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SYNOPSIS

In this paper, the spread of continuously spilled oil in a uniform flow are
presented both experimentally and theoretically. The laboratory experiments were
performed in a circulating water basin. The oil was continuously poured on the
surface of uniform water flow from the small outlet in order to observe the
spreading oil slick. A mathematical model of oil spreading on the surface of
water flow was developed by using the kinematic wave theory. The governing equa-
tions of the location and velocity of oil front are derived. Calculations of the
slick propagation show a similar tendency to experimental data.

INTRODUCTION

0il spills result from accidents in the oil production and transportation,
and there is little hope to eliminate them entirely. When such a problem arises,
there is an urgent need to estimate how rapidly the oil will spread and how far it
will cover the water surface at a definite time. This forms a basis for engineer-
ing prevention measures to find out the best method dealing with such problems.
The spread of an oil slick may be approximately viewed as composed of two part,
the first consisting of convection by winds and currents, and the second of the
increase in area of the oil due to the tendency of the oil to spread in calm
water. These phenomena have been studied by a number of researchers, and much
valuable information have been obtained. In previous studies, attention was
mainly focused on the behavior of oil slick formed on the surface of stationary
water. These studies have shown that the phenonenon is governed by the forces of
inertia, gravity, viscous and surface tension, and that the dominating force
changes in this order with time. In most studies the phenomenon is treated by
dividing into three regions such as inertia-gravity, gravity-viscous and viscous-
surface tension forces, according to the dominant forces. The laws of spread
associated with the above regions were proposed using dimensional analysis.
Theoretical treatments based on the governing equations of fluid mechanics were
also proposed; e.g. Hoult(3) and Fannelop & Waldman(2) based on similarity law,
and Abott(1) and Noguchi & Hirano(7) based on the kinematic wave method. Noguchi
et al.(7) predicted an axisymmetrical oil spread on calm water on a theoretical
basis, in which the equation of conservation of volume and the equation of motion
were used to express the characteristics of oil slick. By using the kinematic
wave theory, those equations were transformed into the characteristic equations
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along the characteristic curve. These simultaneous equations were solved to give
the spreading rate of the oil front. This model describes the motion of the oil
slick ranging from the gravity-inertial to the gravity-viscous spread.

There, however, exist only a few studies treating the oil slick on the sur-
face of flowing water. Using the data from the Chevron spill, Murray(/) studied
the characteristics of oil slicks generated from a continuous spillage. Field
obgervations of oil slick geometries and current speeds of the Chevron spill of
March 1970 at the Gulf of Mexico showed that the rates of slick expansion agreed
with the Taylor's turbulent diffusion theory quite well. The approximate size and
shape of a given oil slick could be predicted from the Fickian diffusion theory
when the current speed, horizontal eddy diffusivity, and the oil discharge rate
were given. His treatment, however, was not based on the fluid mechanics, i.e.
does not take into account the forces such as buoyant force which are usually
attributed to as the dominant ones. The reason for success of Murray's treatment
seems to be that there exerted other forces comparable or dominant to the above
mentioned forces. ' ‘ '

This paper deals with the unsteady spread of continuously spilled oil on a
uniform flow, experimentally and theoretically. The laboratory experiments were
performed in a circulating water basin. Layer averaged equations were employed
to describe the flow of oil slick. Based on the kinematic wave theory, a mathe-
matical model of oll spread in water flow was developed. The front velocity of
0il slick was also obtained as a function of the location at the maximum width
section of oil slick. The theory was examined by comparing with the experimental
results.

EXPERIMENT

A large circulating water basin, 3.8m wide, 40m long and 4m deep at the
working section, was employed for laboratory experiments on the spread of con-
tinuously spilled oil on a uniform flow. The oil used in the experiments were
machine oil No.1 (kinematic viscosity of about 135¢St at 15°C), machine oil No.10
(kinematic viscosity of about 23cP at 15°C) and light oil(kinematic viscosity of
about 6¢P at 15°C). The oil was continuously poured onto the water surface
through the small outlet and allowed to spread over the surface of the uniform
flow. The pattern of the spreading oil slicks were recorded with a 35mm still
camera.

