yes?
43 yes
44 no

0IL

11
I
I
Il
Il
I
11
11
11
IL
“11
11
I

SIT

II
11

VOLUME  VELOCITY WATER

liter

21
21

28 .

28
28
28
28
28
28
21
21
28
28
28
28
28
- 28
28

.28
28

28
21
2
21
21
14
14
14

14

~ TABLE 5.1 con't

cm./s

25.3
26.8
28.2
29.2
30.6
26.°

- 26.2

27.5
21.5
25.3

- 26.8
- 28.2
29.2

30.6

‘ ‘ 26-2

26.2

27.5

27.5
28.5

28.5

30.4
24.9
24.9
26.1
26.1
23.4
23.4
22.0
22.0

DEPTH
cm.

a4
a4
a4
a4
44
a4
44
44
44
a4
44
a4
44
a4
44
. 44
a4

a4
44

43
43
45
45
45
45
a5
45
45
a5

BOOM _
DRAFT
.cm.,
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»

A
*

LENGTH
cm.

213
179
213

. 192

178
229
206

190

210
213
179
213
192
178

229

206
190
210
201

. 182

165
137

122

114
122
91 .
84

91

99
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TABLE 5.2
g INTERFACIAL VELOCITY DATA

-
RUN —¢ICE U Uy,  h. oy C; X R
NUMBER-‘ _(_Z_l% i cm d1ne b cm "
s s v’?mxr x 10* x 10°
] - 4\ < ‘
16 no 241 12.0 4.5 w7 6 83 2.00
17 no 22,2 .9.0 2.5 2.38 . 9 160 3.55
. 18 yes 22.0 10.0 3.0 _2.93 12 138 3.04
S 18- no 27.3  18.0 2,9 4.10 11 115 3.14
20 yes 27.5 17.0 3.4 4.40 12 92 2.5
21 o 22.5 16.0 2.6 4.06 13 138 3.52
21 - no  25.5 16.0 2.4  4.40 13 83 2.12
22 no  28.3 15.5 3.0 3.41 ‘8 132 3.74
23 yes 28.3 ' 14.0 3.8 3.23 8 114 3.22
24 yes 29.3  20.0 3.7 4.75 11 77 3.2



FIGURES

120



) ‘ . 121

p
&
N \
~ .
X , ‘
——Uu < o02mfs
- - a) LOW VELOCITY
near boom ’
. headwave viscous zone s zone
. : M
'\/_\,‘-\/\J/\,;\
0.2 m/s< 4,K0.4 m/s ’ g
. . -
, . 1
b) MEDIUM VELOCITY
' (

O
~—-~‘>‘U>o.4m/s.' o
' \

) HIGH VELOCITY

\ 'FIGURE 1.1 - GHARACTERISTIC OIL SLICK PROFILES

. ) ! . - E
- N
. . .
+ “ .
i - ® . .
i - - . - .



122
v {
h ‘ ail
p.- pb' S
D U
W .
d
watar ' « P,
-l ) B
roe TITII 77777 ) 77777
) »
a) Headwave Definition - \
b}
A »
«. U - : '
. 4 -
v . N i .—f oil
~ \ h . m
. . ‘ J po.pnr‘ S .
g -
™
u d : "
- water Pn
5
s Ol e
b) Viscous Zone Oefinition
FIGURE 2.7 DEFINITION SKETCH
o _ .

Y



Sy

=

/
By h on p hea Py
L — Po9 h+ah
Y o Il
fon A\
[ )\
[— A\
L . \
= o 4
P, = : —\ ‘
= WATER A, ==\ e
= g =\
[ — | =\
f— - —p———)\
[ i
y 4 —
.ILL‘ . *31‘
[—— P.9d~ p gd :
£ ¥ TIDE=N
. -
FIGURE 2.2 VISCOUS ZONE CONTROL ELEMENT



2 \ o ¥y .--

' _Ax ;

