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I. INTRODULTION

The hydrodynamic aspscts of o1l containme it Dy retention
booms were investigated for the United State: Coast Juard under
{ontract Mo. DOT-CG-00504-A during the period from January to
Qctober 197C. The objectives of the stuuy were to develop a
fundamental understanding of cil retention hydrodynamics, to
derive proper scaiing lawe and procedures for model experiments,
and to provide model test data and criteris which can be used
to predict contalnment performance of prototype booms uader ad-
verge envircamental conditions,

0i1 spills st sea are beccoming more numerocus and such
spills are recognized s a msjor environmental hazard which must
be cleaned up a8 rapidly as possible. A major component of many
proposed Clsan-up systems 1s a containment boom. Floating »11
can be herded into & confined ares where its depth 1s grest
enouvgh to allow special methods o be applied to separgie the oil
from the .gter. The [loating "fence" us=d to "herd” the o0ll s
generally referred to as a boom. In ile simplest form the btoom
may be ervisioned as a vertical plate having buoyancy elenentc
80 that the barrier sceks an equiilibrium position at the water

surface with a resulitiag freehoard and draft.

The m2chanism by which s boom collects ©11 is most easily
understood in two dimensicne. 1If the boom has o relative velc-
city with the water or the alr sbove the water there 18 nro ten-

dency for oil to thicken cn eilther side of the parrier. However,
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if there i{s a relative current or wind the resulting shear

forces on the cil-weater or oll-alr interfac- will cause a flom
of o1l toward the barrier. This {low =111 result in a thickan.
ing of the cil on the upstream side of the barrier. The relative
current required to achieve this thickening may ariss from moor-
ing the boo= in natural currents or by towing the boom through
the watsr. A8 the oll layer is thickened g hydrostatic pressure
is bullt up toc oppode the current forces. For a given volume of
oil, current velocity and oil specific gravity an eguiliibrium oll
thicknase should be rasched 1f there ig noc icss of oll past the
barrier.

Actually, even in calm water (no waves) the mechanisms of oll
bulldup shead of the boon in & relative current is rather complex.
¥hen the velocity begins to increase, the thickness near the boom
increases and this region of increased thickness propagates for-
sard of the boom, If the terminal velocity is assumed to he
reached in & relatively long time ithe flow may ve visuallzeu ¢

have the foliowing characteristics. This description assumed a
fixed amount of oil exists upstream of the boom.

1) Ae the velocity is increased incrementally, the
thickness of o011 ahead of the boom ircreases and
the length of the oil .ayer decremses. This effect
of current or other forces to compr28s the oil

layer 1s commonly referred tc as setup.
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2)

3)

-
At low veloc ' tiss the oll thickness at the boom is
small and the extent of oil forward of the boom is
veary large. Conseguently the shear force on the
oll-watar interface acts cver a large arsa and is
th2 principsal force causlug the oll thickening st
the barrier. This shear force causes the oil layer
inside elevation te appear wedge shaped. The wedge
hisx roughly n paraholic profile,

At practically all veloclties, it 18 observed that
the leading sdge of the oil far upstresm of the

boom is sheped like one half of an arrowhead. This
"headwave” is characteristic of all such density
currents, and its size is determined by the relative
current anid the oll specific pravity. The oil
thickness increases tc & saximum in this leading edge
region at & slope of approxiiately 20 degrees tc the
horizontal. The flow then appears tc become very
rough, simlla* tc &n inverted breaking wave or by-
draulic jump, and the thickness aimosi abruptly be-
comes about one-half i1ts maximum valu2., Clearly a
drag force acts on the oil voluie as & resuit of
this leading edge action. At vary ow velocities
and large volumes of oil this "read” force is swail
compared to the shear force and the oll profile or
setup 1s charecteristically a thin parabolic weage.
Typical oll profiles with moderstely sized headwaves
are shoun in PFigure 23.
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4)

5)

bl -

As the velocity is increased the oll upstraeam of
the boom increases in thickness wnd decreéases 1in
forward extent. The headwave slze 18 proportional
to the velocity sqguared. As a result the headwsve
and the turbulent sction assceclated with it be-
comea a more predominant feature. In fact the
drag force associated with the hasdweave bacomes
increasingly large as compared to the rhear force
in balancing the nydroetatic heed ceused by the
f..creased cil thickness at the boom. The increased
turbulent activity at the headwave 18 pecompanied
by & bresk-up of the oll interface in this regisa
into droplets.

Pinslly a velocity will be reached for :™ich oil
escapes benesath the boom and for higher velovities
the boom can rapidly i. e almost all of trs oll
previous i contalr ™ on the upatreem side. This
fallure or mexisum containmany velocily may be
reachsd by either of two mechanices. Thees are
vefsrred to as "drploage” and “satpaiopent”. dn
entreinment faiiure is seid to occur whan the oll
droplets forwsd at ths headwave [or by other iur-
bulant action) and entralnusd into the wator [low
40 not have sdeguate time to rise back to the oil
layer and 8O are swipt umhr the boom. Drairage
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fallure occurs vhen the extent of oil upstream of
the bous 14 sufficlent to prevent entrainment fali-
ure, But tin oll thickness at thz boom simply ex-
ceeds the Hoom dreft slightly and so must escape.

Cloarly, the action of waves superimposed on the flow juret
describied complicates the picture g~d leeds to lower r. ximum

i valoelitiss for effective containment. Thres-dimensional effects
furthsr complicate the flows associated with real oil booms.

The purpose of “he experimental and analytical study
raported heres wes to develop an underetanding of thase compiex
flows ard thus to pirovide information necessery for the design
and evaluation of oill containment doows .

The problem of oil containment was approscted in & manner
such that theorstical and experimental efforts were complemsntary,
T™hiis, sxperinents wers dseigned tn teet thpoousicsl predic.ions.
The theory was altered, in turn, to reflect experimental fircinsgs
ard to suggest directions for furtner laboratory studies. Be-
cause of the great intardepandence bdetwesn the osxperimentai arnd
asalytice} work carried cut in this investigation. the foilocwing
section (I7) dsscrides the vartous aspects of the study, revies:

; existang {nroremtion, expleing the nalyéés wnicn were ckIrlied
out and frequently : yers to the eiperimental results whicen are
prasanted in detall in leater sections. Sectinn . is therafore
& summary of ths various sapects of oill slick hydrodynamics based
on oth experimantal! snd theoretital efforts. Ryguations and
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curves which may be useful to the boom designer are also presented
in Section 1I. The design curves are geneiwlly applicadbie to
full scele booms and have been projected frok mudsl test resuilts
with corrections, where necessary, to acccunt for model scale
sffects. Details of ths mcdel test equipment and procadures that
ware used can d¢ found in 8ection III.

Substantive data and discussion of the model tsst res:ltz
that we have ased to develop the summary of hydrodynamics are
preaentesd in Section IV.

ik
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I1. SUMMARY OF OIi SLICK HYDRODYNAMICS
A. The Headwave

Tie headvav. 13 a characteristic pnenomenon of two-p! asa,
density-stratified flows, Headweve formetions have beon obser-ed
at the leading edgs of: wuddy weter “lowing in clear water (tur-
bidity currents), salt weter intrusion in fresh water, cold
fronts moving into varm sir, and oil slicks contair:d by booms
against water current {(see Figure 2] and Reference 9). Dimen-
sional analysis shows that th¢ detalls of stratified flows ere
cunrtrolled by three major nim-dimens!onal parameters: Reynolds'

number, Weber numben and Proud: number. These parameters are
associated with the balante between inertial and viscous forces,
inertial and i terfacial tension forces, and inertial and buoyent
forcee, respectively. 2 the idzal case of inviscid fiulds with
no interfactal tension, the flow csn be characterized entirely by
the densimetric Froude numbar:

h-1%.-3

U = Relative fluid velocity, ft/sec

= Lotal gravitationsl acceleration, ft/zect

« A sharacteristio: .angth., It

= Dogeity di ference detween flulds, L.e., g -p_, lbm/ft®
« Averege dsnsity of flutds, lbom/ft?

‘bn" o
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For the particular case of an oli siick headwave (far v--

stream, sc a8 not to be influencci by the bucm), it is convenient
to redefina the densimetric Proude number .

) U
o " TR -

where
th = flaximum headwave thickness, ft
P
8 = 8pecific gravity of oil ;2 , ™M ’

"

g = g{1-s)., ft/sec’
subscripts o and w refer to 7211 and water, respectiv: ly.

BExperinental evidence with real fluids (References 1 and 9)
indicate the existence of a unique headwave geometry. Thus. the 1
shape of the hoadwave s fixed (see ?igure 21), the ratioc of
headwave "hickness Lo slieck thickunees th/t1 ia fixed, and th is »g
proportional to U*/g'. The proportionality constant (F*) 1s |
not known exactly. However, the hasdweve Froude nusher has gen-
erally bear obadervad to ue close to unity. Real fluid effects
arisirg {rom viscous and 1-terfacial forcss can alter the size
and geowtry of the hegdwave from the idesl case. Experimental
data are presented 1n Section IV-A. These data confirs that for
& speciric oll and moderats velocities the valocity and headwave v
thickness ars related by s constent headwave Froude nupder of

approximstaly one,
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B, 01! ‘lick Setup

Witn fdesal fiulds, *ne yrefliie <f an oil slick (ontalned n
calx water would consist of a leading edge headwave fc'lowed by
oil of uniform thickness. 1In reality, viscous shear forces from
wini and current cause the slick to thicken downstream fivom a
point »f minimum thickness behind the neadwave. Grav!'y waves
passing through the slick create local disturbances and &lso

affe:t the average distributi~n of ot},

i. Wind end Current

The mechanism of slick thickening (References 1, 7 and 10)in

wind and current 1e well understood in a general sense. The oil

layer thickens in oraer to achieve equilibrium between norizontal
shear [orces and bucyancy forces. A first orocer approximatiocn to
the differential equaticn governing the trLickres: is dev-.icped ir

Appendix & and shows that

LI AR 1
dx  g'p, b 3T
: where
‘ dn : ,
P ix local interfacisl sliope, d
LT = sum of shear fuirrtes at free s.-f&c. and trne interface,

1r/eet
t = jocal slivk thickness, f:
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The difficulty with using this theory iles in the great ~omplexity
inveived in the shear forces, Avaliatle theorles for shear forces
on sclid bodles are inadequate to account fur such effects as in-

terfacial caplllary waves, flow separation hehind the headwave,

and circulstion in the oli zilck.

For engincering estimetes the problem of glick setup can be
greatly simplified by assuming *hat the ~hear forces are constant
along the slick, Herice, the slick is gssumed o have & paraboilic
*hickness distributlon behind the neadwave, 8lick setup is then
easily calculated by using em i-ically determined shear coeffici-
ents, The greatest difflculty using this method lies In extrapo-
lating the coefficients found from small scale model tests to fuii
gcale conditions.

Data for ol] slick setup in current are presentey ir 3actice
IV-R, Siailar data foi ze*.p in wind sre foura i Referernce |
The omputer program 1isi~a i Apperdix B was us:d ¢ find coef-
ficlents io. the simpiified sory that would give gOog agrouvmer:
with experimental! dats. These ccaefficlents (see Table *) rangeo

1 ard tri=rfacia;

Srom headwave Froude nusber Fd = 1.0 tO 1.

friction cogfficlient Cf = 0.002 teo 2.043.