As shown in Fig.1, two cases of oil spread are considered, the velocity ratio
Ksé? and KS>T. Ks is defined as the ratio of the velocity of spilled oil at the

outlet U, to the velocity of water flow U, K= Uo/Ua' In the first case(KS§1),

the oil poured onto the surface soon spreads in the similar pattern as the oil
were spilled from an outlet which moves at the same speed of the ambient flow. In
the latter case(Ks>1), at the region near the outlet, the oil spreads as a jet

Y Ua
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Ks>1

Fig.1 Two cases of spreading pattern of the oil slick ( ng 1 and Ks> 1 ).
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like flow because the oil injecting from the outlet has the relative velocity(Uo—
Ua) to that of water flow. But the velocity of o0il slick gradually approaches

that of the ambient flow as the oil is far away from the outlet. At this stage
the pattern of spread of oil slick is similar to that of the case of KS§1.

Figure 2 shows the experimental results in the case of KS§1. In this figure,
the dimensionless slick width 1/1Tc is plotted against the dimensionless distance

x/(UatTc), where x is the distance taken downstream direction from the outlet as

10

T

x 3
a

T b M
_l__ 742
1.
0E \ - @g
R EY Run

e # 4-5
= 5. a * 4-6
i -1 e x 4-9
- P 0 4-15
<0 & 4-16
1 nAslunqx 1 sop biaaa 3 1l
0.02 01 x/ (Ua-tre) 1.0 5.0
Fig. 2 Experimental relationship between 1/1 and x/(U_t, ).
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shown in Fig.1 j; 1 is the half width of the slick at distance x ; and 1 and tT

are the length and time scales associated with the released volume respectlvely.
The functional form of 1 and 1 were shown by Noguchi(5) as

Te Te
1p, =(1 -8 Cogy i) /e 0’/ ™
tpe =(1-8) (ogy )72 Q2 (2)

where g is the gravitational acceleration; N and o, are the density of oil and
ambient fluid respectively ; A =1 - ( 0, / Py ) v, is the kinematic viscosity

of water 3 and Q is the flow rate of oil pouring through the outlet. From this
figure, the relationship between 1/1Tc and X/(UatTc) is given as

I - 1.26 ( )7/12 (3)
ch U tT

which is similar to that of axisymmetrical oil spread on calm water.
In the case of K >1 as shown in Fig. 3, the dimensionless slick width 1/(DF 2)

is plotted against the dimensionless distance x/(DF 2), where D is the dlameter of

the outlet; and F_ is the densimetric Froude number U /(AgD) /2. At the first
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stage correspondent to the jet like flow, the slick width of oil in each experi-
ment varies in a manner as indicated by the solid line in Fig.3.

1 % 142
TFT < 0.403 { "D‘g‘r*} ) (4)
o o

After that, it shifts to the each dotted lines according to the values of KS.

In the downstream region from an intersection of the solid and dotted lines, the
spread of oil would be similar to that in case of KS§1.
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Fig.3 Relationship between (1/13)/5‘02 and (x/D)/F02 ( for K >1).
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In Fig.4, position of the intersection of the two lines Xip, are plotted against
Ks' The dimensionless slick width IL/ZLTc is plotted in Fig.5 against the dimen-

sionless distance ( X=Xy )/ (UatTc) . As a result, an equation similar to
Eq.(3) is obtained ; :
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X - X 7/12
1 im.
=0 ( ——=—) (5)
ch UatTc

where, C is the constant which is estimated approximately between 1 and 1.26 from
Fig.5. :

Now, we can draw the configuration of the leading edge of the oil slick.
Figure 6 shows a schematic view of the coordinate system to represent the coor-
dinates (x,y) of the configuration of the slick front. We put the origin of
coordinates on the section of maximum width bm of the slick. In figure 7, the

observed configurations are represented in dimensionless form. In the figure, a
dotted line shows the half circle with radius equal to unity. It can be seen that
the plane view of the leading edge makes approximately a half circle of radius
b /2.
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THEORY
Governing equations of the oil slick