]
B
(W-v) 9(h3 ah)
TR, 8,9(m+am)
. [U?~(V+aV)®] g, /2
' &) Forces acting on a differential element of length of "thg\l oil
L .
0 50 100 . 150 200 250 300
° 1 1 -~ | 1 * e
-2 -
M e ] S~
0.08- _ , _ ‘
c,%%* | o N | E »
"1 0.02
0o . : : ———
(e . M .
water speed = 23 cm/s
' : . o ———  measured
: .« - b) Type | distribution ——- caiculated
L 150
r L
x—k o
I

water speed = 34 cni/s
©) Type it distribution

. FIGURE 2.3  MILGRAM AND VAN HOULTEN OIL sLiex -

o AT



125

i

HOL3NS NOILINIZ3A ALITIGVLISNI

. ¥'Z 3¥noI4

191em W

-

e °d -

oy hi ey




NOILYHNOIANOD INNTL JILVNIHIE ...w JYNold - -/
B . ’ . - . ' v
N ,
(Yo
2 -
o ) .
Ce- » 7 i
. . = | o~ . )
l.
dwns woyy . J\ —
B Jo3ow Mmojj - >
L. . .
El PR 1]
) e 147 e ), Y775 U 77 *
» . : .
ui ¥ —pr—
Y . . TR ,
. . s
; = a -
Y . - o” o
) ) . o ;
o . -
. wo° .
. sunys jo doy—" . K A
-0}88 joysiepun,| T N . ._oo..o-..,
4004 . ..o-.o‘o.oeo.::olw wg : t
) wo g - 'TYH] T
- uojioes ise; - xoq peey .

©

T TR S TR

PNt



. - | | ©o127
o
, ) @
VELOCITY '
) c——t ’
y-o -—u"._ ; B
g o . b
» .
EQUATION 4.2.2.12
y=h ]
' ‘WATER v \
“FLOW .
PR 8) ICE FREE CASE )
VELOCITY
y=6 i : \ I
. on L
EQUATION 4.2.10 h
s ‘ N
[ I
‘y-" - , v
. ' -\ —
: _ . ° u. ‘ N\ : .
WATER AN \ L
. ) S —— e e .
- FLOW
\ ~ ' 'B) ICE COVERED CASE
. . .
R O ' o : . o L
FIGURE 4.1 ) ‘I'DEALlZED VELOCITY DISTRIBUT"ION

o

o

@



[

Effective Length (cm/litre)

.

5.5

5.0

4.0

3.5

_ﬁ.ov

2.0

1 O Rapgheed oll ice free
) ® Rapeseed oll ice covered
] D CWO base ice free .
1 a o) B CWO base lce covered
7 vV Heavy oil ice free
b ® v Heavy oll ilce covered
N ©
© ©
O. /\ \
4 o (0] .
. O
‘a
1 @
- Q@ ®
| e o
5 - .
. )
= @ ,
- a O.% 4
. o] 10} B
4 L e "
bY o
v a a -
v -
. ' (o] .
- N
. \ a ]
N N (o]
] ; LN
. ~ , o
T L3 T T 1 ) Y T Y
2 23 24 25 26 21 28 29 30 3
) < - \\\.
_Velocity ( cm/sec)
FIGURE 6.1 . EFFECTIVE LENGTH </ EE
."



130

0z

NOlLNGIHLsIa

0’

nfn

ALI9073A 3344 391 z'9 3unoI3

S0

%

uILVM

*4 0049

T8 -

¢-1191% 2
(0®)1 8 -

N 1

i1

9

NNY

T2 ¥ NOLLYND




131

2 Y e
o R
- . . ) . . cﬂ
- ’ - . : P
zo_._.:m_x._..w_a ALIDOT3A @3H3IA0D 301 €°9 IHNOI4
o ‘n/n
oz s’} o S0 0 $0-
Y T - Y oz
\ o
. g v | yaLvm m Is1
oo v |
e v ,,
4
. .@D v v - - . :
¥ o Ys4
01°2°¥ NOILYND3
t\ v-y3 oo lso
csez . .
- O o2 : 0_
. v 8V
. NNY .
Y3A090 301 o
A .
s



132

© ALIOOTIA NVIYLS

3344 HLIM ALIOOTIA TVIOVAHILNI 40 NOILYIIHYOD

] (s/wa) n
ot - - 4 oz
T T T T T T T T 2
H~ o ~
> a1 - a—
ae -
’ (s} 4 N -
/ \ . |
A ) 4 s
* o .
- ooz -
oei o -
/ o :
oz % oz

1



133

it 14

- 3
-

ALIDOTIA TVIOVAHILNI HUIM wwmka HY3IHE 40 NOILVIAHUHOD |

’

s/ws '
111 o1
4 1 1 H 1 [ 4 13 I i 1] H [ 4 B
~ ael
act
S
- < ) 2
N o sl
. ogz
ozz .
oel .
> ) (a2 ¥4 /
. noZ o
R .
R -\ £ .
L -.