Typiceal predictions of the simpiified otl s..ck setup theory
(Appendix A; are «how. in Plgures ! tc 5. Two-dimensional aulck
jength and il thiciness at the boom are shown &: & funclion of
curtsat for several valuws of: specific contalred volume, oil
specific gravity, headwave Proude number, and intarfactal fric-

tion coefficient. The effects of contained volume and specific
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gravity can ve seen lr Flgures [ and &, while Filgures & ani

show the reiative importance of variaticns in headwave Frouie
number Fd and interfac‘a’ frictlon ccefflicient .
data &.° ~~woarisons hetween data ani compul~? s1lok lengrr are

presented and discussed in Secticr [V-B.

It should be noted that tnese piglections for sllck length
and thi kness may not be ¢ practical interest over the entire

ranges <l parameters given. For exampie, tne siick langth of a
large volume of oli in high current may Le & m~7UL point tacause
i1t 1s not physicaily possible to collect and/or contain a o i'7k

uncer these conditions.*
2. Waves

An experimental study was condycted on the effects of

combined current and wave: on the set

2]

Yp or thickening of & oov-

L)

talned ofi silck, Mims. tesie Indicated thet under Celaln
ditions there could te significant 4ncreases {up 2 2= fagctor of
3) ir the mean s1icK UNLCKness over inw current aluns JAase T
detalls ¢f the testis conducted and photograpns i inls phenomen. -

are presentesd in Section IV-E. L.

*A general warning is in order concearning the full sckie
projections presanied !n unls sectian. These have beer mads U
the best of osr knowledge bul 1t was reQuired to make many =iw-
pilfying ansumptions. We do net know to what exter! <exirapc.a-
tion of test data is Justifiable. 1o some cases. design curves
iy have been axtended teyond the polint whers reglilstic #stimat=:
can be made at this time.
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To date it has not been possibie to provide a quantitativse
theory for elick setup in combined current and waves., [t is
probable that a _ilance is established between the incident, re-
flected, and transmitted wave energy and the thickealng of the
giicK. The me~hanism by which the balance 1s achlieved s not
understood &t this time, As a resnit. the relative lmportance
of the boc. response characteristics ana click characterictics

is not clear.

At the scale of the tests, the mavimum setup of the elick
wae accompanied by the breaking of the incldent waves in the
slicx. 1In this regard, the mcst important parsmeter influencing
the setup undes the conditions testc’ was the steepness of the

fncident waves. These data arc presented in Flgure 3C. Figure 31

presents .nece data in a2 dimensional form as & funcilion of wave
neight and pertod, Large setups are f2en tc have ~2curred for

the range of frequencies testea. Thus it is feit that a simple
resonance phenomencn is rot the resporsiile mechanism,

Several boom models ith different rés;ense charscteristiecs
wars included in the tezts. In the case of a rigild barrier, witr
a dreft that was lirge with respsct 1o wave lepgth, even olecp

waves were reflected with ro sstup resulting. However, for other

neom models with verying amounts of surwe, pitch, ana heave stiff-

ness and dimensions smell with respect to the wavee, the barrier
characteristics had only siror effects on the setup.

avm 2
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A review of the photograph in Figure 29 indicaetes that the
typlical gravity headwave shape of the leading edge of the aliek
becomes more distortsd with increasing setup due to wavres, Thus
it is unlikely that a2 simple superpcsition cof velocities 1s re-
sponsidle for the incresrzed setup. Calculations indicate that
the mass trensport velocity of the waves is not large encugh to
cause the Jdaerved setup.

If the observed -~otups in combined current and waves PFroude
scqie, ar the setups in current alone Ao, then thi. phenomenon
could ave garicus effects on full scale containment. ™oom “wpth
will have to be significantly increused tou presvent catsstropnic
drainage fitlures or the current speed will have to be "sduced.
Thuz, as a result of 1ts possible full scals importance and lack
of guantitative understanding, oil slick setup in combined waves
and current mst be considfered a primary topic for further study.

C. Wntrainwent

One of the mechaniams by which oil can escope from s fioating
containment boom cen be descrided as entrainment. In this type
of failurs oil dropiets from the contained slick are entralned
into the water passing undar the slick and are carried beneat
the boom. Based or the exparimentsl and theoreticai work con-
ducted, a reasonable qualitative understanding of the entrainment
phonomencon hai beens developcd. However, due to 1its axtreme com-
plexity only limited guantitative information on sntrainment is
available.
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1. Dyoplet Formation

Bxrerimente]l astudles indicate that the srimary rapise 4o
which dropieta are formed and entrained into tha water is juat
behind the headwasve. There iz s critical speed for any given oil
at which droplets are first formed and entrained. DBelow this _
speecd thers is ro dron)et formaiiem zed ghove this spead the nus .
ber of droplets formed and the voluxs of cll entrained increases
reaplily. The sxperimentg2l procedures and date on which those
conclusions are besed are prasented in Sections IXII and IV-C,

The c¢ritical spead for drop “ot formation is a complex
function of the interfacial tsnsion betwsen the o011 and water
and tie viscosity and density of the oil. The experiments des-
erided in Section IV-C indicate that the critice: Sipeed for drop-
let formmtion is strongly influenced by the interfacisl tension.
The aveilabi. data indicates that the critical speed varies as
the intervacial tenzlo. to the 1/% power. Tae effect of varla-
tion. Ain density and viscosity on dropliet formation speed is mucn
leas than the effect of interfacial tension. A five parcent in-
creaase in density and a 90 fold increase in viscosity reduced the
dropiet format.on speed 18 percent cr from l.i to .9 ft/esc. If
1t 1s scsumed that therc are no ancmalous chenges of the drcplet
formation spead within ¢r near the renge of properties tested,
it mey be expacted that for the range of oil profuced or trans-
ported by sea, the droplet forsation speed will reny™ »-lssen .8
and 1.3 ft/sec. The exact value of droplet formatiox Zjaed for
any givea oil product will have to de datermined by experiments
Such as those described in Section IV-C. '
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The quantitative analysis of entrainment iasses {s made much
more cok-"lex By the Tmct that the i1 droplets formed bahind iLhe
headwas+ a2 of two types [see Sectior IV-C). These include smali
drops <2 par. oil end large ¢il covere: water droplets which con-
tain only 2 small volume of 0il. The t ndency to form these two
types of droplets is & function of the characteristics of the oil
Ancluding additives and the current speed. A much mcre detalled
test progrem will be required to determine the types of oil and
the conditions which result in & signi*icent formetion of oil
covered water dropists.

Tha sias of the oll druplets that are forwmed behind the
headwave is criftical in deterw’aing their rise velotity aad thus
the conditins .ater which oil will de loct, hn ex“ensive reviom
of ths literature {(References 2, 3 and ) on droplet brsaxup 1n-
dicates that the size of the droplats will depend oin interfacial
tension, o, speed, U, viecosity of the continucus fluid, v‘.
viscoeity of the droplet, v o density of the sculisuweus fluld,
P’ end the density of the droplet, Por he most probabls rela-
tionshin for the droplet size has tha form (Reference &)

‘ g o7
Dimaeter 4 = C, 5—:— (1. + .1 ‘53-;23’ )

Deperiing on the flow conditions, three gets of vaiues have beer
propased for che comstant N, and Ny, They are

Cage 2 o - 1.0 Ny = 2.0
Case3 M =15 Ny = 2.5
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The ax;~-'‘meats described in Section IV-C indicate thet cese 2 or
case 3 is the aore lixely one. Further expariments ars requirsd
to confirm the correct values for a breaking headweve, For casa 2
the value of C, for the typlcel droplet diameter 12 7.26 and for
cese 3 the valus for & 1s 251.

e |
& {!EA 3

Note: C, has dimsnsion ft(fi) (55}

™e relatlionship presonted above applies oaly Lo the case of
pure o1l droplets, No inforimticn is praseantly avallsble on the
relationchips which govern the size or oii conteni of an 01l
coveyed wetar droplet.

Ia the experiments raportsd ia Hestion V-C all droplet forma-
tion wes cbazarved to take plede &t tha aft side of the hesdwave or,
in some osses, tO & limited exisat 4Alraetly in froat cf the doom.
In no cases wsre tha interfacial waves Letween the hesdsave and
the boom observed to “acome unstable ard eatraln droplets in the
water., In tests with larg? specilic volumss of diesel oil, o1l
covered water droplets, which ware fored &t the headusw:, re-
turned to the oil water intarfage bafore resshing the Loom bdut did
not conlesce, Thes2 drops wers then carried aft by the Tiow and
gove the supsrficlsl sppemrance that they vars formsd st the inter-
foc>. It is Balisved that becsuse of the simiisr test conditions,
the interfacial entreainment reported by Tenas A & ¥ in the ¥iison
Industries design report wes actually this pheramenste, Kelfermsoe 1.
Bowaver it 18 possible fo highar speods {abowve 1 kt) than testad
and 1 ng slick lengthn that droplets from interfasial waves will
be entrainad.
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Theoretical stability criteria can only predict the speed at
which the flow first becomes unstable, e.g., Kelvin-Helmholtz
criterion for interfacial capillary waves:

[} -~ P' {
AL

The break up of interfeciil waves into droplets occurs st & higher
speed which must be found exparimentglly. It is possidle that !
Keulegan'e stability eriteria (Reference 5) may yleld a suitadble
apirical constant B:

r
H
b
%

po Lo
vo&
2. Dogpist Bise
In opder for 10sses to seeur dy entreimment, the sroplsts
sust not have risan datk to the interface and ccalescad by the
time the boce i3 remched. PFor pure cil droplets, 1t is re&listic
to sssume that the droplets coslesces a8 co0n a8 thay reach the
oll water interiats., Mis is not trus for oll covered walsr arop-
lets. Thas for pure ¢il drcplets. the velovity a&* uhich o1l is
lest 15 & funetiom of the »lick longth betwesen the doom and heas-
wave ‘h’ Greplet riss velosity V., ead the rise heignt. It is
resscosdls to assuss (dased on ocbeervetione) that droplets are
satrainel to & dapth of 1.35 timms iho nekdwave thickness (th}
iad that the rise hefgit is sqwal to the 4ifference between the
entreined dapth and the éspth of il behind the hesdwave. The
T T um$ fer whioh all of the oll returns to th. =ilck is

® . Iaforsstion on the gecoetry of the headwave
E IV-d,

B e . CLGLI A - 9 a R A NS i+ LR - Een o e
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The following formulations may bo used to provide a first
ordar estimete of the Aroplet terminal risec vslocity for the
range of Reynold's numdars indlicated

i. JMewten's mrwm-( )>500

V.- 1.7% /P78

2. Intermsitate Lew for 2 < Re < 500

gt} T 4318

J, Stekes lam for Re « 2

B 1&.3.
5

mmms%a:amu 1&1&3&?%&“(%(33).
t&fWﬂQﬂﬁmmw&ﬂ tie flow daving the headmave
wﬁxmwtmnnxmwmmmuuziw
-&emm '

m mﬂnlﬁm presented above it is possidle to
utmm:na ;mmmwmxm*ofa
mea wm..nmwa e volume
mw ﬁ&h!ﬂ&ﬁNWlﬂﬂ:mbe&nmu
mmm‘m ta Seetion 1I-4 and B,
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The procedures described sbove to calnulate minimum required
slick lengihs have been programwed and typicsl results are pre-
sented in Pigures 5 and 6. Pigure 5 1s bas=d on the optimistic
assumption that droplet size varies as r~agse 2 and that oil of a
given zpecific graviiy has a typical viscosity. Pigure 6 is
based on the passimist!~ ssumption thet the droplet size varies
as cnse 3 and oil of a given tpecific gravity has the lowest prob-
able viscosity. The calculations indicate that for higher current
spoads the more dense olls reguirs shorter sgslicks than the lighter
oils. Tis suprising result is due to the effects of viscosity,
P pore viscous 4Arops are larger and as a result a point 1s
reutihivd whon their dreg coelficient ies sufficiently lower than
that of the smsllen lighter drops the they rise fastir in splte
of thely grester dmmsity.

