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Operational guidance for the efficient use of combustion in the
cleanup of a surface oil film, formed as a result of a spill at sea,
is sought by approximate analysis. In remediation by burning, the
spilled oil itself provides the energy for its cleanup. Attention
is focused on situations holding relatively far from the source of
the spill and/or relatively long after the spill: the o0il is taken
to have so dispersed that the thickness of the film is on the order
of a few millimeters. Under such conditions, the oil film is
unlikely to burn without the use of multiple towed booms, each boom
spreading its already-ignited, localized fire to continuously
collected, previously unignited portions of the oil film. A simple,
quasisteady, two-dimensional analysis suggests efficient values for
the tow speed and the tow-line length as functions of such
parameters as the oil density, oil-film thickness, oil
burn/evaporation rate, etc. The analysis leads to specific
suggestions for apparently unreported laboratory experiments that
may be informative prior to at-sea operation.

INTRODUCTION

We consider an option for the removal of oil spilled at sea.
The option includes containment by towed booms and combustion of the
oil (Fig. 1) [1-7]. It seems unlikely that the formation of soot
and other hydrocarbon products [3,4,8], for which there may be
methods of mitigation [9,10], could outweigh the advantage of this
in situ reduction (even elimination) of the oil. Alternative
methods that remove, as distinguished from redistribute and/or
disperse, the spilled oil entail large requirements for collection,
storage, transportation, and disposal [1].

Accordingly, we analyze the fluid dynamics (including the
consequences of mass conservation) of the combustion phenomena in
order to obtain estimates of suitable operational parameters.

We note that extensive modeling, experiments, and observations
are available concerning the spreading and fate of oil spilled at
sea in the absence of countermeasures [11-13].

THE DYNAMICS OF THE OIL LAYER

We adopt a two-dimensional idealization of the real three-
dimensional configuration (Fig. 1). As is shown in Fig. 2, we fix
our coordinates in the boom so that the flow (relative to the boom,
of course) is in the x direction and is independent of time.
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Figure 1. Plan view, not to scale, of a typical oil-film-
"herding”-and-burning operation at sea, including a towed U-
configured boom.
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Figure 2. Schematic for a quasisteady, two-dimensional model of the
burning [with oil-surface-regression rate m(x), typically on the
order of 0.1 mm/s] of an oil slick of ambient thickness hy and of
density g. 1In the frame of reference of a towed impervious boom,
the ambient oil and water at x < -L approach at the towing speed U.
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The vertical coordinate, y, has its origin at the altitude of
the oil-water interface upstream of the burning region, which is
adjacent to the boom. For operating parameters of interest, the oil
layer is very thin compared with the range of x over which the
dynamics are at issue, and thus the slope of both the oil-atmosphere
surface, y = g(x), and the oil-water interface, y = -d(x), is very
small. It is consistent with the foregoing to adopt a hydrostatic
approximation for the vertical-momentum balance. We use the
potation indicated in Fig. 2, so that the equation which represents
this approximation of the vertical-momentum balance is (g is the
magnitude of the gravitational acceleration)

p, +og=0 in -=d(x) (y<n(x) . (1)

Y

Here o is the density of the oil and the datum of the pressure p is
taken as follows:

p=0aty-=ng(x). (2)
It follows that
p(x,¥) = ogln(x) - yI. in -d(x) <y < 9(x) , (3)
and
Py o gn'(x), in -d(x) <y {n(x) . (4)

It is also consistent with the foregoing to ignore the
horizontal acceleration of the o0il so that (with gy denoting the
dynamic viscosity of the oil)

Py = Ko uyy . (5)

