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ABSTRACT. 

Experience gathered during the last few years shows that a serious 
problem when fighting oil spills out in open waters, is the mixing of 
the oil into the sea by breaking waves. In this paper we propose a theo- 
retical model that we believe represent a fruitful approach to the prob- 
lem of determining the amount of oil mixed into the sea by breaking 
waves. Our model is based primarily on probabilistic methods, but with 
experimental observations and data as an essential foundation. 

1. INTRODUCTION. 

We shall in this paper consider the mixing of an oil spill into 
the sea caused by breaking waves, and the main topic will be a stocha- 
stic model for estimating the oil distribution with depth caused by this 
mixing. The answer to the question - How much oil can you expect to have 
left on the sea surface in a given sea state? - is rather crucial to 
planning and organizing oil pollution control. The reason is that oil 
being mixed into the sea is very difficult to recover. 

The phenomenon that is the primary cause of dispersion is turbu- 
lence in the upper layers of the ocean. Now, the sea states of most im- 
mediate concern to us, are characterized by rather strong wind and 
breaking waves, which we shortly describe as rough seas. Under condi- 
tions as these, there are two mechanisms that completely dominate the 
generation of turbulence in the surface layers. One is breaking waves, 
the other is wind induced shear currents. 

It is only in recent years that people have really begun to study 
breaking waves and their role in generating turbulence in the ocean. Of 
special interest to us would be a connection between sea state and tur- 
bulence level together with the penetration depth of the turbulent layer 
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beneath a breaking wave. However, in the literature there are no avail- 
able data or analyses of a connection between sea state on the one hand 
and turbulence level and penetration depth on the other. In passing let 
me mention that some simple experiments we have done, indicated that 
the maximum penetration depth of the turbulence beneath a breaking wave 
is of the same order of magnitude as the wave height. 

During conditions of rough seas, the strong down-welling turbulent 
watermasses beneath breaking waves will consitute the main driving me- 
chanism behind the dispersion of an oil slick into the sea. 
Generally speaking, we may say that breaking waves are two orders of 
magnitude more effective in dispersing surface oil than turbulence due 
to wind induced shear currents. This conclusion have also been drawn 
by other workers in this field, see reference 1. 

However, it is not legitimate to conclude that turbulence due to 
dynamically instable shear currents in the surface region have little 
or no effect on dispersion when breaking waves dominate. While the tur- 
bulence generated by breaking waves is characterized by being highly 
non-stationary, i.e. the energy in the turbulence beneath a breaking 
wave dissipates rather quickly, we may with some confidence assert that 
the turbulence generated by wind induced shear currents has an approxi- 
mately stationary character. This means that when the strong turbulence 
beneath the breaking waves dies out, a certain turbulence level is 
still present. How this turbulence will affect oil already being dis- 
persed, is not well known. However, there is strong reason to believe 
that the residence time of an oil globule within the water column will 
depend significantly on this turbulence level. 

When a breaking wave hits an oil slick, it will tear up part of it 
and drive a cloud of oil globules down into the sea. As long as the 
turbulent water motions beneath the breaker continues, the positions of 
the globules are mainly determined by this. But as soon as the turbu- 
lence has lost its energy, the buoyancy of the globules will drive them 
towards the surface. The rise velocity will certainly depend on globule 
size, but also probably on the background level of turbulence in the 
surface layers as we just mentioned. 

How fast the amount of oil being mixed into the water will rise 
towards the surface again depend on how the amount of oil is distri- 
buted over different globule sizes, or more precisely, over different 
rise velocities and on how deep down into the water the oil globules 
are mixed. Every serious effort to estimate the dispersion of oil in 
open waters will consequently have to find estimates of rise velocity 
distribution and mixing depth due to breaking waves. And for this in- 
formation to be of practical use, it has to be related to sea states 
by some suitable method. 