02

oy

o%



134

)
mmm:zz .a._oz»m.._ HLIM INSIOI44300 NOILOWMS 40 NOILYI13HHO0D ._ 9'9 mc:c.n_‘-
) _
Ox 0oy I s01%0°g" T2 ;,  OI¥OT
v_ ¥ 1 T T T | T . T - :
o | | & 960 .
. : ’ -11 N
y Ry ,
) Bee ) ., ’ 7 800
jsk A4 |
’ » . . _o
oL _ . : !
‘ 1 oio
1 £ A
o6l : L . a 1z A
| . A Y B
st
\\ BON L N—Oo
gic
.
. {
r ) G.u



? 135

BIBLIOGRAPHY
Agrawal, R.K. and Hale, L.A., "A New CFiterion For Predicting Headwave

Instability of an 0i1 Slick Retained by d Barrier",

Proceedings of the 1974 Offshore Technology Conference, 1974.

Benjamin, T.é?, "Gravity Currents -and Related Phenomene, "Journal of

Fluid Mechanics, Vol. 31, 1968, pp. 209-248.

Ve
t

Chandrasekhar,'s., Hydrodynamics and Hydrodynamic Stability, Oxford

University Press, 1961, Sec. 101.

Cross, R.H. and Hoult D.P., "Collection of 0il Slicks", Journal of tﬁe

»

MWaterways, Harbors and Coastal Engineering Division, ASCE,

Vol. 97, No. WH2, Proc. Paper 8122, May,.1971, pp. 313-322.

Cross: R.H., and Hoult,D. P., "0i1 Booms in Tidal-Currents"

Proceedlngs of the 12th Coastal Eng1neer1ng anference ASCE,
1970, pp.: 1745—1758 N
(_/ . . ’ ‘ -
Dick, T.M., Marsalek,'J., "Ipterfacié] Shear Stress in Density

Py Wedges", Proceedings of the First Canadian Hydraulics

Conference The Univers1ty of Alberta, Edmonton May 10 and

11, 1973, pp. 176-191. ' '



Co. 136

Drazin, P.G., “"Kelvin - Helmholtz Instability of anite Amplitude,"

Journal of Fluid Mechanics, Vol. 42, 1970, pp. 321-335.

Hale, L.A., Norton, D.J. and RodéﬁEE?ﬁggLQE:A., The Effects of

Currents and Waves on an 0il Slick Retained by a Barrier,"

Texas AaM Report to the Coast Guard Under Contract

DOT-CG-23357A, 1974..

Ippen, A.T., Estuary and Coastline Hydrodynamics, McGraw-Hi11 Book

Company, 1966.

Jones, W.T., "Instability at the Interface Between 0il and Flowing

Water", Journal of Basic Engineering, ASME, Vol. 94, 1972,

pp. 874-81&;; . "

Keulegan, G.H., "Interfacial Instabi]itj-ind Mixing in Stratified

Flows", Journal of Research.of the,uat1onal Bureau of

\/
Standards, VO] 43, Nov. 1949 pp 487-500.

Q

Lamb, H., Hydrodynamics, S1xth Edition, Dover Pub11cations New YOrk

1932.

.
¢

Lau, Y. L., and Kirchefer, S.A., A Review of the dynamics. of Contained -

011 Slicks in Flowing Hater, Canadian Centre for Inland

Waters, Mar 1974



\

¢ .

\ S 137

-

Lau, Y.L. and Moir, J., " Booms used for 0il Slick Control".‘dod;nal

. of the Environmental Engineering Division, ASCE, Vol. 105, No
. '

* EE2, Proc. Paper 14530, April, 1979, pp 369 - 382.

Leibovich, S., "0il Slick Instability and the Entrainmeht FaiJurg\of’I

0il Containment Booms," Journal of Fluids Eggjneeéiqg; ASME,
“Vol. 98, March 1970, pp. 98-105. ‘ ~ '

Lindenmuth, W.T., Miller, E.R(, and Hsu, C.C., “Studies of 0il«

Retention Boom Hydrodynamics"r U.S. Government, Dept. of
. ] : K )

Transportation, Report No. 714102/A/008, Dec. 1970.
: 1

- : \ ‘ }'

5 'Milg;ém, J.H. and Van’Houten. R.J., “Méthanics of a Restrained Layer

v

of Floating 0il Above a HaterfCurrenth, Journal of

Hydronautics, Vol..12, No.3, July 1978, pp. 93-108
. \ ! ‘

. 124 '3 . .,
‘Mitra, A., and Greenberg, M.D., ”Effecﬂ of a Wavy Bg}tom on Kelvin-

“ Helmholtz Instability", Journal of Hydronautics, Vol. 8,
No.2, April 1974, pp. 53-57.° |

. \

Y

S g

Schlictfng, H., Boun&ary Léxer Theory;'Gph Edition, McGraw Hil]

L 3

N .
Book Company, 1968.