If oil is released on a flowing water, the spreading of o0il on the water
surface is caused by the combined effect of the water flow and oil-water interac-
tion forces. As shown in Fig.8, we employ the two layers model. Since the
direction of the injection of oil is the same as that of the water stream, it is
expected that the streamwize motion dominates also for the oil flowing downstream.

q[ K1
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Fig.8 Schematic model of oil slick spreading over uniform flow.

Thus, the one-dimensional model is employed. Further, the cross-sectional
geometry of the oil slick is assumed to be rectangular for convenience. Basic
equations used are the conservation equation of volume and the x-component of
momentum equation. They are written in the following forms;

9A . 2(ud)
at t T -0 (6)
3(Au) 9(Au?) 3(a8?b) T

9t * ox -7 9% * o b (7)

where t is the time ; x is the horizontal dimension of length ; § is the thickness
of slick ; b is the width of slick ; and A is the vertical cross-~sectional area of
oil slick taken perpendicular to the x-axis. It is assumed that the cross section
A is rectangular with an area of A=b§ ; u is the averaged horizontal velocity of
oil over a cross section A ; T is the frictional drag force acting on an oil-water
interface ; A=1-( po/pw) and o=(Ag)/2 . The frictional drag force T is written as

T,
T i

°q 2

U, -u] (U, -u) | (8)

where fi is the drag coefficient, and Ua is the velocity of the ambient uniform

flow. Equations (6) and (7) are rewritten into following forms, when one uses the
relation of A=b§ and Eq.(8);

36 8 8. Ju
"‘“““““‘Bt 4+ u "““"""‘“"ax B - b Vb hd 6 ax (9)
£
Ju du_ ad S8 _9b i
st U T T o2 (g p i ) e (U, -] (U- W)

(10)
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- b ob _ db :
where, Vo= T YT T o - , (11)

By using the kinematic wave theory, Eqs.(9) and (10) are transformed into the
following forms.

at _ dx a8
1 u 6 v 5 _ou (12)
b b ox
at _ dx du
1 u £
98 § 9b i
- 2e ( ax " T2b ox ) 26 ‘Ua - ul ( Ua -u)

(13)

Then, § and u are expressed along the same characteristic curve dx/dt=u as

g _ 1 8 du

dx T u ( b bt 8 9x ) (14)
oo, 8y Ty (15)
dx T u ox 2b 0% 28u a " UiPem ¥

Propagation of the section of maximum width of the slick

It is difficult to obtain the velocity of oil slick from Eq.(14) and (15),
because the right hand sides of these equations contain the partial differential
terms whose correct estimates are almost impossible. To make further development
of these equations possible, the cross section of maximum width bm of the oil

slick is traced. Clearly the term 3b/9x is zero in such a section,i.e.

3b B
- =0 (e

X=X
m
where suffix "m" denotes the value at the section of maximum width bm'
Substituting Eq.(16) into Eq.(11) yields

db

L ‘ a7
m

Now, near the section of maximum width bm’ we introduce assumptions of similarity
for the velocity u and the thickness 8, they can be expressed as below ;
uo_pxy o S x
- g%, = () (18)
m m m

u
m

where E(x/xm) and w(x/xm) denote the functions of x/xm. Differentiating Eq.(18)

with respect to x yields ;

du - X U (19)
9% |x=x_ ' x ?
m m
§
I _ m
% |x=x_ - £2 % (20)
m m

where parameters Ki= £7(1) and K2 = 0"(1).
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Substituting Egs.(16),(17),(19) and (20) into Egs.(14) and (15), we obtain

as_ 8 ; db u
&= -5 (wwm otk ) (21)
m m m m
and dum 200 6m fi
e O TN an - umf(Ua -u) (22)
m m m m m