In the first part of our paper we will describe the method or 
model chosen as a starting point in dealing with this problem. In the 
latter part a description of experiments and analyses we have done in 
order to estimate rise velocity distribution and mixing depth will be 
given. 
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However, before we enter the details of our paper, we shall list 
some excellent reports and papers dealing with the dispersion of oil. 
In reference 1 is presented a mathematical model of dispersion. In re- 
ference 2, detailed discussions of most of the pheonomena playing a 
part in the dispersion of oil are given, and theoretical models for 
some of these are presented. This report is a highly valuable addition 
to the literature. A short presentation of some of the work contained 
in reference 2 is given in reference 3. Reports on work having a strong 
bearing on the experimental part of this paper are given in references 
4 and 5. 

2. THEORETICAL MODEL. 

1-1 .??!.''£ iLsJLu5!Ptj£lnJL- 

In order to construct a manageable theoretical model to estimate 
the vertical distribution of oil in the sea due to the mixing induced 
by breaking waves, it is obvious that quite a few simplifying assump- 
tions have to be made. 

The basic assumptions on which we build our model, are as follows: 
Firstly, we shall assume that the time points when breaking waves pass 
a fixed location on the sea surface are randomly distributed according 
to some probability law that may, in principle, be determined for each 
environmental condition. 
Assume then that initially we have an oil slick of surface density a 
at our fixed location. With each passing of a breaking wave, a mixing 
of the oil into the sea will occur. In agreement with experimental ob- 
servations, we will assume this mixing process to be instantaneous, 
i.e. relative to the time intervals between passing breakers. 
Further, we assume that with each breaking wave we may associate a 
quantity, called the "mixing depth", which gives a measure of the depth 
to which oil is carried by the mixing created by the breaking wave, and 
that this quantity is a random variable whose probability distribution 
may, in principle, be determined for each environmental condition. 
From our experimental observations, we may conclude that the "mixing 
depth" is largely determined by the depth to which the more or less 
turbulent water motion created by the breaking wave extends, and much 
less on the type of oil present. We shall, accordingly, assume that the 
probability distribution of "mixing depth" is independent ofvthe parti- 
cular type of oil present. 

A few more simplifying assumptions are needed to avoid an intract- 
able model. 
To be precise, we neglect the horizontal motion of the oil due to waves 
and current, so that the vertical distribution of the oil always adds 
up to o" at our fixed point. If on the average the oil slick is moving 
with a uniform velocity, we may introduce a reference frame moving with 
the same velocity and relate our analyses to this. The probability dis- 
tribution must then, of course, be determined relative to this frame. 
The next simplification is to neglect the variation of the vertical 
distance between specific water particles caused by the wave motion. 
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We shall also neglect the influence of the oil on the breaking waves. 
Now it is a fact that oil under some conditions does have an influence 
on breaking waves, but what limitations that put on our model is hard 
to say at present. For instance, observations in connection with the 
blow-out on the Ixtoc 1 field in the Gulf of Mexico, seem to indicate 
that strongly emulgated oil have no or very little effect on breaking 
waves. The main reason for neglecting this effect is, however, that the 
state of knowledge in this field is such as to allow no quantitative 
conclusion. 

1:-1L Probabilistic model- 

With the simplifying assumptions made above in mind, we shall now 
construct our theoretical model. Starting with the occurrance of break- 
ing waves, we then have a sequence of random time points 

T1'T2'T3> 'V 
describing each passing of a breaking wave past a fixed location. With 
each Tfc there is associated a random variable D^, called the "mixing 
depth", and we assume that all the D^'s are mutually independent and 
identically distributed with probability density fD. The D^'s are also 
assumed to be independent of the timepoints T|<. The last assumption is 
not essential. 