Since px is independent of y from Eq. 4, u is quadratic in y. The
(atmost horizontal) velocity of the oil-water interface at y = -d(x)

is denoted by uj(x). The velocity gradient in the vertical
direction, uy(x,y), must vanish at y = p(x), and therefore

ulxiy) = uy(x) - 2L 1y (010 + 200 - 9] (6)
0

Mass conservation in -L { x € 0, -d(x) < y < p{(x}, where 5'(x) = 0
for x < -L, is given by

u, +v, =0, (7}

Since u{0,y) = 0 because the boom is impervious,

q mx)
dx J d(x) u(x,y) dy - [9°(x)] ulx,p(x)1 + d*(x) ulx,-d(x)]
X

+ vx,9(x)] - v[x,-d(x)] = 0, (8)
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or

n(x) 0
J u(x,y) dy = J h(6) d§ , (9)
-d(x) X

since

vix,m) - [ulx,n)] o' (x) = m(x),
v(x,-d) - [u(x,-d)] d*(x) =0 , (10)

and m(x) is the vertical efflux of the pyrolyzing oil (with the
dimensions of a velocity). The upstream edge of the combustion zone
is at x = ~-L. The result given by Eq. 9 may seem immediately self-
evident, but the development assists the exposition.

Somewhat varying empirical data regarding the consumption rate
of an oil film on water have been published [3,6,11-14]. More data
are needed concerning the dependence of the oil burning rate on
layer thickness, type of oil, and wind speed if the model results
are to be definitive; this subject is briefly readdressed below.

If the integral on the right-hand side of Eq. 9 is denoted
M(x), then mass conservation [i.e., £q. 9] implies M(-L) =
(ug (-L)1[9(-1)], since u{-L,y) = uj(-L) and d(-L) = 0 by definition.
Substitution of Eq. 6 in Eq. 9 gives

(n +d) uy - gﬂzl (n +d)3 = nx . (11)

We collect some of the above, append several bits of notation,
and add some simple consequences of the foregoing analyses of the
0il layer:

plx,-d(x)] = eg(n + d) , (12)
TyyX =001 = p u Ix,-d()] = - [oon* ()1[d + 9] , (13)
u(-L) = v, (14)
7{-L) = ba , (15)

and
d(-L) = 0. (16)

THE DEEP-WATER DYNAMICS

The motion in the deep water, i.e., the perturbation in
velocity from its upstream horizontal value, U, is driven by the
friction that the oil exerts on the water at the oil-water
interface. We can expect with confidence that the perturbation
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velocity is not greater than U itself. Accordingly, the “Bernoulli
correction" to the hydrostatic pressure in the water can be no
1arger than that in the oil. It is thereby consistent with the
analysis of the previous section (wherein the Bernoulli corrections
were ignored) to adopt an Oseen approximation [18] to the dynamic
balance, and to locate the oil-water interface at a depth that is
consistent with the considerations set forth in this paragraph and
with

%5 =-pg in y { -d(x) , (17)

where p denotes the density of the water. Thus, in y < -d(x) and in
x ¢ -L, the pressure in the water, pyater. 15 given by

Puater(-L:Y) = 00he - pgy . (18)

But

Puater(Xe¥) = agln(x) + d(x)] - pgly + d) . (19)

Equating the two expressions gives

ﬂ=‘1;,—”(rl+d)+gm’. (20)
and
"' =L—;” (g+d)r . (21)

The appropriate Oseen model for the perturbation velocity u* is
{since uyy <K Uyy)

a4,

pu;y -3 =0 iny<o0, (22)

*
X
where u denotes the viscosity of the water, and since
u*(x, y? z u(x,y) - U,

u*(x,0) = ul(x) -U. (23)

In this formulation we use the usual small-surface-slope
approximation wherein (in the notation of this problem } u*[x,-d(x)]
is replaced by u*(x,0). The choice of the effective convective
speed (U/3) in the linearized convective operator of Eq. 22 is
standard and well-motivated [18]. Also, in this treatment of the
dynamics of the water, we extend the domain to encompass y < 0 and
-w { x { =, We defer until later the adjustment that will be
necessary in order to accommodate the requirement that u*(0,0) = -U,
since u1(0) = 0 because we expect that the oil-water interface
intersects the impervious boom (Fig. 2).
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The Fourier transform in the coordinate x of Eq. 22 is
pur (cy) - EUS (o) < 0, (24)

where ¢ is the transform variable and a super bar signifies a
transformed quantity. By the requirement of boundedness, and by use
of Eq. 23 to identify the function of integration, solution of