Mapuras 5 aivi 6 Ladicsts scme of the problcas of trying to
contadn o8l in cuwrrents of 2 knots. At this speed the minimum
sliek lsagth tu prevast eatrainmeat of droplets from the heed-
wave ocald twiige from 50 €8 to over 200 ft devending or the ofl
snd soswopbives owie. Iu order to prevent dralnage fallure with
oll of speciile grovity » .95 st the required slick lengths, the
barrise dwpth met be hetvewn & and 5 foet. In order to meintain
these sitek loagthe with wlalawm eatreinment losses, ths boom
wat ke Gepleod 1a & very desp "U" configuretion or a rectangular
configuretion,
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At speeds Of 1 knot zhe situation is much 1aproved in that
the minimum reguired slick lengths decrease tc between 6 and 12
fest. At speeds of sbout 3/% knot, entrainmsnt is no longer a
problem in that the headwave does not breax up. Bear in mind
that the forgoing discussion appliss only to ,licks contained in
caim wa® .r. The effect of waves on droplet formation 1is dis-
cussed 1n Section II-C.¥.

3. Mmtraisment Loss

As indicated adove, the developmen® of quantitative informa-
tion on entrainment lces rates presents several complex wroblems.
Th- evaileble experimental dets are presented in Section IV-C. The
use of thege dgta to prefict full scale entrainment loas rates
reguires that & nuaber of assuaptions be msde. These assunptions
have been mads and a semi-smpiriczl theory for etreinment loss
rate is presenteé below. Thess sssusptions should be regarded as
tentative until more axperimental data csn de obtained.

In order to caleuw’ate the sntraisment loss rete, the volume
rate at vhieb oil droplats are sntrained from the hesdwave ragion
ehd the volume of thess dropleis which sscape under the D om must
be determined. In Referencs § the entraioment rate of citernal
fluld tntc a hesimave vg:lm of a two-dimentalonal gravity current
in two miscible flulds 18 given by

‘! -4 ’}uctb
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whire

% -
8

- Entrainment rate, r't*/ft-sec
' = Intrainment coefficient, nd
U_ = Currsnt speed, ft/sec

t = Headwave thicknes:i. ft

The first ascumption mades is that this type of equation can
be applied to the case of » twodimensional gravity current in
izatecidble flulds in which entrainment is by 4droplet formation.
The entrainnent coefficient B' can be sstimatad from er'rainment
data for tha cese when the headwsve region is close encugh to che
boom that all droplets forwad can be tsken to have deen loat under
the boon. Tadls 1 presents the velues of B’ deducet froe the dats
in Section TV-C.2,

TABLE 1

EBtrainmant Coefficients

rj:“ 8 ;p,:ii:;c Intcr:;:zlc:amlm
i.1% | .007i5 7,° .86 1
1.88 | ,007%8 ’a- 86 16
1.8 | .0087H 'c' .86 16
1.08 | .00 Pt 506 18.8
R Tasdave Trode Tadbor | }
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The entrainment coefficlents in Tcblie 1 apply only to the
case of pure oii droplets. It should aiso be rn~ted that this
coefficisent, B', may also be a complex function of oil properties
such as interfaclal tension, viscoeity and density. No informa-
tion 1s avaiiable on the effects of these properties on 8'. i

e rate at which droplets, wich have been entraired, escape

under the bocom can be sstimeted if it assumed thst any dropiets
which have not risei back to the slick by the time the boom i
reached are lost. This is not strictly true dat it is 2 good
first approximation end is consarvative. Informmtion on minimum
droplet size and rige velocity are preseated in Bectiocns [I.C.1
end 1I-C.2 above. Althoagh no detalled msssursments have been
mde, observations suggest that the largest pure ofl druplets are
about & timese the dismeter of the smeliept, It has also bdeen
assumed that the distributiocn of volums between ths larges: and
szallest dropiets is unifcrm. Thic assumption shouid de checked
experisentally.

O R P

Based on tho above anal;sis & computer progrem wes wriiten

to calculate sntruinmant loss rates as & functise of current spesd,

ell volume and o1) properties. This progres (¢ descriled in

Appendix B. A comparison betweer cale. lateé and sessurec eatrain-

pent luss istes is prssanted in Figurs 7. Comaidering the many .
asssumptions and simpliificatione in the theowy, the agresment i
satisfactory.
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C
were carried out. The results are pressntec ir Figure £, Altho
the lose rate per second par foot of toom may seem smal:., for re-

alistic boon lengths and timee the .0s3 ¢ccuid be unecczptable.

example, in a current of 2 ft/sec a 1000-ft boom containing 0,000

rt? {about 250 tons) of oil of .F5 specific gravity and iis.ric.
uniformly along th2 bLoom, oll will b2 lost a
per sec per foct of “com. This amourts to a total loss of . ¢
per sercond or 3OO0 ft? per hour If the torsl veolume iz ~ninta

Thus, 1t may be conciiged that entrainment los:zes w!, be impor-
tant and 2an best o> controliled by mailntalining 0w current velo-
vlties and long slicx lengths. A =ore detalied examnie 13 pre-

sented in Appentix T,

. Effect of Waves on Kitraloment Lows

T

An anslysisz and prediction of the gquantitative =9fecip of
MardE On the entralirsaent l1os2 rate pas. & Fiosiing deon 1s an
sxtramely complex probiem, Ag & resuil, gusiliative ar guantit
tive projections of the effect of waves on entpairment must bLs
largely based on the limited experimental cbservation: avaliabie.
Thess sxparimental cbeervaticas are reported in Secticr [V-E ann
indicate that thery are three sources Cf sntrsainment icss in

wAVeS . These sourTces a. 2 summarizeo (e, 'w,

{i) Heedugve Effectic

The wave orbdbital velocities tend o superispose 20 Lhe
current veioglities a2t the wave crestisx 8¢ CALSE 27 1-Creass

in the hesdsave entralnment, Effective acdiitons to the

- ——— e h e Lt A e

‘
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current velocity of from 20 to 70 percent were notad (see

Section IV-E.2) in shallow waves, i.e., A< cLos,

A Quantitative estimste of the importance of this effect
can be derived from tne information in Figures 5 and €. In
& current of one knot and & 5 ft. save with a 5 se*, perics
the efffective current at the headwave may be on the order
of 3.5 ft/sec. ‘'sing Figure S and calculating backward for
8 8G = .85, the rise salocity of tnhe smmllest drop will be
abort 060 ft/sec and 1t will have tu rise about 1.41 ft.
The average currsnt swauping it aft 18 one knot which will
requisce & slick length of about 35 fest to prevent loss. Th':

corpares with a slick lsagth of 5.4 fi for a one knot current
i ce.a Jater.

In the avent the silck is short enough so that —o8t of
the entrained droplets escaps, 1t may be expected that the
loée reate will approsch the ssymp?otic logs rate indicated
in Pigure § for the velue of the sffective current, It 1s
1ikely that the value of the sniralmseat coefficient, ',
wiil be sffectad Dy the increxsed tu~Sulsnce in waves and
a2 8 resuli the use of 1nfarmation frow Mgure B must de ru-
pRdud with caution. Thare ars »o sxperimental data avall-
able ar thls time oo the effect of waves on B’ ’

(2) Bregking vaves

touwp WeVER that enter a slick say steepen furthar and
break. T2 reculting turbulence recults in the formetion
and sntralneent of dre, lete et the interface, v quantitstive

LS I 3 Ve
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informetion on the entrainment loss rate from this source
is avellable. It iz probable that this type of entraineent
1s wmoat serious under the same wuve conditions which cause
large setup of the slick. ‘This pheacmenon wus discussed in
Saction II-B.2,

(3) MNear Boos Entreinme..t

Entrainment losaes can occur .Jrom the region of a slick
near the booa when there are large relative motions bdetwaen
the boom and the surrcunding fluid., Relative motions in the
horizontal plane are mach more serious in this rega-d than
motions in the verti~al plane. The worst near dvom entrain-
mant obssvesd in the model tests (see Section IV-E.3) occur-
od in the cese of a boom concept which was restrainsd in
surge but free in pitch. The resulting pitch motions from
the surge-piteh coupiing resultad in large siternating reia-
tive velocit es at the lowar edge of thz booe. The “starti g“
vartices which were forwed under the boow .ntrainee o1l from
the slick. Restrzining thi voom in pitch with e towing
bridls greatly raduce the pi’ ~h motions and, tnus, the on-
tralamant lceses. The smallest relative motions ir the hori-
soitsl plane were obtained when the boom moaeis were glver
compllance in surge anc were reetrained in piten  Limiteo
guantitetive information concerning conditions under which
lossee due to asar boom effects will occur is discussed in
Section IV-8.3.

o R T P SR iy N
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Hegve relatlive motions were not significant for noer
bor.  sntralnment escept in the case of large discentinuous
changes in the waterplane ares. When suth a booe heaves -
saaewhat put of phase with the waves, the rusulting sgita-
tlon drives o] dropleta down into the wster column where *
they are swept under the boon.

D. Dralnege

The sinplified theory for slick setup in calm water can B
repdily used to predict the sexisys volume of il that caen bs
coatalned Yy & boom in curreat. The assupticn iz mede that a
particular soacific volums is contained i the boom draft H 2 t-s,
sbare t 1z the slick thicknses at the houm and s the oil specific
gravity. Aay 9l in excess of the saximum volume 1s loat by
Arainege under the boom. The squetlom given in Appendix A for
setup ars used to develop the following sxprassice for naximus
nondimens ional volume,

| F P ]
i%) - 0,216 i "',y'\! (! .
b & 5 64 :

P
tdn

where
¥ = Specific voluma, ft*/7¢

H o« Boom dreft, 1%
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-&j’ 2=

FH = Boom Froude Number U//g'R

Fa

Gf. = Interfacial friction coefficient

= Headwave Proude Numbaer

Typical curves from this egquation sre shown 11 Pigure 9.

The curvas are stralght lines when the boom Froude number Fﬂ
is less than 0.6 and 0.9 for Fd = 1.0 and 1.5, resdectively. The
slope is jJust -2.0. Thus, for low values of FH the waximum non-
dimsnsicnal contained o1l volume ig proporticnal to 1/F

H*, so for
a particular 011, the maxismn specific volume that can be contalned
is proportiocnsl to H* A%, If & meximus volume ¢ Uil were con-
tained in scas current and then the current was increased ten
percent, about 20 percent of the volume would be lost by drainage

establishing a new oguilidrium condition.