Due to the mixing process, the oil will be broken up into droplets 
of different sizes, which we characterize by the parameter u equal to 
the terminal rise velocity of a droplet through calm water, cfr. sec- 
tion 4. For the present discussion, we will neglect the influence on 
the vertical distribution of oil of all but the last breaking wave. 
More precisely, we assume that the vertical distribution at an arbitra- 
ry time is determined by the last breaking wave to pass before that 
time. This approximation seems satisfactory if the ratio of "mixing 
depth" to the time interval between breakers is "small enough". It is 
clear that when this ratio increases the need to include the effect of 
earlier breakers will sooner or later become mandatory. Now, there is 
nothing in our model that prevents us from taking into consideration 
the effect of any number of preceding breakers, the only limitation be- 
ing the unwieldiness of the expressions obtained. 

To get on with our present model, assume that the density of drop- 
lets with rise velocity u as a function of depth z immediately after a 
breaker has passed, i.e. at time T|< for some k, is given by the func- 
tion <t>(D|<, z; u). For each definite value of the random variable Dk, 
this is an ordinary function of the real variable z. 
Letting C(t;z,u) denote the density of droplets with rise velocity u 
at depth z at an arbitrary time t, we may write 

C(Tk; z, u) = cf>(Dk, z; u) for every k  (1) 

and 

C(t; z, u) = <|>(Dk, z + u(t - Tk); u); Tk < t < Tk+1  (2) 
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for every k. 

We now want to determine the probability density of C(t; z, u) for 
an arbitrary fixed time t. To this effect, let fy denote the probabi- 
lity density function of the time interval W between t and the time of 
the last preceding breaker. Having fixed t, z and u, we suppress the 
variables from C(t; z, u) and write simply C. We now have 

C = <|>(D, z + uW; u)  (3) 

As the next step, we shall exploit our experimental observations which 
indicate that the mixing created by the breaking wave gives a nearly 
uniform distribution down to a rather well defined depth, which we have 
called the "mixing depth". Accordingly, we shall assume that we may 
write 

<KD, z; u) = -pM, for 0 s z < D (= 0 elsewhere) (4) 

Here p(u) denotes the fraction of droplets with rise velocity u, cfr. 
section 4. For simplicity, we shall assume o = 1 so that 

u 
max 

| P(u) du = 1 (5) 

0 

From the above we may proceed to calculate the probability distri- 
bution function Fc of the random C = C(t; z, u). Instead of entering 
the details of this calculation, we refer the interested reader to re- 
ference 6 where the details may be found. Here we shall just give the 
final answer, which is: 

(c) = I fD(x)dx + I 'I fw(w)fD(x)dwdx 
0 z x-z 

x-z u 
<» U 

+ {       {    fwMfD(x)dwdx      
P(u)      0 

for 0 £ c i -PiM (the singular point c = 0 causes no difficulty here) 
while for c outside this interval: 

Fc(c) = 0 

Before we continue to make specific assumptions about the proba- 
bility laws, a few words on the probability density function fy are 
appropriate. Now, it is obvious that to determine the probability law 
of W directly from observations of passing breakers is a rather com- 
bersome process. In trying to connect W to a random variable more 
easily determined, it is natural to investigate the connection between 
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W and the time intervals between passing breakers.  Define, then, the 
random variables Y(< = Ti, - T|<_-[, which we assume to be identically dis- 
tributed with probability density fy.   It turns out that for most prac- 
tical  purposes we have the following connection between f,, and fy. 

V^-EJYT   {    fY(y)dy; w > 0 (=0;w<0)    (8) 
w 

Consequently, an estimate of fy, which we may obtain directly from the 
observational data (with the proper assumptions), allow us quite easily 
to estimate f,,. W 

From our experimental data, we are able to give estimates of p(u) 
as a function of u, cfr. section 4. By taking this into consideration, 
we see from (6) that the remaining unknown factors are the probability 
density functions fy and fp. At present, however, there is no infor- 
mation available regarding these probability laws. In passing we men- 
tion that we intend to carry out research aiming at providing this ne- 
cessary information. 