-\
% AT N da

-

Turher,‘J.S., Buoyancy Effects in Fluills, Cambridge University Press,

J

. : : . $ . S .
1973. 2. . | I | J

-

-l



138 .

S

w.

Von Karman, T.. *The Engineer Grapples with Nonlinear Problems"

. = Bulletin, of the Americah Mathematical Society, Vol. 46, Aug.
N - 90, pp. Gos680. T |
P - ' L

i

W

K Hicks. os “Fluid.nxnamics of Fioatingu0ii Containment by Mechanicai

‘% E Barriers in the Precence-of Hatfr Currents“ Proceedings of

: Joint Conference on Prevention and Cthroi of 011 Spiiis,

American Petoleum Institute, 1969, pp. '55-106. - . Q

Hiikinson, 0.L., "Containment of 041 Slicks in the St Lawrence River"
~ National Res‘erch Council éﬁvision of Mechanical .
Engjneeringg Report No. LTRnHY-lS Dec. 1971

Sy o

f T " | Uiikinson, D. L., “Dynamics of . Contatned 0%1 Siicks“. Journal of the "
| . Hydraulic Division, RSCE, VOI 98. No._HYG, Proc. Paper‘8950
. June 1972, PP. 1013-1030. I lv‘.” C. ‘ L . §

> ." . . Q'.

-

R unkinson, oL, "Limitations to_Length of Contained 011 Shicks®,
N IR Journal of the Hydraulics Bivision.AASCE, Vol. 99, No.. "YS,
iz

Y

Tt el %Proc. Paper smi May 1973, Pp. 701-712.
) Yih C S., Non Homogeneous Fluilds, The HacMillan Company, New York
198,

- *



APPENDIX ‘A
OIL SLICK PROFILES

13

i

s



140

~~

_ (wd) wooq jo weesnsdn oo:\aainﬁ

- o
, .0 © = O °

st 0s SsL

o

=

- 0SH

)4

sh

o]

- @

o 0 © o ﬁ ,
o o o | .
o . . el
- o
] ) -
® o . o
o . < .
© " %9000, ~ 1re
* 0 0 (o] o
. ©coF ‘0 .
t ) . o . .
0 .
- " —
Po o A . .~
4 I'vZ
. 0 0 o fo)
o - k] ..
~

(w2) 'ss'ouxagq;

¢ LR e M N
" e WSy a1




141

.

“~.

<

(wd) wooq jo weesnsdn esueysig
s : .

sh

'

_u |

\o.

o

¢

(wd) sseunapyy

c e

e

B

—, . ’ ’ "‘...



142

“(wd) wooq jo weansdn edueys|g

SL 00 sz  osi sit o0z S¢z

* ol SRR | m.nu.

! - ,. Y 0oL

N A

0+

(wd) sseundiyy



143

q .
(wd) wgoq jo weasisdn adueysig

-

]oq

S

001 szt

0S4

SL)

00z , sez - ow\?on

O~

D

(1))

= .

(wa)) sseuxnoiyy



144

74

>

) O

&«A

8 ..

['R

A

0[

-

0-zz

M

(wd) sseuydiyyL



145

2
.

001 ‘sz ost SL o0z = s

>3 14

(ws) ssaun:)mj, ’

e .,,.....,u,.,.,.u&.«x.‘.\.,uww



146

Y . . ) : . ) v

]O-

s oSt su &n | =~

e - T'8T

1

K

F . . . : ﬂ.ON

10

(w2 snuxom':j.'



147

, Lo .

(ws) wooq jo uiessjsdn esueys|g e

] A - . . . S°'LT

os m,n b sz os1 - SLi. M« stz ﬂ«ﬂ.

& 2]

T

=B

/!
N -
o~

*a

ot

L)

(w3’) saeu nﬁj yi



148

tJ

st

. co - . . ,“1

-

$° 9

»

d
{wd) nbt’{iiml

- G

. T see

N . - . - sug




149

he

(wd) wooq jo weesnsdn edueysiqg -

]°-

au

00} szt 0%

.a,r

.. &m.( stz

‘lll
1'92

1" 92

‘e
e

oo

.

a

(wo ) tipuu:mm;_

o



.

RSV

o~y s

o WA

150

4

»

'cn“

veT

(ws) _otc'quaag"i‘;x»c,' o




APPENDIX. B

OIL VELOCITY PMSS
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