The maxiwan boom Froude number for whic, oll theoretically
¢car “z contained corresponds to ¥/H' & 5. 1.e., when the oil
¥Oiume 18 just oqual to the headwave viisxs und the >oom draft
is egual to the rinimux oll depth behind the headwave. This 1is
an unstable condition; ~ay disturbance will cause the entirs
volume to drein under the boon. FPor small volumes, WH® < 15
the headwave is influenced by the boom's flow fleld at high boom
Proude numbers. Experiments indicate that in this region the
limiting current at which the 0il can bs contained before complete

drajasge failure occura cen be spproximsted by F, - F,-
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Ko model tests were made in this progras to check the
theoretical predictions of wiaum volume that can be contained
for lurge valuss of ¥/H®. However, data presented in Robbins'
Thesiz, Reference 7, for Ko. 2 Dissel Puel show good agrsement
with the theory for & value of cf # 0.005. Unfortunately, thsse
data were obtained from very smsll zcale tests at low curreant
speeds,

It should ke noted that loecal thinning of the slick that is
noil>lly observed j1-st shead of the boom (see photogrephs in Pig-
ure 23) does not occur when the oil dapth et the boom is egusl to
the boom depth. This thinning is associsted with the separatec
region below the slick and ahoad of the boox. The size of thi-
eddy is roughly proportional to the depth of the boom extending
below the o1l slick. Aa the oil depth incresses at the doom, the
eddy tecomes smaller and finally, disappears whon the o1l depth 1s
eQual to the boom dreft.

The effect of wavas on dreinage is closaly related to siick
setup in waves which wae discussed in Section [1-B.2.

A silaple approach to the design of boog draft to provert
dreinage in waves is to let

Het -
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where
H = boom draft
t = click thicknsts at boom in calm water
tv
T * wave setup factor {see Section IV-E.1 and Pigur: 30)

% » 8 factor which accounts for relctive hesve motion of
the boos with respect to the interface

BE. Zczale Model Testing.

 In opder to evslunte end refine the characteristics of an
il bowms ¢ ign, it wwid ba dsslirable to be able to conduct tru»
seelis sofel taets. The feesidlility of conducting such model tests

‘has besn inves® gated and the tseting srocsdures developad to the

sxtent possible within the iimttations of the scaling purameters.

In ~oadocting 2 scale model test 1t is nscessary to 1dantify
3 #ﬁyi@mi eharescteristics of the system which are importent.
These cheracteristice ars then sorted intc dimensionless groups

an the basis of theorstics) scasiierations or dimensional anaiysis .

18 the test progras the rasulis «re derivad as 3 function of ine
important dimemsioniess grmps. The limitation of tals procedure
18 thal cesuite W’ M&Wi& of sevzral 2ioensicai98s Groups
1 sarnet-te a&ﬁ%ﬁfgﬁ sigulimnecusly.

A L ya ~pege gt
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Te dralnage mors of fallure is directly related tc the
mickening of the slick in front of the boom. The s’ick is a |
typical gravity current which is ecnsracterized by a headwave
which grows €0 abcut twice the mean thickness of the slick aft ]
of the headwave. ihen inertia and gravicty dominate, the speed
of propagation of the slick can be defined by ¢ Froude number.

The faet that hesdwave and slick propagats at & constant
Froude number suggeosts that a criticel speed for drainege failure
should be defined on the basis of a eritiesl Froude number based
on boom depth. The tests to date indicate that this failure
criterion 13 so. If the volume is very large, the slici aft of
the heafsya uill tend to thiskem ducs to interfacial strosaes.
This will $Shi i reduse the criticsl Proude number for ¢ einage.
Batismstes of thiz sffect have besn made and are ro,orted in
Section 7.-D.

The otawr mode of fallure is much more difficult to model
because it invelves the entrainment of droplats under the boom.
in order to model the entrainmant of droplets the following items
must dbe modeled:

1. The basic flow field arcund the slick and boom,

2. Thae forwstion of the droplets,

3. e rise of the &raplets dack to che slick or
entraloment uncéer the doom.
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T™e basic configuretion of the slick and the flow field
aroun.i the slick and boom will be modeled 1f the Froude number

1s maintained and geometrically similar booms and volumes of cil
are usaed,

The scaling of the formation, size, and volume of droplets
off the aft end of the headwave is criticsl. For a given oil,
the test resuits show that the headwave breaks and fcims droplets
&t a fixed speed 80 long as the hoadwave is not in the boom's
flox field; ..e., is greater than three boom ¢~«its ahead of the
boos. This is consistent with the hypothesis that the formetion
and size of the droplets 18 a function of the dynamic pressure
forces tending .o cause treek up and the surface tension forces
resisting dreak up. Tis resuits in a form of the Weber number
baing an importast non-dimsigional parameter. The form ~f the
Weber nusber is given by

vhexre

uer = Spasd for ineeption of droplet formation at aft end
of headwave,

o » Iaterfacisl tension,
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& = Gravitation acceleration constant,
Py = Densiy,y of water, and

4p = Density difference between o011l and water.

The critical speed may te a function of parameters such as
the densicy ratio and viscosity 1< “10 between the oll and watr..
These can be modeled by using the same oil in the model as full
scale. HWhen the interfacial tension is reduced to main“aln the
proper Weber number in a model, a couplicating factor may be the
ratio of the viscous restoring forces to the surface tension re-
storing forces expressed by the parameter

Viscosity of oil,

=
#

< Density of oil,

A
o}
[ 4

o = Interfacial tension, and

D = Characteristic dimension such ss droplet diameter.
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Reference 3 indicates where this parameter exceeds 0.2 the maxi-
mum droplet size will significantly increace. Calculations in-
dicate that with diesel oil the interfacial tenslion may be reducoed
by a factor of 16 and the droplet diameter by a factor of 4 for
typical droplet sizes withouu exceeding & value of 0.2. There
could be a problem with droplet sizes, however, if interfacial
tensions are reduced in oils with viscosities one order of
magnitude greater than diesel oil.

The sceliing of the rise of the oil droplets back to the slick
after they are formed requires that the siick lengths be geometri-
cally similar between model and full size and the ratioc of drop-
let terminal rise velocity to current speed be maintained. If
resl fluid effects are unimportant Froude number scaling will re-
sult in geometrically similar siick lengths. The droplet diameter
is in theory correctly scaled by scaling the Weber number, How-
ever, the dropist terminal rise velocity is a function of the
droplet diameter and the drag coefficient. The drag coefficient
is a function of Reynolds number based on the drop diameter, ve-
locity and viscosity of the water. The Reynolds number can be
saintained only if the viscosity of the water can de reduced.

This 1s not poasibdle.

It 18 of interest to consider the possible error {n terminal
rise velocity due to the error in the drsg zcaffizient. Table 2
presents & summary for the c¢a.< .n which & %:1 scale ratic has
besn cbteinea by reducing the intarfacial tenslion by a factor of
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16. Depending on the full scale droplet diameter the terxinal
rise velocity ratioc can range {~om 30 percent toc high to 35 per-
cent too low. The actual full size droplet diameter distribution
is not known 80 that it ‘s nct possible to be certain if the model
test ree:lty for loss due to entrainment are conservative or
optimiatic, It is our impression that for the full size case
referred to in Table 2 that droplet sizes in the range of 0.1 to
0.2 inches will pradominate. If tnis is the case then the model
resultz will be conservative., Some Compensation for this effect
By be possible in the test program by 1ncrea£1ng the vclume of
o1l in front of the boom. ‘This will increase the slick length
and allow the . ~~olets, which rise too si.wiy, wore time go re-
turn to the slick,

In susmary, in conducting scale modsl tests of oll retention
booms using oil, it is vital tc scale both the Froude nusber and
Veber number cf the flow. Even when ithis 1o done there will be
some scaling srror due to Reynclds number effects on the rise ve.
loctty of the o1l droplets. As & result, it is expected that the
mode]l test resilts will de conseprvative, The extent (o which they

are conservative cannot be estimated at this time.
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TABLE 2
Terminal Rlse Velocity Ratlos

Scale Ratio = 4:1 in Diesel 0.1

Fuli Size (20" Boom) Mcdei (5" Boom) .
Current| Drop | V VP/UC Current | Drop Vr Vs,
Spaed Dla. fs Speed Dia. fps
L] .t ~ . 1]
u, 4 .438 .538;’0. 5 U .1 i .28 .50/
U. .2” ,3?5 ,395&/‘!}“ f} U‘a GS’ 17 3;»/1,’-
v, il R R A B B Ry
Pull Size! (V| /v
Drop Dia. \5*1 §£-
¢ nﬁdeif elfull
A" 1.28
i- 2" .86
1" .65 !

2. Bxpansiocn of Typical Mcde] Test Data

This section presents an example of the expanvion of mode;
teats data to full scale using the p ‘incipies dascribed above.
A serles of tests were conducted using Diesel oil ~iti a specific
gravity of 0.86. In these teats & fixed volume of cil was ccni-
tained in front of the booa cver & range of speeiz. The gmount

of o1l lost i a fixsd length of run was measured. ALl tests

s avaa A e hren e e o~ ———— s xS
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were conductad at Lae same retio of bocn depth to water depth.
within the imits of the test faclility tne scale ratioc was changed
&t much &7 possiblie, The Woeber number 88 =iiered by reducing
e Antopfacial tenston by the addition of one percent by weight
¢f the surface gctive agont 2onvl £. It was determined that the
interfacial tension was reduced by a factor of 16 by this oro-
cedure. In maintaining totn Froude number and Weber number con-
stant this reductlion in surface tension is eguivalent te an in-
creace in veloclity by a factor of 2 and scale ratioc by a factor
AT 4, Thus, a 5" model boom scales 20" boom when the inter-

facial tension i reducad by a faci.. of 15,

Tne experimental data for entrail ent ioss rafe with reduced
interfacial ten+ion are presenied in Figure 27. These data have
veen expended to fu.l syaie and the results &are rresented In Flg-
ure 10, In scaling up thesze data the reduction in interfacial
tencsion by 3 facior of 16 rasults in a linear scale ratic, A, of
“ 7. This means that the prototypz contained v~lume in A? or 12
times the model volume, the prototype speed 1s JX or 2 times the
3/2

mocel speed and the 1.cs rate is ) or 8§ times the model loss
rate. Flgure 10 al-o prezents the calculated entrainment loss
rate based cn the theory presented in Section [I-C.3. There is

reasonable agreement between the theory and the scale model cata.

3. Clonclusions witn Respect to Scale Model Tests

(1) In conducti.g scale model tests of oii booms with
011 it is rccessary to scale both the Froude number and Weber

r..mber o1 the fiow, Eveﬁ when the Froude number anag Weber

P T St M W e D % et R A Sk e A
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number are scsled, uncerteinties in the scaled eanirsinmant
axia® because Reynolds number effec.. result in deoplet rise
velosities which may be in error.