Using (6) and (7) and writing C = C(z, u) since the probability 
structure of C is independent of t, as it should be, we shall have 

P(u)/z 

E(C(z, u)) =  ] {l-Fc(c)} dc - (9) 

0 

(9) gives the expected density at depth z of droplets with rise veloci- 
ty u. To find the expected density of oil at depth z, we just integrate 
(11) over u (expectation commutes with integration) to find 

E(C(z)) = | E(C(z,u)du ,.(10) 

0 

where C(z) denotes the density of oil at depth z. 

Denoting by M(z) the amount of oil below the depth z, we find that 

E(M(z))=J E(C(x)) dx  (11) 
z 

If, initially, the surface density is a, then we just multiply (12) 
and (13) by a to obtain the appropriate answers. 

A quantity of special interest for oil recovery operations is the 
mean amount of oil left on the sea surface under given weather condi- 
tions. Expressed in per cent of total amount, we denote it by P$. It 
is now easy to see that P<- will be given as follows: 
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Ps = 100 -{l-E(M(0))}       (12) 

3. EXPERIMENTS. 

This section is an adaption of the work reported in reference 7. 

2-1 2e£t_c£ndJt.''C)n£ anc[ instrumentation^ 

In order to analyze the break-up and turbulent mixing into the 
sea of an oil slick on the surface caused by a spilling breaker pass- 
ing the slick, a series of experiments were carried out in a 
towing tank of main dimensions 25 x 2.5 x 1.5 meters (length x width 
x depth). The principal aims were to find an estimate of the droplet 
size distribution, which is caused by the break-up of the oil slick, 
and to determine the "mixing depth" produced by each breaker. 

After some preliminary experimentation, it was decided to apply 
the following testing procedure: 

To produce the breaking waves, the technique of impulse waves was 
applied. An impulse wave is brought about by the dispersive properties 
of deep water waves. By decelerating the wave maker in a proper manner 
a wave train is produced that will converge at a preassigned location 
in the test tank. For details, see for instance reference 8. Using 
this technique, it was possible to produce a rather well defined spil- 
ling breaker in a given region in the middle of an oil slick with a 
tickness of about 5-7 mm. The height of the breaking impulse wave was 
varied by changing the amplitude of the wave maker. During the test 
programme, a wave height of approximately 0.4 metres was used. 

To get a measure of the amount of oil at different depths as a 
function of time after the breaker had passed, an apparatus as sket- 
ched in Fig. 1 was used. (Tables and figures are placed at the end of 
the paper). It consisted of six thin glass tubes of different length, 
each inserted into a larger reservoir pipe, as shown in Fig. 1. The 
six reservoir pipes ended in a common suction chamber, which was con- 
nected to a vacuum tank by a flexible suction hose. A manually ope- 
rated magnetic valve was used to open and close this connection. The 
suction chamber with its six protruding plass tubes was secured to an 
aluminium frame on the top of two light float elements in such a man- 
ner that the length of the submerged part of the glass tubes were 2, 
4, 7, 10, 15 and 20 cm, respectively, when the assembled rig was flo- 
ating on calm water. With this floating rig it was desired to take a 
sample of the oil/water mixture at the depths given above and at dif- 
ferent times after the breaker had passed. In order to obtain this, 
it is obvious that the wave riding properties of the rig had to be 
very good. By trial and error, float elements were found that gave a 
wave rider that followed the wave forms nicely. The rig was kept in 
an upright vertical position by long nylon strings, as shown in Fig. 
2. The strings were made sufficiently long to ensure unhampered ver- 
tical motion of the rig. 
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The sample of the oil/water mixture was taken by opening the con- 
nection between the suction chamber and the vacuum tank for a few tenths 
of a second. By allowing the oil to settle in each reservoir pipe, the 
fraction of oil in the sampled mixture could be measured, as illustrated 
in Fig. 1. 