Eq. 24 gives

- _ 1/2
() = [iy(0) - ¥ exp{[g}-j i¢] y} : (25)
The stress Txy 1s given at y = 0 by
Tyy(%:0) = puy (x,0) , (26)

and its Fourier transform in x is, by Eq. 25,

;xy = 7(¢) - u(ﬂ%,;—(]”z [Ul(g) - -l]ig_] ) (27)

Inversion of Eq. 27, by use of convolution, gives, in view of
Eq. 14,

R
() - u- [p,uU] I_L (- ]2 dx; (28)

THE MATHEMATICAL PROBLEM

We now define the following dimensionless variables:

u, (x)
wis) = lg—, H(s) = 22 8D g < MO (29)
s=¥X r=zL£=-¢ _gh 3 (e AV ha’ (30)
L P 30iu,lo , [uu3L/3]1/2

where v = g/p. The presence of the qQuantities U and L as
multiplicative factors in the denominators of the parameters X\ and K
is noteworthy.

By use of Egs. 13, 21, 26, 29, and 30, we may rewrite Egs. 11
and 28 as

A3 (s) H'(s) = w(s) H(s) - £(s) |, (31)

and
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w(s) - 1=-K IS —Elfll_ﬂilfll_
-1 [x[s - SI)]

The dimensionless dependent variables w and H must obey the
conditions

177 ds1 . (32)

H{-1} = w(-1)

1. (33)

In the absence of pyrolysis and burning, f(s) = 1; then, w(s) =
H(s) = 1, i.e., the volumetric flux per Tength Uhs accumulates at
the boom (and soon overruns and underruns it). There are two more
constraints on the system. First, the upstream edge of the
combustion zone must proceed to the left (in the natural coordinate
system) at speed U. Thus, the operating speed U must be chosen in
accord with the firespread rate of the oil layer, which, in turn,
depends on the thickness of the layer, the wind speed, properties of
the oil, and possibly other factors. Little is known about the
firespread rate [3], and data are needed before one can exploit any
model of the oil-slick-burning phenomenon. Second, for consistency
with Fig. 2, it is also necessary that w(0) = 0.

For some values of X\ and K, it is a remarkable coincidence that
w(0) does become zero. For other cases one must note that the
analysis fails in a very small neighborhood of s = 0. It is also
evident, however, that in so small a region, any adjustment that the
velocity field requires can perturb only very locally the overall
balance for either the mass or momentum of the oil. Figure 3 is a
schematic diagram of the perturbed geometry that would accompany the
flow for those values of X\ and K for which Egs. 31 and 32 do not
yield w(0) = 0, upon integration from s = -1 to s = 0.

Incidentally, for the convenience of treating only positive
values of the independent variable, we sometimes elect to adopt the
coordinate t, where

t=s+1, so 12>t2o0. (34)

However, we refer to the primary dependent variables as H and w
whether we work in the s or t coordinate, because we seek to avoid
further proliferation of notation.

Once solution for H(t) is obtained from Eqs. 31-32, p(x) is
available from Eq. 20, and d(x) follows by subtraction, from the
middle relation of Eq. 29.

We concentrate below entirely on the case of a pyrolyzation
rate uniform in the domain 1 2t 2 0, so f(t) =1 -t for
calculations reported here. Again, obtaining further data seems
desirable before pursuing alternative distributions [though in alil
distr}butions of interest f(t) =1 for t = 0 and f(t) = 0 for
t =1].
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Figure 3. The solid curves delineate the limits of the (shaded) oil
layer, y = n(x) and y = -d(x), as given by the integration of Egs.
31-33. When, according to the model, the horizontal velacity
component at the oil-water interface exceeds zero at the boom, x =
0, then over a distance X, which can be only a few multiples of the
vertical expanse [(0) + d(0)] and which is much less than the
_distance L (Fig. 2?, there is a boundary-layer-like modification
(not analyzed) such that each of g(x) and d(x) is given by its
respective dashed-curve counterpart.