{2) The need to scale Weber number places s 1imit oo
the svale ratio that can be spplied because of the limit to
which interfacial tenslon can be reduced. ¥With the surface
active agents used ao fay, the interfacial tension can be
reduced by z factor between 10 and 26, “ais iimiis the
maxinum scale ratio te betwsen about 3 end 4.5. |

IXi, NODEL TEST BQUIPHENT AND PROCEDURES
A. Eguipnsnt

Siztesn-Foot Tanx - 011 dynamics studies were begun In &

small 2 x 2 x 16 ®t, towing tenk having clee~ plastic sides,
Volusable expsrienc- was gained from lests in this facllity alorng
with some meaningful data, However, the relatively short length
¢f this tank did not 2llow studles to be made on steady flows.
To attain reascnable towing speeds the model was rapidly acceler-
sted. The high acceleration produced transient flow conditions

- whiclhi were not completely damped out during the course of the
ghort run. The short length alsc caused teste in this facillty
to pe limited to smell oil volumes. Thus, most data presented

in this report were obtaingd from a larger eighty-foot tank
described ‘& the following section.
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Eighty-Foot Tank - Tre tank measurss 2 x 2 x 20 ft and o-e

side 13 mmie of clesr plastic sneet for vieming. The opposiie
side and bottom are plywoed and painted vhite., The tank is -
shown in Figure 11. Water depth in the fank was normally 20 in.

and reduced to 16 in. for waves.

The wavemaker 15 & hinged plate at one end of ti - tany. The
piate s oscillated by a throw rod, Bave heaight is varied by
changing the throw of an sccentric., Power is supplied by a 1/+ HP
Orahem varisble speed drive allowing wmave freguenclies from .U to
2.0 eps. Detallz of this system are shown 1n Figure i2. The
maximum ailowsb < wave height {for 16 in. water depth; 1s 3.9 in,
for waves with & pericd, T = 0.75 seconds. Lower freguency waves

R RN 1 i S5, RS O R B R TSR R ARh,

have lower meximus heignhis becsusz of throw limitations ana nign-
er frequency wave heights ave ilmivted by splashing botweern the

¥gave plate and tne tans end.

A blower was instatied along with the wavesmaker ¢ produce
wind generated waves. However, tests In wlnd generatead wai-t
were not conducted in this study since data are svaliabie 1r

Reference 1.

A rubber tired carriage rides on steel ralls aiong the tops
of the side walils. Power is supplied by a 1/¢ HP Gransx variable

speed drive through & pulley system with & wirc towing cable. De-
tails of the carrisge and drive system arc snhown in Flgures 13 and
1%, respectively. Mmximum carriege speed is about 3 fps. Speed
can be maintained within ¥ 2 percent  ccuracy.
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B. HModels

Flat Plates - Most calm water tests were conducted using &

simple gluminum flat plate suspend=d from the carriage as shown
in Pigure 13. Boom draft, H, {to B in.) 1s readily controlled
in this manner. Soft rubber wipers are used to seal the small
gap (1/8 in.) between thc tank walls and the model edges. These
heiy Tu aesure that flow past the model is two-dimensional. A
sazond Flal olefis, snown in Figure 15, was used along with the
first in double bocm tests,

Wedge - A go° wedge (see siketch below) wes tested in calm
water to determine effects of boom cross-seetion geometry on o1l
retention ability. This model is suspended @~ itr.s ssame manner as
“he flat place and has rubber wipers also.

4
= 90° ===

Angled Booms - Angled booms were tested to inves..gate three-
dimensionsi (3D) effects,l.e., effects of tangentiai fiow compo-
nents. Two models, a = 300 and o -~ 60°, were tested for one boom
draft {(d = 5 in.). The boom angle 3, is, defilned as the a.gle
between the current dlcection and a iine normal to the boowr. Thus
the normal fiow case {(2D) 18, a = o®. FPigure 16 snows one of th-
angled booms used.

Dynamic Mcdels - Tests in waves were conducted using dyramic

boom modeis free to heave, pitch and sway ln resporse to the sea-
vay. The rfirst model wes designed to simulate & weighte. skir:
supported by an irflated cylirder. This infisted cylirder model
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13 shown in Figure 17, and particulars are give.. in Figure 18.

Tne model was towed using a bridle and elastic line. Sway response
was varied by changing the spring constant of the tom.rae. This
model was alsc towed in & condition where roll and awvey were con-
stralned allowing only heave motions.

Two sdditional models were constructed and used for dynssic :
tests to investigate the effect of boom reometry on oil contaln- @
ment in waves. Model A-1 represents an iaflated rhomdoldal boom ?
in which the luwer section is ballasted with sea water. MNodel A-2
.13 a simple skirt type boom with continuouz rectangular flotation
elements. These models are shown in P/ "ure 19 and particulars are
given 1n Figure 20. fﬁ

Al of the dynamic models are 23.5 in. long and bhave no
wipers at the sides because they would tend to affect the mouels'
morions. Thus, oil can leak tarough the 1/3 in. spaces between
the model and the tank walls.

C. Properties of Test Materials

01ls - The majority of tests were made ueing No. 2 Dlesel
Fuel. S8Several other oil products were used in tesis to detsrmine
the effects of oil prcpertles, namely specific gravity ard visccs-
ity, on o1l retention dynamics. The products that were used are
listed in Table 3.

Additi res - A sorbent, Ekoperl, and a surface active agent,
Zonyl A, were added to 011 toc gtudy thelir effecis on retention
dynamics. Ekoperl, an expanded aluminum silicate produced by 2
Pennsylvania Perlite Corp., 1s reported to abaord five times its '

» _ L —
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weight in oil {Referencell). Zonyl A 1s effective for reducing
the interfacial tension (IFT) between two immiscible liquids.
Dats from the msnufacturer, DuPont, are shown in the following

table for Heptane over water.

Concentration of Zonyi A
added to water {wt, % in

Interfsclsal tension

PR

b

water) 78F (Dynres/cm)
8.1 <1.0
0.01 10.2
0.701 21.3
v.0 {Control) 4§.8
TABLE 3
Propertics of Various 0i1 Products
Specific Gravity,
$ ¢
B ox - @ 6OF, nd | Kinematlc Viscusity!
Product Py ® 0P, cs
#2 Diessl Fuel 0.860 4.3
(Esso) Pexom 35 0.833 19
{(Bego) Faxom 50 0.900 100
(Huwhle 011) Nuso 38 0.95% 118
(¥ards Riverside ! £.906 380
Additive Pree Motor
Cil) 84X 30
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Additlonal tests to determine effects of IPT were conducted
with a thin layer of °resh water {slick) over salt water. In
this case, the 1PT is virtually zero.

P. Procedures

Calm Water - Tests in calm water were conducted using two
different methods: continuous slick and constant volume. In the
ccntinaous slick method the o1l ig distributed uniformly over the
entire length of the tank prior tu making a run. Hence, the
volume of contalned oil {defined as oll betwee: the moving head-
wave and the boom} generally increases during the run. A steady
state is acnieved only when the flow of olil under the bcom is
Just equal in volume tc the flow entering tre headwave, i.e., the
volume of contained oil is constant.

In the constant vclume method all of the o1 s collecied
and contained (at about 2 in. depth) in & small area ghead of the
brom by a cofferdan The cofferdam is removed Jjust when tins boum
acceleration begins., Steady state §s achleved after the desired
carriage velocity 1s reached a~d the o1l slick has adj: sted to a
conatant length (between the boom and leading edge of the slicuk}.
When tre o1l losses under the boom are large (high gpeed), the
slick length continues to decrease and no steady conaitior is
achieved.

Boom arceleracion in the smel: 16-foot tank 's large. The
steady run velocity 18 attained bvefore one fcot of travel. In
the larger 80-ft tank the boom acceieration is less than 0.1 ft
per second and tne rua velocities are attained Letween 10 ana 20

ft of traveil.

[
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Waves - Tests in waves were ge erally made usireg the

const wmnt voiume method. Tne wave generator is startec after the
boom nas  carted its scceleration. Thus, the contained oil slick
and bcom do 39t run inio waves until after abrut -0 ft of boom
travei ir caim wate~. In this manner, obs2rvations are made be-
lore wav:s re¢“lected from the ena of the tark return toward tn
wavenaker ¢ 2 Jorm & ftanding wave pattern A veach was instai-
ied at the end of the tank to damp out the wave<, but was only
about 79 perc:nt effective fcr long waves (A & & ft) and took up

severa: feet of avaliable run le.gth and so was removed.
E. Observations

Slick Length - Slici. length was measured by marxking rne

position of the lee?ing edge of th: slick on the slae of tne tank
when the boom was st & ke~wr iocaticon. Measurements wers gererally

repeated lor every 10 ft of boom travel.

interfecial Waves - The minimum speed for the incepiior of

interfecigl capiliary waves was doteri...ed by ctmervaticr

ancrailnmery - Tre reglon behind the -iadwave war CCEipv-3 ©o

f ne The minimum speeu ar wr.ich droplets of ol are formed e
wany cafe large 0'l cov rad watar droplets or cily droplets sre
alse seel. I-~di{vid a: agropiets can be visul.ly " races 1o ceter-

snine whether they raturr tc the oil silck or are ics® Lnder Tre

hocwm.




HTYDRONAUTICS, Incorporated

dpis o

Lost Volumes ~ When oll lewges under the boom weie signifi-

cant from heavy entrainment or irainage. tr: vol.me (lost) behind

the boom was coilected and measur=d "t .n end »f the run.

Motlon Plctures - Sixteen-millim .« motlion plct.res were

made and studied for slick geometry, rea.w /e celerity, fcrmation

of droplets and droplet trajectories.

IV, DISCUSSION OF TEST RESULTS
A. Studies of Headwave Jeometry and Propagation

Experimental evidence indicates that there 1s a character-
istic headwave geometry for dynamic equiliibrium at the leadiig
edge of an o1l slick in current. The geometry is not unigue anc
can be altered somewhat by viscous erfects, surface tension,
nearfield boom effects (for small specific oii volumes), and
waves. The characteristic two-dimensiona. neadwave g<Omelry IS
shown in Flgure 21 where the cuirdinates are nor-g'mensiora.izec
by the maximum he¢adwave thickness v It 1s seen 1t th:z figure

that the minimum thickness behind th= readwave t, i< ¢ minally

0.6 t, and the lengtn of the headwave £h 1s about 7.% ¢

Data showing the cheracteristic [ 2adwave Froude numb r are
presented in Figure 22, Her~ the size parameter s taken =5 U..e
maximum headwave tnlckness, t , l.e.. Fd = U/?E*Eh where

i
g' g S . g{1-s). A1l of tne data are for Diesel fue.: ara

'

fresh water. Test variables were voom syeed U, interfacia: :=-n-

sion o, and specific o011 voiume or th_ckness.

I Y A i D Bt Si i S WA e
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Data were taken for the boom moving into a uniformly distr!-
buted slick (to > 0) and with a fixed volume of oil ahead of the
bo™a (to = 0). In the iatter case, steady state is obtaired
Since the headwave speed i1s jfust equal tc the moom speed, ' = Ub.
With a unifo.mly distributed slick the neadwave speed is greater
than the boom speed since the volume of oll collected {betweern the
. dwave and the boom) is constantly increasing. Toward the ena
of ¢ run in a distributed slick the difference betweesn headwave
speed anc toom speed becomes small, the headwave thlckness becomes

nearly con. tant, and thus, a quasl-steady conditicn is reached.