Thus the partial differential terms have been eliminated and the simultaneous
ordinary differential equations to predict the variations of 5m and u are ob-

tained as a function of X In order to obtain the solution of the simultaneous
equations (21) and (22), another relation between b and x 1is needed. Considering
the experimental results indicated in Figs.2 and 5, the maximum width bm can be
determined as bellow, similarly to Egs.(3) and (5).

b"’-~~01(——-3333—-——)” (23)
1Tc . Ua t‘I‘c

where C1 and exponent n are constant. Differentiating Eq.(23) with respect to t
yields

dbm n Cy lTC et
av - (U % )n *n U (24)
a Te
Substituting Egs.(23) and (24) into Eq.(21) yields
ddm sm
= = ~(ntK) — (25)
m m

Since (n+Ki) is assumed to be constant, then Eq.(25) is easily integrated as
below

S

e I oy -(ntka) (26)
mo mo

where, X0 is the position of the maximum width of oil slick at a time t:to, and

§  is the corresponding value of § at that time and position. Since 38/3x near

the section of maximum slick width bm is supposed to be small, we may put K2=0 in
Eq.(20). Substituting Eq.(26) into Eq.(22), and putting K2=0,

du ) fi ( X )n+K; [Ua —uml(Ua - um) (27)
dx 206 X . u
m mo mo m

Now, the Eq.(27) can be rewritten in dimensionless form;

[(U_, - u,)

du_, Iy i o

_ i n+Ki a* m*
...........E
dx

- *
% 2 "o m U

-1l m'}(‘

(28)

where E =x /& ; u_, is the dimensionless velocity of the oil slick, u .= u
o mo mo m* S

/uw s x,=x /x 3U,=0U /u ;u is the value of u_at x = x__.
mo m m mo a a mo mo m m mo

When fi is assumed to be constant, Eg.(28) can be integrated to give the

dimensionless velocity at the section of maximum slick width as follows;
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U, - U % Uy (u P 1)
log [—B a* v, a m =5 (29)
VT, T T m U, ) Cugy - 00)

£, Eo N

For ( Ua* -y Yy <0: &= ——E—X——(T - Xox )
. Eo
For (U, -u )>o'c1>=-—?——(x)‘-1)
ax = Mg : 2 h Vg

and A=K;+n+1 .

Propagation of the leading edge of the slick

As shown in Fig.6 and Fig.7, we assume that the leading edge of oil slick
makes a half circle of radius bm/2. Then, the location of the leading edge xf(t)

at any moment is written as

xp(8) = x_(£) + = 5m<t) \ (30)

Substituting Eq.(23) into Eq.(30), the dimensionless location of oil front x.,
is obtained as

Koy = Xy + ~%— xm*n y . (31

where

e =1{ (nCily) xmon" b /{2 W )Y . (32)

Differentiating Eq.(30) with respect to t, the dimensionless velocity of oil

front uf* is determined as

U =11 +¢€ xm*n-1 bu g (33)

COMPARISON OF THE THEORY WITH EXPERIMENT

~ In order to examine the applicability of the theory, the front velocity Upy
and the location Xoy 8TE used to compare with those determined experimental data.
In the following, we use the same value of fi(=0.006) proposed by Noguchi et

al.(6). Also, we use the values of experimental result of Eg.(5) for the values
of n and C; in Eq.(22), that is n=7/12 and C1=2 (because C=1 and L=bm/2 in Eq.

(5)). The initial condition of b, 6m, x and u, are determined by the use of

experimental data of the plane view of the slick at 2 second after the initiation
of injection. Then, the initial condition of u  is calculated from Eq.(33).