SOLUTION

We proceed to identify, by numerical solution, those values of
the dimensionless groups h and K for which practically interesting
behavior is obtained. Such behavior is characterized by (1) H
increasing monotonically as t increases, such that the value of H at
the boom is at least a few multiples of the value of H at t = 0; and
(2) w decreasing monotonically as t increases, preferably such that
w is close to zero at the boom. Then, for practically interesting
values of the parameters p (water density), o (oil density), he
(ambient 0il-film thickness), po (dynamic water viscosity), and v
{kinematic water viscosity), via £q. 30 we infer values for U (tow
speed) and L (burning-patch length) from the adopted values of X\ and
K.

Alternatively, and more directly, we can adopt values for U and
L {as well as for p, o, hw, pg, and v), and thus specify values of A
and K. In choosing values, we recall [from Egs. 29-30, the
definition of M(x) given above £q. 11, and Eq. 34] that the
value of the regression speed m, such that previously herded oil
leaves the layer as fast as freshly herded oil enters the layer (so
a steady configuration persists), is given by

_dM _ Uhy df uh
U el A (35)
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for f(t) = 1 - t. Equation 35 guides the parameter assignments

for consistency with oil-layer-burning rate data: according to (6],
typically m = 0.06 - 0.07 mm/s, and according to [5],

m~ 0.035 - 0.05 mm/s. We need to ascertain that the system, Egs.
31-33, has solutions with the desired properties for the values for
the groups A and K implied by the parameter assignments.

We now discuss details of the calculations. From knowledge of
H(t) and w(t), from Eq. 31 we compute H(t + At), where At is a very
small increment, by holding w fixed at the value w(t), e.g., by the
standard fourth-order Runge-Kutta formula; with H known over the
(t,t + At) interval, we then obtain w(t + At) from a trapezoidal-
rule-type integration of Eq. 32. We then repeat the two-step cycle
for the next incremental interval in t. We search for a At small
enough that the overall results are effectively invariant to the
step size At, rather than iterate for every increment in the
independent variable t. For the calculations reported below,
At = 0.0001. Incidentally, the integrably singular kernel
K(s - s1) = [x(s - sl)]'l/2 in Eq. 32 may be conveniently and
accurately modified this:

a-bs - csz, 0<s ¢ So
K(s) = (36)

(IS)"I/Z. sp $s S L

where requiring the continuity of value and slope at sg ({<€ 1) and
requiring the equality of the integrals

3
0 0
I (a-bs- cs?) ds = I (1rs)'1/2 ds (37)
0 0
imply
15 5 9
a=—"2>—, b=s—m—3, C=—75 %77 * (38)
ar So1/2 '1/2 SO3/2 411/2 so5/2

Also, we note that, since H'(0) = w'(0)
t + 0, from Egqs. 31-38,

0, for f(t) =1 -1¢, as

W) =1+ 22+ oo, w(t) =1 - Kat?/(@) - .o . (39)
Thus, although the solution of Eq. 31 superficially might seem to
possess boundary-layer character for 1 > X 2 0, in fact, the right-
hand side vanishes at t = 0, in view of Eq. 33 and in view of the
constraint that (at t = 0) f(0) = 1 by definition; that is, the
solution of the reduced equation satisfies the boundary conditions.
In fact, as t »+ 1 and f(t) + 0, the left-hand side of Eq. 31 tends
to balance the first term on the right-hand side, since in general
the value of w(l) given by Eqs. 31 and 32 is small but finite. If
w(l) + 0, from Eg. 32,
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-1

.. {JI () ¥ () dt} | o

o [x(1 - t)%

so it is not implausible that we find that H is larger as t + 1 for
smaller values of the parameter K, for fixed values of A. As ) is
increased for fixed K, typically we find that w(t) decreases less as
t increases from zero to unity.