“he data from distributed slick tests show that headwave
Froud~ number tends to decrease with increasing siick tnickness.
1s ef 2ct can be zttribtuted tc "drag” assoclated with tnhe change

nomern:” im Of o1l that 1s collected at the leading edge of the
heudwave. Thus, a hegdwave of glven size (th) travels giower iato
A sVick th'n into  ar water, If ol]l were Qithéraun, at ne

boor, from tne collected volume at the same rate that 1t 13

[

r-
gest=d vy the headwave, we may evgect the momentum of infiow to
be halanced by the outflow momentum so that headwave celerity {a::
hence. Fd) would be the same as for the flxed volume tests. Tre
ueadr s, e Froude rumber for the thinnest distributed slick {t =
0. 028 irch; was quite close to that for fixed voiume Testis, F: >

15
1.2.

Reduced interfaclal tenslon (IPT) was chown 1C reduce tne
hevadweve celerity. The IFT was reduced by adding a surtface actlve

sgent o the o1 chase, It was not possible te atcurate.y measure
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the reduced LFT, but laboratory measurements indicated that it

was less than or equal to one dyne per centimeter. With reduced

[FT the Froude number defining headwave celerity was about Fd
1.0,

The interfaclal tension tends to reduce the thilckness of

the headwave at a glven speed, In fact, at low speeas U< 0.5 fps

ne neadwaves were observed except when the IFT was reducad. Here,

the inertial forces were small enough that they were balanced by

the normal IFT forces. With reduced IFT, buoyancy forces were

needed to provide the necessary balance, hence the observed
headwave,

The Weber number is associated with the relationship between
tnertial forces and surface (IFT) forces as Froude number 1s

associated with inertial and gravity (buoyancy) forces.
mal form of Weber number 1s:

The nor-

2
We = 2%_2 (non-dimensional)

where
p = Flula density
J = Veloclity
d = Characteristic length

o = Interfacial tension, IFT

It 1s convenient to multiply this number by the Froude numter
squared, usling a = th. to get:
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a _ pU*
WeFd = g'c

Thus, for inviscid fluids, dynamic similitude would be assured
when both Froude number and Weber number are held constant and

implies that with p and g' constant the Froude number will be
constant if U%*/oc is maintained constant.

The effect of viscosity on the headwave Froude number was
also investigated by tests with SAE 30 weight motor oll. At
headwave speeds around one foot per second the headwave Froude
number averaged about Fd = 0.95. Thus, increased viscoslty

apparently causes the headwave to have greater thickness at a
given speed.

Much of the scatter in the data shown 1n Flgure 22 results
from inaccuracy in the measurement of headwave thickness, Tne
headwave 1s generally not smooth as seen in the photographs 1in
Figure 23. Interfaclal instabillities arising from viscous shear
forces cause interfaclal waves to grow along the headwave. These
waves tend to break irnito droplets behind the point of maximum '
headwave thickness. The photographs show that the slick thickness
tends to increase downstream but there 1s a notlceable thinning
Just ahead of the boom. This thinning is typical and is associatza
with the stagnation pressures 1n the flow at the boom,
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B, Ui 3stup in Current

ISP -

The profile of an o11 slick zontal: . by a toom sgalnst a

2

current L7 a complex function of the volume of oil, current ve-

§.e

celty. and cll properties such as specific gravity and viscosiiy.

B PPV S

The length of the slick increaszes with volume ard decresssd with
carren” velocity as shown by the experimental data in Flgure Z-.

Diesel o911 silck lengths are shown here as a function of specific

volume for several valiues of current veloclity. A cross plot of
these data is presented in Flgure 25. Siick lengtn data for 30
welght motor il are presentad in Figure 26 along with data from

an experiment with s fresh water “siick” on salt water.

The slick lengths in Figures 25 and 26 can be computed by
the simplified mathematical model givan in A-pendix B. A satis-
factory fit tc each set of data {s obtalned by varyling the read-

wave Froude number and the interfacial friction coefficiart as

> i
Chnie ~t—— -

required. These values are glven in Table 4. Tne calculated
slick lengths are plotted with dashed lines in the Flgures.
{Note: the calculatad lengths in Pigure 26 ror 1.1 ft3/ft fresr
wvater and 0.55 ££®/ft SAE 30 Motor oil were nearly identical, anc
sre shown hy one line,)

The calculated sliick lengths are affected mosily by the value
of Cf at low velccities U € 5 fps and by the value of Fd at %igh
velaclities U » .5 fps. The Froude numbers in Table 3 all fall

within the experimental range for headwaves. Of course, iess is




s g

B R e T T Y AR

HYDRORAUTICS, Incorporated

b

Kncun about the interfacizl] shear "tresses which tend to cause
the slick to thicken dcwnstrearn of t* hesdwave Tne vaiueg °>f

friction ccefficlent C_ in the tabie are tus* con.enltent englneer-

£

1

ing estimators which serve to calculate siick gecmelry in &

approximate mathematical model. Xc acccunt s made for the offect
of circaiation in tne oll sileck, ol viseceosity, i{nterfac.al waves,
and other factors which must have & reai effect on u. interfaclal

shears.

TABLE &

Parameters Used to Calculate Sifck
Lengths in Figures 25 and 2&

=T ",:
§ Interfacial}
Headwave Friction
Proude No. | Coefficient
%, f3/t Fa Ce ,
Diesel Fuel .50 1.30 . 003 i
83 = 6.860 1.00 1.2% 002 ‘
2.00 1.12 002 i
2.C0 1.05 L 002
SAE 30 NMotor 011 Y 1.09 . 00G
8G = 0.906 58 1.03 .07
Frasn Water Over 1.10 1.310 Q13
Salt Weter ]
80 = 0.959 i
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C. Entrainment Studles

1. Inception of Dropiet Formatlon o

Model tests snow that containmert booms .an [ose oll wnen
droplets are forme. w#hich are entralined in the water {low beneath
the boom. Majcr droplet forma.lorn takes piace in the region Jjust

behind the point of maximum headwave thickness. Two types of

droplets have been observed: 1) small pure o1l droplets and 2) i

large o1l covered water dropletz nr "olly" droplets which contaln

enly very small ¢ 1 volumrss despite thelr large appearance. Both {

types occur regularly with Diesel fuel, whereas the 30 weight i:

motor ol1l generally formed only pure oil droplets, The olyy

water droplets with Deisel fuel were more prevalent st higher

current speeds. ' !.

There appears to be a critical veloclty for any particular
01! proauct at which droplets are firs. entra‘ncd int. the water
behind the headwave DBelow this inceptlion spesec tnere is no
dr plet formmtion. Ae speed 18 increased besyora th-> lnception
peint, droplet numbors and the entrained ol volume raplaly in-
crease. ‘he critical velocities for the Diese. Fuel ana 10
Welght Motor 01l were found to be 1.1 and 0.9 fps, respectiveiy.
When interfacial tension was reduced bty adding a surface active
agent the critical speeds were reduced to 0.5 and 0.8 fps, res-

pactively. (The reipective changes in IPT were 16 ic 1 and 1B.8
to 12.8 dynes per centinetef.) The inceptior speed for any other
product mus: be a complicated function of viscosits, specific
gravity, and interfacial tenmsion.

MMJ

incoi

o N
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{ When the volume cf contained oil is sufficlently small s¢c
that trie headwave is near the boom, the speed for incertion of

wrrylets 18 reduced by about five percent.

2. Jcss by Entralnment

The rate at which oil. iz lost seneath the buom by dropiet

entrainment ic a complex function of current velocity, con*ained
o011 voiume, boom dreft, and oi]l characteristics. An oll droplet
entra..ad intc the flow at the headwave may either return to the

silek further downstream or remain entrained in the flow under-

neatr: the boom. The p.obability of & droplet returning to the
slick depends on the ratic of droplet rise velocity to current
speed, and the length of the slick buiween tr.e point of droplet
formation and the boom,

The rsgxoﬁ benind the neadxave where dronlets are formea i:
highif t&?buiéﬁxﬁ Sﬁmc dropliets &re e~tralned more deep.y !7.7¢
Athe water and have & greater protadliity or resmalning eniralnec
_in}tﬁg fiow beneath th> boom. There are always some drogzéts et -

irataed pearer to the interface which 're able to returr 1o *he

@

3ilck, iaarsastng‘ﬁsé»slztx length alic.. droplets a greater

. o

ime to rige bdack to the silck, thus decreasing their probeolitty
of boing lost. C(urrent velocity has the greates™ effec: or e
1 rate af éﬁtrﬁiﬁp@ﬂt iéiﬁ‘ Ir-~easing velocity causes'greater
_ kvelnaea‘af ol1 to be formed into droplets, and *ne droplets are
S qatrﬁiﬁsé sore deeply into tie flow. The entrained droplets are
 §¢:3 1§§§11‘2¢*ratuf$ t0 the s#ilck becsusc they have snalliower

tréjecrories ar® the . llck length s shorter,
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There 1s a stagnation streamline at the boom which 1s affected
by boow geometry and depth. ané the oil slick geometry near the
ccom. Any entrained droplet which s below this streamline as it
nears the bvoom will be drawn under the boom. Droplets sbove this
streamline are caugat up in the separated eddy where they may be
returned to the slick or be rejected back into the flow and ulti-

ms ely lost beneatihh the boom.

011y water droplets in Diesel o.) with high IPT were sometimes
seen to return to the slick interface but aid not coslesce into the
silck. They were carrled back along the interface tow. -ds tnc eddy
reglor. where some became re-entrained intc the flow and were lost

beneath the boom. The 01l voclume 108t in thls manner was extr mely
small.

. Experimenta! entrainment loss rate data are presented ir

-

Figure 27 and 28 for ilesel fuel ana 30 weight motor oll, res-
pectively. The arerage rates of volume loss #L were ohtalneg by
measuring the volu.: lest during a 50 foot run. This vo.ume iFf
divided by the time in the run to give thes average loss rate.
Tre apecific -olumes 1listed in ths figures refer to the volume
contained at the start of the run. In some cases of hign los. ’
reves and camil initial volumes, up to 90 percent vi e "con-
- taired” volume was lost in the cou..uv Of tt> ryn. The loss rate
was falrly constant during runs ih-sr»e entrainment was rzlatively
lignt, ;i‘L < 10°* rt®/ft-sec. In runs with heavy entrainmert,
“L > 107%, the rate tended to inCrease as the run progressed ard
the contained volume became smaller.
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The sc'id dats points in Pigures 27 and 28 represent rurs
in which oil was lost by a combination of entralnmert and drain-

age type fallure. Runs in whici, oil s lost only by entralinment

are represented by open symbols.

The date show that increasing the contained vclume decresses

0w s e A

the o0ll loss rare at a fixed current. Or the other hand, 1lncrea. -
ing the contained volume allows an increase in current velocity
with nc increase in loss rate., For example, the current for
"mojerate” loss rate (defined arvitrarily as #L = 107%) can be
increased eight percent by increas®' -~ the specific volume con-
tained by a five inch flat plate boom from 0.37 to 0.95 ft3/ft.

Similarly, increasing the boom depth decreases the oil loss rate

il imcs iy

at a fixed current. The current for moderate entralam=nt was in-
creased ten percent when boom depth wes inc asea from 2 to 5 v
inches and specific oluse = 0.37 ft? /ft, 3

The importance of interfacial tenslion on tne formation and
entrainment of cil droplets is shown in these figures. A sixteen-
fold decreuses in IFT >f Diesel fuel caused moderate entrsainmert
loss rates at cuireant velocities reduced by about :Z0 percent. A ;g
somewhat less substanticl decrease in IFT obt2ined with the mocter i
011 showed a similar tendency for incremsed entrainmeat loss rates.