The tests were performed with a pure mineral oil both in fresh and 
emulgated state, i.e. oil that had been on the water for several weeks. 
In the non-emulgated state, the oil has properties similar to those of 
fresh crude oil from the Norwegian Continental Shelf. The properties of 
the oil in the two states are given in Table 1. As we mentioned above, 
during all the tests there was a mean oil film thickness of about 5 - 
7 mm in the test tank. 

The test programme we refer to in this report is detailed in Table 
2. Explanatory comments to the tests are given in the table. 

3.:2 Presentation_of results. 

We shall present the experimental results in the form of diagrams 
giving the arithmetical mean and standard deviation of the measurements 
for each condition. 

Fig. 3 to 7 show the percentage of emulgated oil in the sample as 
a function of time after the breaker had passed the rig. During these 
tests the wave started to break about 1.5 meters ahead of the rig. 

Fig. 8 to 11 show the percentage of fresh oil in the sample as a 
function of time after the breaker had passed the rig. The wave star- 
ted to breake about 1.5 meters ahead of the rig. 

In order to assess the errors we may commit in using the described 
sampling procedure to estimate the "mixing depth" and distribution of 
the oil, we need to consider what happens when a breaking wave hits 
the oil slick. During the first second after the breaker has passed, 
there is a mixing of the oil into the water which gradually reaches 
its maximum depth. Then, immediately, the oil droplets will start to 
rise towards the surface and, for instance, during three tenths of a 
second the fastest droplets may have risen as much as 4 cm. From this 
it is clear that sampling at time intervals of one second leads to the 
following conclusion: The deeper the sample is taken, the more we are 
in error when using the sample to estimate the initial density of oil. 
Consequently, the applied sampling procedure will not allow a proper 
estimate of the "mixing depth". However, the measured evolution with 
time of the density at the different sampling depths will be approxi- 
mately correct, except for the first second after the breaker has pas- 
sed. Therefore, if by some other means we are able to give a reasonably 
correct estimate of the initial distribution with depth of the density 
of oil, we shall also be able to estimate the droplet size distribution. 
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To obtain an estimate of the denisty distribution, we shall ex- 
ploit the visual observations made of the mixing process. These obser- 
vations did indicate a rather well-defined depth to which the mixing 
of oil extends and also a nearly uniform distribution of oil droplets 
with depth. The corresponding assumption of a uniform distribution down 
to a well-defined depth, called the "mixing depth", has already been 
used in section 2 in constructing our theoretical model. We shall also 
apply it in the next section in order to determine the droplet size 
distribution. From both visual observations and later experiments (cfr. 
reference 9) we have estimated the "mixing depth" to be approximately 
0.2 meters. 

4. DROPLET SIZE DISTRIBUTION. 

Exploiting the experimental data given in section 3 and with the 
assumptions of section 2 still effective, we now want to find an esti- 
mate for the distribution of droplet sizes p(u) characterized by the 
parameter u, which is the terminal rise velocity of a droplet through 
calm water. According to the assumptions we made in section 2, each 
passing breaker produce the same distribution p(u) and a uniform depth 
distribution from the sea surface down to the "mixing depth". Assuming 
a unit surface density and letting Kn(t, z; u) denote the density of 
droplets with rise velocity u at depth z as a function of time t after 
the breaker has passed, given the associated "mixing depth" D, we then 
have 

KD(0, z; u) = filyl ; 0 < z < D  (13) 

Under the given conditions there will be an upper bound to the rise 
velocities. We shall consequently assume a fixed upper limit umax to 
the rise velocities u, so that p(u) = 0 for u > umax. uraax will gene- 
rally depend on the type of oil present. A more detailed discussion of 
umax ^s deferred to the end of this section. 