The nominal parameter assignments are taken to be as follows

[5]:
v=0.01cnl/s, p=1g/em3, g =980 cm/s2 ,

hy=0.2em, po=1g/(cms) , o =0.934 g/cm3 ,

U=26 cm/s , L = 1500 cm. (41)
These assignments imply that the nominal values of X\ and K are:

6 3 3

A=4.13x107° , K=8.15x10" , h=-3.47 x 10" cm/s . (42)
In results reported here, all parameters taken on their nominal
values in the absence of explicit statement to the contrary, and the
independent variable is taken to be t. For the nominal case H(1) :
17.8, w(1) = 0.01. Figure 4 presents results for w(t) for the

following cases:

(1), nominal case [see Egqs. 41 and 42];

(2), U =52 cm/s, A = 2.06 x 1075, Kk = 2.88 x 1073,
h = -6.93 x 1073 cn/s ;

(3), L =750 cm, X = 8.26 x 10°%, k = 1.15 x 107¢,
h = -6.93 x 1073 cm/s

(4), he = 0.4 cm, X = 3.30 x 1072, K = 3.26 x 1072,
M= -6.93 x 1073 cm/s :

(5), o= 0.82 %, x = 9.89 x 107, K = 1.95 x 107,

cm

M= -3.47 x 1073 cm/s:

and
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P HE -6 3
(6), By 2.0 s A =2.06 x10 ", K=28.15x 107",
h = -3.47 x 1073 cm/s. (43)

R1M.92.0001.08

Figure 4. The normalized oil-water-interface speed w as a function
of the nondimensional spatial coordinate t, for the cases of Eq. 43.

Figure 5 presents the corresponding results for H(t) for the cases
of Eq. 43. Figure 6 presents results for w(t) fgg most of the
following cases, for all of which m = -3.47 x 107> cm/s, the nominal
value:

(1), nominal case [see Egs. 41 and 42];

(7), U=52cm/s , L =3000cm, X =1.03x 106,
K=12.04 x 103 ;

(8), U=13 em/s , L =75 cm X =1.65x 10°5 ,
K =3.26 x 1072 ;

(9), U=52cm/s , he = 0.1 cm, X =2.58 x 10-7 ,
K=7.20 x 1072 ;
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(10), U= 13 cm/s , ha = 0.4 cm, X\ = 6.61 x 10-9 ,
K=9.22 x 1072 ;
(11), ho = 0.4 cm , L = 3000 cm, X = 1.65 x 10-2 ,
K =2.30 x 102 ; and
(12), ho = 0.1 cm, L =750 cm, X =1.03 x 10-6 ,
K=2.88 x 10-3 . (44)
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Figure 5. The dimensionless oil-layer thickness H as a function of
the nondimensional spatial coordinate t, for the cases of Eq. 43.

Figure 7 presents the corresponding results for H(t) for most of the
cases of Eq. 44. The rather well-defined front of the towed-boom-
thickened region, and the 0il thickness at the boom (often several
centimeters for a millimeter-thick oil film), are noteworthy.
Because the length of the boom-thickened oil layer L is typically
1.5 m or more, the maximum compressional-strain rate for uj(x) is
0(1/s). Figure 8, which identifies the location in (K,A) space of
the dozen cases just enumerated, suggests the dimensionless-
parameter ranges of particular physical interest.

It is worth noting that for some combinations of parameter
values, the numerical results suggest that the operation may be
unsatisfactory, because the operation is ineffective and/or unstable
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[e.g., H(t) barely exceeds unity at t = 1 and/or w(t) goes to zero
for t < 1 and/or highly oscillatory behavior of H(t) or w(t)
occurs].
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Figure 6. Same as Fig. 4, but for most of the cases of Eq. 44.
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Figure 7. Same as Fig. 5, but for most of the cases of Eq. 44.
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Figure 8. Identification in (K,A) space of the twelve illustrative
cases specified by Eqs. 41-44, The combinations of dimensionless
parameters which comprise the dimensionless groups K and )\ are
defined in Eq. 30.