Nots that the maximum lo@s rate shown for 0.12 £13/ft Diese]
01l 1s less than for 0.20 ft2/ft a. about 1.33 fps current. This
is caused by the depletion of the smailer contained voiume by

e g g xR B

o e




o

-

HYDHRONAUTICS, Incorporated

-54 -

entrainment a~d drainage early in the run. The .03s rate was
substantlially reduced over the remainder of the run and resulted

in & smaller average loss rate,.

If the curves in the figures were extended downward, they
shculd all become streight vertical lines representing the maxi-
mum current for which there is no entrainment loss. The value of
this maximum curren’ will increase wiid increasing slick volume.

A 100-fo ot by 5-inch boom contsining 750 ) gallons of dilesel
fuel would eaperience "moderate” lossss by entrainment in a 0.35-
knot current. Assuming S.at the 1ost volume was continually re-
plenished ahead of (he boom, the volume lost would amount to 2700
gallons per hour.

D. Boom Geometry

Tests wore conducted with various modei configur«tions .o
investigate the effects of boom geomelry and orientation on oil
cont alnment .

1. Doow Croes Section

Ci1 contafneent by the "960 uedge was essentially the same a:
by a flat plate. The cnly difference observed was that some er-
trained droplets are caught up in the efdy above the stagnation
point of the flat plate, whersas uny droplets reaching the wedge
are carried under. This is a secondsry effect. The inception of
cil loss by entrainment and dreinage and the volumes lost weie
not sffected by this eiu‘n;e in hoom ermes aeetim.
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c. Three-Dimensionsal Effects

011 containment by angled fiat viates {a = 307 and €0} was
essentially the same as for the twc-dimensiona’ fiat plate

o
(a = C°). The headwave remalins two-dimensiocnal, i.=., cerpen

dicular to the direction of flow and uniform ‘n crcss section.

Near boom eflects caused by the intersecticn of the icadwave and
the boom are secondary.

A horizontal circulation was cvserved in the slick., O1li flow
along the boom towards the apex is balanced by a net f.ow from the

apex to the headwave and then out towards the intersection of the
headwave and boom,

Task Wa ks

The volume of oli containeu 18, of course, nct uniform along ine
arngled boom and is greatest at the apex.

™he observations noted above apply to the case where the
slick is developed or cuntained ahead of thsz boom. It is pos-
sible that an sangled boom could be used to deflect au "un-
developed” slick to the downstreem end or apex of the bcom for

)
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collection. The silck would remain undeveloped only by with-
drawing the deflected cil fast enough to prevent local thlecgening
cf the slick intc the characteristic headwave. In this case it
may be peesible to use a boom without losing oll by entralinment
or drainage in higher currents than for a developed sliick. The

present experiments do not support nor inva. date this supposition.

E. CTffect of Waves on Cil Retentlion

Experiments were conducted with combine? currents and waves.
¥ave pariods ranged from 0.5 to 1.0 seconds with wave heights up

to 2.8 inches. As expected, waves generally degrade the contain-
ment performance of an oii boam.

1. Setug

The experiments show that substantial setup or thickening of
the slick beyond the setup aue ' current is possible. No theory
1s avaliable to predict this effsct Quantitatively. The model
tesis showed that setup due to waves wes & complilicated functi n
of doth wave heigh*t and frequency end is also affected by the
Loom's responss Lo WEVaEs,

The photogrephs in Figure 29 show 'he effect of frequency on
setup. Wave height and current are held constant. The inflared
cylinder model is nhown here with freesdom in roll, neave and surge.
e lov freguency waves {7 « 1.0 sec) are zsen to have a neglig'hie
effect on slick langth whereas higher [reguency waves cause appre-
ciable re2gction of slick length. The neadwave aisc becomes in-
cressingly distorted by higher frequency wuves. The oil thickness

DT gl e o, Wy Wy o aSc nse
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Ten T worre alse sondurted witn the model locksd in heava,

Suvge, and roll, High freguency wsves with lengihs less than
S e g v Y a i 4 a,z p “ I ] . b s Y g
Limer the ool Oraft were completely reflected by ihe Loom

¥

wite the refgll That there was -0 setun due 12 these waves. Thus
w4y es In 8 w'nd driven drop whose lengths are less than 3 Tiw.s
tne toom draft mec nct cause setup 1f tne surge natucsl period

of the zarrier 1s ilirge {about 3 times) comparsed with the wave

<. Entrainment

It nas besn ohserved in cur experiments that the orbital
veiotitiez 8t the wave crests send to augment the cuwsrent and
cause tne headwave to break up into droplets. Effesctive addi-

tions to the curreant veloclty of from 20 to TO percent of ths

oot

orcital velocities wes Obscrved i1n tests by noting the current
frzed” at which droplais Pirvst formed in waves and in calm waier,
These obzerv cioms apply cnly to cases where the gross quaiities
T the headwave were not sppreclably altersd by the waves, !.o.,
the WAVE STegpness gwfl < 2,04, In =teeper waves, the normal
cmlm mater headwgve goomelry can no longer ve discerned at the
lrading eodge of *he silck. (Tn Figure 29 the valuss of waeve
steepness are 0,085, 5,020, and 2.023, corresponding to periods

~f 6.9, C.7% and 1.0C recond  regpectively.)

irn additvion, as steep waves enter Lo contained slick, they
steepan further - d break. This results in the formation of o1l

groplets at the interface which may be entrained ivnauer *“he boom,

hobertle i M g e

o R T 1 e et T A et N e et AR s et ¢ s i e S e S N ARG =




R v By

A

O I

N X

oA spae

A S 2 i Sl et e x"i?ﬂfmn‘%ﬁ?%}b’},’;i‘.(?ﬁ? Y

&\’\a

HOHAUTICS, Incorporated
SETE
d e o m L v P S ey e S g - I
Sinca these waves byeal near the aading adge of ths S13cH, it
b or o - . L VA mir e [ . - iz - -3 " 3
Eky b sxpestel Lhet oz s3licy lengihe will reduse the iosz of

a8t Thy only praciicsl weans of preventing entrsinment ossss i

waves WAy be Lo roduce the ourrsat palative to the containmsnt

3. Boon Secseotyy wed Ressonze Zf¢scts

Losgos can odcer from the giley near the boom 86 4 result of

the relative motlons bubweon the boom and waves, Those io8ges sre
& Funetion of the boow's oross-sertion shape and nswve, surgs, and

piteh freedom. The smest epitical condition sppesrs Lo ocour when
& bowe 13 restreined irn surge bet free in plieh, Ir chis case
large plfteh moticne weore inducs? hy the periodic relative surge
vejoslties. Hortzontal vortices were forgseu undsy the boow which
enty “ined oLl Prow the sifed. ¥hen the mcdels wers restpalred ir
the p teh direction by a sowing briddle, the tendsney to o
norizontel vortices was greatly reduced. ¥ sowgllance is pro-
vided In surge, the boom’s relative motions were -eorg smail. ana
in this c¢ase there was very litile tendercy for near ouw

antrainment,

Near boom entrsinment was a ¢ .lem with the inflat d
cylinder model in high frequency waves where the boom heave res-
ponse was out of phase with the waves., The large discontinuous
increase in waterplane area near the waterline caused signifiant
agitation of the slick. Comparative tests with the alternste
designs, A-1 and A-2,showed them to have 1ittle agltation 3ue to

L e My e
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out of phass haave s~tions. Ir &1l other prespects, however, he

flternative designs hed compareble contalinment abilivy in waves
when towing constraints, i.e.. towline swping constant and bridle

configuration, were asiadlar.

Quantitative data on near hoom sntrainment are very 4ifrs .
eult to obtgla, In the case of the houm model A-. with very

1ittle surge compliance, tests conductod with Zonyl & give some

indication of the full acele relative velocitles gt which near :
» boom antreinment will oceur. These tasts scaled to & 12" deoep 5
¥[§ hoom in 8" vaves with & pericd of 1.5 scconds. lLossex nsar Jhe .
‘ barrier started at sealef current spsed of 1.5 fifsec. This
smounts to & maximum relative velceity at the dottam of the bhoom
of about 3 ftfeec or an oscilavowy veloelty amplitude of about !
-%{ 1.5 ft/eec. ? 3

- F. Hultiple Boom Studles

Rultiple hoom configuretions wers briefly studied *o find
¢t 1f they mighi enharve containwment abiiity over singis hooms
Two £1at plate booms were used. Test variables were the draft
of the Porward hoom ard the longitudinel spacing bhetween the ko
booms . Test reSults were mixed with somc douile boom configura-
tions less successful et contalnment then a singls boom

ot 4 ik an i s

To redves oll entrain-.«nt losses we found that the spacing
botwesn two booms must De greater than the natural sliick length
with & single bomm. When the apacing is equal to thls slick
length, the satpkliament loesés from tarbulence behind the first
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boom are greater than from ‘e headwave with & cingle boom. By
incressing the spacing by seversl times the forward boom's draft,
the slick is effectively lengthsned s. .nat droplets entrained by
t. ulence behind the first boom can rise back to the interface
instesd of flowlng under the main cillection boom.

The stretebing effect of the forward boom can be seern by
comparing the slddie photograph in Figure 32 with the bhotuom
photaorraph 1n Plgure 23, With two booms the slick is about 8O
purcent ionger (9 ft} than with & singiz boom {5 ft) at 1.%0 fps
curpent.. ‘The oddy reglcn behind the forward toom is filled wiih
cil. Behlnd this region the slick 8 quite thin and then gradu-
ally thiskens toward the gfter boom. Thire is no headuave.

Lomopre drametic cheange in slick goometry 1o Reen between the
top and bottom photograpbs In Figure 32 at 1.60 fps current. The

single hoom hee started to drain freely wheress with two booms
tne 1ocses ar due only to moderate entr-inment,

T™he size o the widy reglion behind the Forwert boom is
roughly proportional to the cvoum dralt., Experimenta. evidence in
Referen ¢ 8 indicates the length of Lthe eddy is about six times
the boor draft. This length co responds to the polnt at which
the slicl starts Lo become guite thin when the longltudinal boom
spacing brecmes jarge compared to the norsal silek lengte., 1f
the longi tudingl svecing were 00 Large with redssect to ihe
wolwse contalned snd depth of the Torwserd bHook, we expect that
n hesdweve wouid e relormed shend of he afte- bhoom and tre
aliek irx Shis region would babuy s @imﬁkawiﬁ}mw‘ﬁ%@ single buon
case,
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under 1deal conditions the -double boom concept can increa&ss

O

the current .peed for which 01! can be contained. This increase
is only on the order of ten percent or less ard the afditiosnal

complexity of such @ systen will probably not jJustify ita use.