We define K„(t, z) by 

umax 

KD(t,z) = | KD(t,z;u) du; 0 < z < D (14) 

0 

KD(t, z) is then the density of oil at depth z at time t after the 
breaker has passed. From (13) and (14) we get 

KD(0,z) = | Kn(0,z;u)du = ± ; 0 < z i  D  (15) 

At a time t after the breaker has passed, all droplets with a rise 
velocity u > (D-z)/t will have passed the depth z on their way to the 
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surface. This, of course, presupposes that t i (D-z)/u  . Accordingly, 
we shall have max 

K (t,z) = KD(0,z), 0 < t <^~  ,  (16) 
max 

D-z 

KD(t,z)=   PMdu ;t>£-L  (17) 

0 max 

The experimental results for Kp(t, z) show an exponential decrease 
with time. In agreement with our assumptions, we therefore expect to 
find that 

-K(D,z)(t-tmin) 

W'V  =TJe ; t£tmin  • <18> 

where tm-jn = (D-z)/umax and K(D,Z) is constant for each D and z. To 
determine the dependence of K on D and z, we apply the following one- 
to-one correspondence between the rise velocity and time 

U=£T ;tStmin <19> 

Differentiating (17) and (18) with respect to time, by direct 
comparison we obtain, using (19): 

-K(D,Z)(D-Z)(I-—L) 
„              max 

p(u) = K(D,Z)(D-Z)U e  (20) 

Our assumptions imply that p(u) should not exhibit any dependence on 
D and z, which lead to the following equality 

K(D, z) = ^   (21) 

where K should depend only on the properties of the oil. Substituting 
(21) into (18) we obtain 

,  " •D=z(t"tmin) 

Inserting (21) into (20) we get 
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p(u) = KU"2e max  , 0 < u < umax   (23) 

In order to test out the relations we have obtained on the basis 
of our assumptions, we plotted Kn(t, z) taken from Fig. 4 -7 and 9 - 
11. As mentioned at the end of the previous section, the "mixing depth" 
was estimated to be approximately 0.2 m. For fresh oil we found K = 
0.17 from Fig. 9, K = 0.20 from Fig. 10 and K = 0.22 from Fig. 11. This 
supports our assumptions rather well, and by putting K = 0.2 in (22) 
we shall find that this expression fits the experimental results nice- 
ly. Similarly, we find that (22) with K = 0.02 agrees tolerabely well 
with the experimental results for the emulgated oil. 

The distribution p(u) that we have determined above is the result 
of one breaking wave. In reality, however, it is clear that the ap- 
propriate rise velocity distribution induced by a passing breaker is 
not determined solely by that wave, but also by preceding breakers. 
The reason for this is that the smaller oil globules may not have re- 
surfaced when the next breaker comes along. The "equilibrium" rise 
velocity distribution will therefore contain a larger portion of small 
rise velocities than the p(u) determined previously. In order to ob- 
tain a better approximation to the correct distribution, we shall as- 
sume a constant frequency of passing breakers and a constant mixing 
depth. It is natural to choose the corresponding mean values 7 and 
D, respectively. We then have a limit velocity u, = D/Y, because all 
the oil with rise velocity greater than ui will have resurfaced be- 
fore the next breaker comes. However, in many cases umax is smaller 
than u-|, and as this simplifies the analysis below, we shall assume 
this to be the case. 

Let us now study the effect of a sequence of breaking waves, 
equidistant in time, passing a fixed location with an initial surface 
density of oil a = 1. The rise velocity distribution induced by the 
first passing breaker we have already determined to be given by p(u) 
as in (23). 

With the assumption umax s u-| in mind, we find that the amount 
of oil of rise velocity_u having surfaced when the second breaker pas- 
ses, i.e. after a time Y, is given by 

a^u) = P(u)^ ; 0 < u <umx  (24) 

The surface density at that instant is given by 
umax 

0] = | oy(u)du  (25) 

0 

The distribution over rise velocity due to surface oil induced 
by the second breaker is a-,p(u). The distribution due to oil being 
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in the water column will be p(u) - cr](u). The rise velocity distribu- 
tion, p-|(u), due to the second breaker will then be given by 

P-|(u) = (1 + o-,) P(u) - 0,(11) or (a0+a-,)p(u) - a-,(u)  (26) 

We have, of course, tacitly assumed a uniform distribution with 
depth, as implied by the considerations of section 2. 