BOOM CONFIGURATION

To this point, we have carried out a one-dimensional analysis
of an oil-herding-and-burning operation, taken to be quasisteady in
the frame of reference fixed in the (towed) boom. Here we examine
more closely the configuration taken on by the boom, described above
simply as U-shaped. We model the boom as a uniform flexible string,
which supports no compression or shearing stress or bending moment,
so that the force exerted at any point in the string can be only a
tension T directed along the tangent to the string at that point
(Figs. 9 and 10) [19]. The distance s* is the arc length measured
along the string from the point of symmetry (taken to be the origin
of a Cartesian coordinate system fixed in the boom: x* = y* = 0).
The super asterisk is present to distinguish the present usage of
some conventional symbols from our earlier usage of the same symbols
for other designations. The towing is taken to be such that the y*
axis is an axis of symmetry.
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If D denotes the fluid-dynamic drag on the towed boom owing to
the flow U, then the balance of forces locally normal to the boom
gives (Cp, the drag coefficient, is approximately unity for the
range of the Reynolds number of practical interest [20], and H* is
depth of the wetted part of the boom):

Td§ =D ds* = (p/2) CD(U cos 6)2 H* ds* ; (45)

2
pCo V%
gz* = -—QETF——— cos2d, so tan 6 = ks* (46)

by symmetry, provided that T is a constant and
- 2
k = pCD U= H*/(2T) .

However, dT/ds* is equal to the drag locally tangential to the
string, and, since this drag is negligible, T is indeed constant.
If L* is half the length of the boom, then

tan g, = kL* (47)

where p, Cp, U2, H*, and L* are taken as known. While the tension T
is not taken as given, the towing vessels must continue to pull in a
fixed direction 64 to keep the boom configuration unchanged in time.

Since (dy*/dx*) = tan 8 and (ds*)Z = (dx*)2 + (dy*)2,

-1/2
%é; = ¢cos 8 = (1 + k2 5*2) '
5ol
<L, A
x*
Eemn—
U >
—— 0
—-

R1M.91.0214.02

_4.---

Figure 9. Sketch of the coordinate systems used in examining the
boom configuration for herding and burning an oil film on water.
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Figure 10. Sketch of the force balance used in examining the boom
configuration for herding and burning an oil film on water.

5

1/2
)

= sin 6 = ks*/[1 + KZ s#2 . (48)

(=¥

S*

Hence, with L* 2 s 2 0,

w(s4) = kL anlis + (o 12 60" :
y*(s*) = k'l[(l + k2 5*2]1/2 - 1] (49)
From Eqs. (47) and (49),
x*(L*) = %gﬁ—ag 1n(tan 60 + sec 90) ,
y*(L*) = t:n g~ (sec 6, - . (50)

[¢]

For [(x/2) - 65] = €, where 0 { € < 1, i.e., for the case in which
the two craft tow slightly divergently from a parallel alignment,
x*(L*) = L*e In(2/€) and y*(L*) = L* - 0(eL*). More generally, from
Eq. 50, for assigned 8, and L*, the separation distance x*(L*) is
inferred; alternatively, for assigned x*(L*) and L*, the towing
angle 8y is inferred. The parameter k follows from Eq. 47, so the
entire boom configuration follows from the parametric representation
of Eq. 49. Numerical examples are provided in Fig. 11.

REMARKS ON THE ANALYSIS

The model treated here adopts the Oseen approximation, does not
pursue the details of flow stagnation at the boom, and takes the qil
layer to remain coherent. We believe that we have solved the model
to the accuracy warranted. In general, pursuing more meticulous
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mathematical solution of the above formulation does not seem
appropriate without first inquiring into the magnitude of possible
nodifications owing to turbulent transition; standing waves
established by the presence of the towing vessels and the boom; pre-
existing waves, currents, and/or winds; and firespread rate.

fFurther work on the containment configuration may consider a model
of the boom beyond that of the string idealization adopted here.

One exception to this recommendation concerns the fact that a
solution is furnished above for a two-dimensional problem: a one-
dimensional or two-dimensional problem often is usefully considered
at the outset of almost any combustion-front-propagation investi-
gation. Extension to a three-dimensional description of oil-layer
depth during a remediation operation might be usefully undertaken
with just the phenomena currently included in the model.

PERTINENT LABORATORY EXPERIMENTS

The experiments to be discussed may all be carried out in a
flume, a (modestly) sloped channel into which one can introduce
water, a surface layer of oil, and (if desired) a stationary boom
past which the liquid may flow (Fig. 12). The capacity to have a
finite wind speed w may be noted. Of course, the inlet and outlet
may be plugged so that tests without a moving layer are encompassed.