Substituting Eqs.(19), (20) and (24) into Eq.(9), we obtain
E1) u
m

atm =- (n+ K +Kz) “—EE;“' (34)

Since 36/t is negative in Eq.(34), then (n + K1+ K;) 2 O. Moreover, since Kp is
considered to be zero in Eq.(20), we then obtain Ki 2 -n. Calculation were per-

formed for various values of K; from -0.5 to 4. Results of the calculations of
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and xf%

perimental results,

uf*

shows a fairly similar tendency to the experimental data.

estimated to be about 4.
by

ty = b, + I At (k)

*0

s k:o"‘l’z’_a X R KX RY

using Eqs.(29), (31) and (33) are given in Fig.9 together with ex-
The figure shows that the result of calculation using Ki= 4

As the results, K1 is

In these calculations, the spreading time t, is given

(35)

where, Aty = (x ), (kt1) = x (0} / [ {u,(kt1) + w () /215 b= 6/(8_ /u_ )

i Aty= 0L/(8 / w )

and t, = to/(8_ /u ) .

The calculated curves of xf% using Ki=4 for the another experimental results -are

shown in Fig.10.
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CONCLUSIONS

The spread of continuously spilled oil in the surface of a uniform flow are

discussed experimentally and theoretically.

A mathematical model starting from

the layer averaged equations were developed by the use of the kinematic wave
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theory. Equations(31) and (33) were proposed to determine the location and
velocity of the front of spreading oil slick. In the development of the theory,
the parameter K, was taken to be 0 and the parameter K; in Eg.(19) was estimated

to

be 4 from comparison between the calculated and measured value of xf%. The

calculated curves are in good agreement with the experimental data.
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APPENDIX - NOTATION

The following symbols are used in this paper:

A = vertical cross-sectional area of oil slick taken perpendicular to the
x-axiss
C = coefficient in the equation of slick width given by Eq.(5);
Cy = constant in the equation of slick width defined by Eq.(23);
k = diameter of the outlet of oilj;
A = densimetric Froude number, defined by FO=UO/(AgD)1/2;
Ky = parameter denoted by K,=£"(1);
K, = parameter denoted by K,=p"(1);
KS = velocity ratio of the velocity of spilled oil at the outlet Uo to the
velocity of water flow Ua H
Q = flow rate of oil pouring through the outlet;
a = velocity of ambient uniform water flow; ’
ax = dimensionless velocity of ambient uniform water flow , defined by
. Ua*=Ua/umo;
UO = velocity of spilled oil at the outlet;
S = the rate of change of slick width defined by Eq.(11);
b = width of the oil slick
bm = maximum width of the slick;
fi = drag coefficient;
g = gravitational acceleration;
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3
Q
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Hf:
*
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2
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mo

b4

O T o <
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£

half width of the slick at distance x;

length scale associated with the released volume of oilj;

exponent in the equation of slick width defined by Eq.(23);

times

dimensionless time, defined by t*=t/to;

dimensionless time at t=t_, defined by t*o=to/(6mo/umo);

time scale associated with the released volume of oil;

averaged horizontal velocity of oil over a cross section Aj

velocity of oil front; '

dimensionless velocity of oil front, defined by uf*=uf/umo;

averaged horizontal velocity of oil over a cross section A at the
section of maximum width bm;

averaged horizontal velocity of oil over a cross section A at the
section of maximum width bmat a time t=t0;

dimensionless velocity of the oil at the section of maximum width bm,
defined by w .= u /u_;

downstream distance from the outlet;

location of the leading edge at any moment;

dimensionless location of oil front, defined by Eq.(31);

downstream distance of jet like flow region from the outlet (see Fig.
1);

downstream distance from the outlet to the section of maximum width b
downstream distance from the outlet to the section of maximum width,
defined by xm*:xm/xmo;

downstream distance from the outlet to the section of the maximum width

of 0il slick at a time t=t0;

‘constant, defined by a=(Ag)/2;

parameter defined by Eq.(32);

thickness of the oil slick;

thickness of the oil slick at the section of maximum width bm;
thickness of the oil slick at the section of maximum width bm at a‘time
t=to;

constant, defined by A=K,+n+1;

kinematic viscosity of water;

functions of x/xm;

density of oil;

density of water;

T-Co/ 0,)s

frictional drag force acting on an oil-water interface;
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