The amount of oil of rise velocity u having surfaced when the 
third breaker passes, is given by 

a2(u) = Pl(u)£ = [(a0+a., )p(u) - a^u)] ji- (27) 

The corresponding surface density is 
umax 

a2 = [ a2(u) du (28) 

0 

Similarly as above, we find that the rise velocity distribution 
P2(u), due to the third breaker is given by 

p2(u) = a2p(u) + p7(u) - a2(u) 

= (aQ + a, + a2)p(u) - (a-,(u) + a2(u))  (29) 

Continuing this process, we shall find generally for every n = 1, 
2, 3, .... 

n-1       n-1 
a (u) = [ S o. p(u) - Z a,(u)] £- (30) 
n     i=0 ]      i=l n   ul 

an = J an(u) du  (31) 

0 

pn(u) = L    a.p(u) - E o,(u)  (32) 
n    i=0 1     i=0 

Here a (u) denotes the surface density of oil of rise velocity u 
having surfaced just prior to the (n+l)th breaker, an is the total 
density of surfaced oil at that instant and pn(u) is the rise velocity 
distribution induced by the (n+l)th breaker. 

From (30) we easily establish the following recursion relation 
valid for every n = 1, 2,   

'WJ.-vK^n -^W">   <33> 
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Using this recursion relation, we find that for n = 1, 2, 

Vi(u>=P(u>^.f0Vi (i -u/   

We have for every n = 1, 2,   

Wu> -?n^ <35) 

Combining (34) and (35), we get 

pn(u) = P(U)  " Vi^-r'1 (36) n        i=Q n I   u1 

The appropriate rise velocity distribution to use in the model 
developed in section 2 would be lim Pn(u) provided, of course, that 

n->» 
this limit exists. It turns out that with p(u) as given by (23), p (u) 
converges very fast for all relevant values on u-|, and we may assuffle 
a stationary situation after just a few waves (^ 10). 

To know p(u) we see that we also need to know umax. Unfortunately, 
we are not able to estimate umax from our experiments, as is easily re- 
alized by recollecting the discussion in section 3.3. According to re- 
ference 10, the maximum rise velocity through calm water for oil drop- 
lets of fresh crude oil with properties similar to our mineral oil is 
approximately 0.1 m/sec. This corresponds to droplets with diameter 
about 2 - 3 mm. A further increase of the diameter leads to a decrease 
of the rise velocity. As we have nothing else to rely on at the pre- 
sent, we shall assume umax = 0.1 m/sec. in the next section, where we 
try to illustrate our theory by some numerical examples. The value of 
umax that enters the distribution p(u) cannot be expected constant for 
each type of oil. For instance, umax will most certainly depend on the 
surface density a and the intensity of the mixing process. The assump- 
tions umax = 0.1 m/sec. may therefore prove to be a rather crude one. 

For the sake of completness we mention that some simple experi- 
ments we performed did corroborate a maximum rise velocity of the mine- 
ral oil of about 0.1 m/sec. More precisely, we found a maximum rise 
velocity of 0.13 - 0.15 m/sec, and there was no significant difference 
between fresh and emulgated oil. 

Regarding the maximum rise velocity for emulgated oil, it turns 
out not to be easily accessible. This is due to the fact that the in- 
terfacial tension between the water phase and the emulgated phase is 
a key parameter in the mechanism that determines the maximum rise ve- 
locity, and this interfacial tension is almost impossible to measure. 



LIQUID POLLUTANTS MIXING 2773 

5. CONCLUDING REMARKS. 

In this paper we have constructed a theoretical framework which we 
believe will enable us to determine with reasonable accuracy the ver- 
tical distribution of oil in the sea under given environmental condi- 
tions. But this, of course, depends on the availability of sufficiently 
accurate input data. These, however, do not exist today. 