The first, crucial laboratory experiments are those that
delineate the amount of burning oil consumed per unit area per time,
i.e., the quantity m, with the units of a speed. The data for m
should be sought for types of oils of interest and for oil-layer
depths of interest, with wind speeds of interest and with extension
to oil/water emulsions to simulate some of the consequences of
*weathering” [21,22] of spilled oil. While the existence of
appreciable data from burning oil films over water sublayers in
pools of various data has been noted in the introduction, the
desired information cited here appears to go beyond what is
available.

The next set of laboratory experiments is transient tests of
the flame-propagation speed across the water-supported oil fiim, for
a range of interesting values of each of the above-listed
parameters.

If the results continue to support the practicality of the
scheme, currently plausible on the basis of a quite limited number
of uninstrumented trials at sea, then the next step would be to try
to simulate the entire phenomenon in the laboratory; it is this
encompassing simulation that is depicted in Fig. 12. Such an
inclusive laboratory simulation would entail a moving layer,
ignition at time zero, and spread of flame across the oil layer.

The authors are grateful to Howard Baum, David Evans, and
Douglas Walton of the Center for Fire Research, National Institute
of Standards and Technology, Gaithersburg, MD for many very helpful
discussions. They also wish to thank Christine McCourt and Gail
Takahashi for the preparation of the manuscript.
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Figure 11. The configuration of half the boom, in terms of the
coordinate system introduced in Fig. 8, from Eqs. 47 and 49, for a
half-boom length L* = 67.5 m and for various tow angles 5. The
full boom configuration is implied since the configuration is

symmetric about the y* axis.
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Figure 12. Schematic of a flow-through experiment in a (slightly
inclined) channel with a stationary boom, and_a burning oil layer at
the surface of the water. The wind speed is w and the liquid phases
move at speed U far from the boom (aside from boundary layers);:
however, after a fetch, the wind alters the liquid speed from U, as

does the approach to the boom,
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NOMENCLATURE
o coefficient of drag, defined in Eq. 45
) drag, [N]
d(x) magnitude of the depth of the oil-water interface below the
level of the ambient water surface, [m]
£(s) M(x)/ (Uhe)
g magnitude of the gravitational acceleration, [m/sZ]
H(s) [7(x) + d(x)]/ha
H* depth of the wetted part of the boom, [m]
he ambient thickness of the oil slick, [m]
K dimensionless parameter defined in Eq. 30
K(s) integrably singular kernel defined above Eq. 36
k pCpUZH*/(2T), [1/m]
L magnitude of the value of the x coordinate at which the
oil-layer thickness begins to vary from he, [m]
L* half the length of the boom, [m]
M(x) jo n(s) d&, [m2/s]
X
m oil-surface-regression rate, [m/s]
p(x,y) pressure, with datum at the air-oil interface, [Pa]
s x/L
s* distance along the arc of the boom (Fig. 9), [m]
T tension along the tangent to the boom, [kg/(m sZ)]
t s +1
U towing speed, [m/s]
u(x,y) component of velocity in the x direction, [m/s]
ug (x) ulx,-d{x)], [m/s]
u*(x,y) u(x,y) - U, [m/s]

vix,y)

component of velocity in the y direction, [m/s]



w(s)

X*
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uy(x)/u

horizontal Cartesian coordinate, with origin at the boom,
[m]

Cartesian coordinate defined in Fig. 9, [m]

vertical Cartesian coordinate, with origin at the ambient
water surface, [m]

Cartesian coordinate defined in Fig. 8, [m]
(7/2) - 00
Fourier-transform variable, [1/m]

height of the air-oil interface above the ambient water
surface, [m]

angle defined in Fig. 9

%symptotic value of 8, holding at the end of the boom
Fig. 9)

dimensionless parameter defined in Eq. 30
viscosity of the water, [kg/(m s)]
dynamic viscosity of the oil, [kg/(m s)]
#lp, [m2/s)

density of the water, [kg/m3]

density of the oil, [kg/m3]

Txy(x,y) component of the shear-stress tensor, [kg/(m s?)]

Superscript

Fourier-transformed quantity
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