In summary, the slick i¢ gthenling made poesibis with &
forward bLoom seems to be ase ~lated with the sspara.ed flow ra-
glon behind this boom. Two Tooms are provably acre banelicisl
for ceses of amall volumes the:. for large conteined vol mes which
noreklly have long developed slicks. BEatrainmunt of oil from '
the region behind the forward boom s not slgnificantly different
than normal headwave entrainment. ‘

G. Absorbant - Exoperl

Adding Exoperl to an o1l slick (Your percent by welght)
caused the slick lsngth to incrasse yy to 20 percent in curraonts

i i o s

near the apsed for inception o entreinment losa, The iacrzeses
length ey be attributed meinly to the ineremssd volume of ol
plus absorbent. The oll socakad Exoperl ro=ains i%es dense tnaen
the oil and floats on tor of the oil layer., Moet of the Bkoperl
is carrisd to the front of the aslick by the circulstion fn vhg
oil. There wes a slight reduction in the 011 losg dy antraliment
with the abaorbent added. This may be attributed to the in-
cresssd sllick esmgth. Entrainmment of ol) hecomes very heavy wheh
current is inevessed stcut 15 peresnt over ths inceptlion spead.
HC ever, the oll sosked Hoperl remains contained whilé the un-
sbsorted oil is lost under the doom. The remaining layer of
Bikoparl sterts o drew unjor the .com &t 60 parcent highes
cerrent, |
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The sédition of absorbents to oi. slicks offer a poscltile
wsane for containment ondzpy adverse conditions. 0Of course, thelr
uo g may dalbpoduce other problems of subsequent disposal or re-
clajmetion. & crifical point seems vo be that all of the uvii must
be avsorted to effsct a signilicant reduction in oll loss rete,
011 wisich iz ant sbdsorbed is not affected sid is free to become
entregingd as before. The current at whicn an oll sosked absorbent
will be logt by enteeinment or drainage is undoubtedly & complex
funetion of ihe specific gravitv of tne resultant rixture and its

geveral physizsl pruperties,

V. CONCLUSsiONE

1. 81i¢.. gecwetry can be approximated using & simple two-
dimensinpg)l apth Bodel with espiricel coefficients. Errcers may
arize whet extrempuiating ¢~ large scals., However, large scale
teats or fiwld swperience .»nould provide sultable corrections to

the theory,

2. Curpgnt veleoclty is the single most imporisnt prrsmetler
:ﬁ;““?“@»«ﬁ;f“ff,;% efl cmiﬁmﬁnm:t. Entrninment losses Increase Quile
P Mﬁ" ag';{% %,ﬁ@ym@.gﬁs current and can bde severe in currents
g mff,w* Ty &;:w?mﬁmi“ly one unot. Excessive entralnment ra*es
%,«1 %l‘m «mmr EARR “x‘ﬁb«bly cause successful oll retentior to he

m 123 -%Wm hipiok & seximie “alue in the rerge of e to

L iwo »ﬂ%}“;ﬁ. ﬁm% egiase locressed entrainsent rates and will
Y .,hw M@Qw thik *&:Iumhle zurrent for auccessful operation.
g 48 szm;_ \gﬁxvpmm,.; T ekt sxteni eoa sta * alane will preciude

sontxiowent ,
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3. Containment failure can occur both by drainage and/or

satralnment of droplets undsr the boca. Boom draft aeedad to »
pravent drsinage in ~sle sat.r is readily calculsted. Addit onal
draft to prevent drainage i waves can only be grossly epproxize .

ted. Increasing depth beyor4 that reguired Zor &reinege 12 pratv
ably not efficient. The resulting load penalties would not b

}‘_ Justified by the relatively minor improvenc? in entralomeri loae
| rates. |

3, PFresent Lioories wmay o way not &fford relisbis
prediction of the rates of oil droplet forsation. Seall scule
Bodel tests have limited applicstion in this rogasd due to the
| groat 4ifficalty ia ewmlum she .aoeessery scaling paressismm .

§. 011 rstectio with beoms can Do snhenced by msintslalsy
relatively locg sllek lengthe to adntmiue ent.olssknt joxsoe.
S81tck length om: be increassd by duployiag the oot in . Geep
configusation and by miniuliing cwrrent re.ative to the fowe

Mukmmmemleau&mmm,& %@Mgmi;
renge of parsmaters. Two Doams 0on Be vOYse Them & ﬁﬁ;‘w
in soms conditions. laigs yolumis of M§ gRtironl ¢
euired bocnase oil Of the ol wust be SemdN row m SN o

to be u:‘utiu. Tae of mﬁs ay e Mﬁg& o8 w;iz-
sble collmetion end huadling squiswent.
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7, Hodel trat results have besn valuable for empirical

determination of coefficlients to use with the theoretical ex.res-

4

sions that have been developed. Sowme error s llkely, however,

Tt e e i R A

when extrapoelating model scale data to prototype scale. The im-
portant scaling parsuetors sare Froude nusmber. Weber number and
Reynclds number. It is not possible to perform scale model taests
with a1l thesy paremeters satisfliad simulitanscusly. Thus, com-
plete simulation is only pousible gt full scale. However, some
success has bean obiained in scsling both Proude and Weber number.
Ao approximsete sisulation over & ilimited scale ratio can be ob-
tained by this techalgue.

8. ‘the boowm's cross section ahd dynsmic response in waves
<an bave some effeci or losses csused by near boom entralnment
%z*m “wsahing aachine sctica”. Droplets are entrained ir . e
fiow just shead of tho boom when (02 actions are such that iargs
rrlative veloritles ocour bDetween the boom a~d surrounding fiulos,
2.£., whes the boom has lsrge our of phese pitch motion:. Tre
boom croes ssction should be smooth nsar the waterliine so trat
Lemring wotions do act cromte lange distrobances in the sjlck.
Ssar boowm antieinment can be reduced By inereasing the boom's
surge compllance. Plich respunse shoulo be Mtfiﬂf-%‘%ﬁ i larg-
reiative veloeisism &% the bottom of the BOom are induces by

- myzesslve plich wotiors.
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LI ¢
or i{::i}a = o és ”L}&
Q
= Kx + t,"®
2 c U
; i, 2 £
Hnere En z . ¥ i - Fr
ﬁ g’ ’ B‘ (cf h‘ ) = ﬁg! 3

o (o]

¥

G, = gffective ircerfacial friczion coefficien $s:

f %

The specific volume behind the hesdwave is obtained hy integra’ing

kY

thickness *{ ).

x X %
v = fz(n dx = [ (%x + t,*}% ax
L& jG

{ 3/
» ‘%{‘ l(gx’ + KX)"“Q -0}

LA —

The total slicx length Ls and volume ?ﬁ are found usling:
L = + x
8 nh

$ =¥ ¥
3 n X

4 listing of the computer program :sing this sisplified model
for slick length followse in Appendix B.
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APPENDIX B

COMPUTER  PROGRAM FOR CALCULATING SLICK

CHARACTERISTICS AND ENTRAINMENT LOSS RATE

A computer program has been written to calculate the

characteristics of an oll slick and the entrainment loss rate as
a function of current speed. The formulations used in these
calculatloné are described 1n Section III and Appendix A of this
report.' Tre input to this computer program 1s as follows

Card 1 Format F10.2

FD Froude number at which headwave propagates N.D,
CF Friction coefficient at the interface N.D.
SG Specific gravity of the oil : N.D,
VOL Specific volume of oil contalned Ft2/ft

Card 2 Format F10.2

RHOW Mass density of water | Slug/ft®
ViSO Viscosity of the oil Ft2®/sec
SIG Interfacial tension betweer. o1l and water Lb/ft?®
CE Headwave entfainment‘coerficient B! N.D.

Card 3 Format F10.2

UC(1) to UC(6) Current speed at which characteristics Ft/sec
are required

A sample output is given beiow. The slick length arnd thickness

(at the boom end of the slick) are given in feet and the loss

rate in cublc feet per second per foot of boom. In the event

that the volume given 1s not sufficient to fill the headwave at

a glven speed, the message "slick unstable" is printed out. A

listing of the computer program follows.
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EXAMPLE OUTPUT

ESTIPATE OF SLICR

CHARACTERISTICS AND ENTRAINMENT LUSS MATE
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APPENDIX C

Example of Loss Calculations

Given: 3,000 ft boom
20,000 ton spill
Withdrawal system capable of collecting spill in 48 hours

Find: Current velocity in which system can operate with
acceptable losses.,

Analysis:

(1) Assume Propsrties of 0il .
Speciflc Gravity, S.G. 0.90
Kinematic Viscosity, v = 1075 £t /sec

0.0011 1lb/ft?

Interfacial Friction Coefficient, Cf = 0,010

Headwave Froude Number, Fh = 1.00

Volure Loss Rate Coefficlent, B* = 0.0073

Interfaclal Tension, ¢

Parabolic Boom Geometry as shown in Flgure C-1

(2) Losses will be (onfined to relatively small lengths of bocm
at the corners where the boom intersects the headwave. Thus,
assume that the angle, 6, between the boom axis and the current

direction 1s constant in the loss reglons.

(3) The specific loss rate ss a function of slick length
between the headwave and boom, and current velocity is computed
using the prcgram in Appendix B. Assume that the loss rate for
slick lengths less than the headwave length is constant and



HYDRONAUTICS, Incorporsted

i -77-

equal tCc the rate cf dreoplet {vclume) formaticn. The ares

i o
-

under 8 curve of specific volume loss vs. slick leng:in

proportioned to the loss rate divided Ly the slcope of the tluxm

{tan @) st the corner. This loss rate (for both corners) is

shown in Flgure 7-2 g3 @ functlion of current speed. The maximur

7R Sty

-

2iizk length for any significant ertrainment loss 1s also showr,

e
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{4} The simplified theory for setup given in Appendix 4 is

used to generate the curves of specific volume vs. siick length
showrn in Plgure C-3. The<se curves are used to calculate, DY
numerical integration, the contained volume shown in the figure
ror the assuwed boom geometry. 2 contained volume is shown as
& function of slick length which should be taken as the maxigum

iecgth, 1.e.; at the apex.

{5} The volume of the oil epill and the witl.irawal rate &are:

v - 20,000 X 2,200 - . =z .,
¥ O L AE - “‘W‘E}T = 7,85 x AU T
7.85 x 108 _ )
Pump Rate = 8 1 = 4 .55 £i1® /zec
48 x 3,600

{6) 7The curves of contalned volume are sntered to determine
the slick length at the gpex. The siope of the toum at ine
headwave _eading edge Is calculated. The l¢ss rate from

Figure C-2 {s multiplied by tan & 1o sbigln the loss rate.

7% The veaulia are summgrized ir Table -1 for wLne toom
i

geomstry shown in FPlgure O-1 and one additional configuration

for wnich tne parabola opening width nas beer redo ed 7o 1330 fo.
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Conclasicns:

Iv. urder 1o obtair 99% recovery of oll cellected in the
boOm, current must be less than 1.3 fps wo"> ... ooom geomeryy
showr, in Flgure C-1. Av 2.5 fps the recovery would be less
than 9%%. By reducing ithe cpening to 340U feet, nomimal current

is increased to 1.5 and 2.0 fps for G9 and 95%, respective.y.

The lcss rate wilil increase @8 slicg volume 1s decreased
s¢ that the slope at the [ntersettion of tne headwave and the
bood increases. For exampie, at 1.4 fps, tne loss rate
{2260-ft. opening) after 24 hours is C.CT4 ftPsec compared with

0.06% ft* /sec at ~he beginning of opervatioun. The

ase is

1]

(¢}

e incr
graduel and should be countered by decreasing the width of *he

Py

[+

boom cpening as 211 is recovered,
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