At the Ship and Ocean Laboratory in Trondheim we are at present 
engaged in research aiming at developing suitable experimental methods 
that will allow us to establish the correct input data to our model by 
full scale measurements out at sea. Especially, we want to establish 
the statistical laws of breaking frequency and "mixing depth" which are 
the two most important inputs to the model. 

The importance to pollution control of the problem we have con- 
sidered in this paper should warrant a considerable effort towards the 
establishing of a reasonably correct solution. 
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7. NOMENCLATURE. 

t - arbitrary, fixed time point 

T. - random time points of passing breakers 

v - v dlf- T - T Yk Yk     'k  'k-1 

f„ - probability density function of the random variables Y. 

W - random variable equal to the time interval between t and 
time of the last preceding breaker 

f, - probability density function of the random variable W (W-,) 

Dk, D - random "mixing depth" as induced by passing breakers 

fp. - probability density function of the random variables D. 
and D 

u - rise velocity of an oil droplet 

p(u) - fraction of droplets with rise velocity u 

Pn(
u) " fraction of droplets with rise velocity u just prior to n (n+l)th breaker (section 4) 
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0 (u)     - Surface density due to oil of rise velocity u just prior 
to (n + l)t.h breaker (section 4) 

6n       - Surface density of oil just prior to (n + 1)th breaker 
(section 4) 

z        - Depth below the water surface 

(|)(D,z;u)   - Density of droplets with rise velocity u as a function of 
depth z immediately after a breaker inducing a "mixing 
depth" D has passed 

C(t;z,u)   - Density of droplets with rise velocity u at depth z at 
an arbitrary time t 

Fr       - Probability distribution function of the random variables 
C(t;z,u) 

M(z)      - Amount of oil below depth z 

K„(t,z;u)  - Density of droplets with rise velocity u at depth z as a 
function of time t after the breaking impulse wave has 
passed (section 4) 

KD(t, z)   - Density of oil at depth z at time t after the breaking 
impulse wave has passed (section 4) 

Ps       - Defined by Ps = 100(1-E(M(0))), i.e. P$% of the oil is 
expected on the surface 

K        - Parameter entering p(u) 
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Type of 
oil 

Kinematic viscosity 

cSt (20 °C) 

Density 

kg/nr 

Fresh mineral 
oil 

Emu1 gated 
mineral oil 

2.75 

21.00 

795, 

829 

Wave height 
Type of oil of breaker 

(m) 
Comments 

Emu!gated 0.4 Samples taken at different 
mineral oil points of time after the breaker 

had passed the rig. The rig 
was placed approx. 1.5 m down- 
stream from where the wave 
started to break. 4 samples 
were taken for each condition. 
Fig. 3 -  7. 

Fresh 0.4 Same comments as above. 7 
mineral oil samples taken for each condition 

Fig. 8 - 11. 
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Fig.   1   - Rig for sampling the oil/water mixture. 

|—*• to vacuum tank 

-ff- 

-fh 
Direction of incoming wavt 

float element 

Fig.  2 - Side-view of rig showing craw-foot arrangement to  keep rig 
in vertical position. 

Fig.  3 - Sample taken at depth 2 cm.    Emulgated oil. 
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F1 g. 4 - Sample taken at depth 4 cm. Emulgated oil. 
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Fig.   5 - Sample taken at depth 7 cm.    Emulgated oil 
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Fig.   6 - Sample taken at depth 10 cm.    Emulgated oil. 
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Fig.  7 - Sample taken at depth 15 cm.    Emulgated oil. 
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Sample taken at depth 2 cm. Fresh oil. 
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Fig. 9 - Sample taken at depth 4 cm.    Fresh oil. 
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 ^   time (sec.) 

Fig.  10 - Sample taken at depth 7 cm.    Fresh oil. 

Fig.  11  - Sample taken at depth 10 cm.    Fresh oil. 




