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ABSTRACT: When considering the consequences of an oil spill acci-
dent, not all oil components are equally harmful to marine life. Some 
components are more harmful than others, especially the aromatic 
components. The poly aromatic hydrocarbons (the PAHs) may be accu-
mulated in food chains, while the monoaromatics dissolve much faster 
into the water than other components. 

A model was therefore developed that separates the behaviors of 
different components of hydrocarbon release. The oil is divided into 
20 different classes with increasing carbon number within the range C4 
to C55. Within each class, the hydrocarbons are divided further into 
5 subsets (n-alkanes, cycloalkanes, aromatics, naphthenes, and resins). 
The model then keeps track of the fate of each of the components (loss by 
evaporation, dissolution, or as droplets; or remaining in the slick) 
during an actual spill event. 

After calculating the amount of aromatics dissolved into the water, the 
actual concentrations are then computed by numerically solving a diffu-
sion-advection equation. Vertical and horizontal turbulence in the water 
mass are included, as well as effects from variations in the vertical 
velocity profile. 

The paper outlines the approach chosen, and provides examples of 
some results. 

Most oil spill models today are based on a particle concept: oil 
particles, or spillets, are released at regular time intervals. The fate of 
the oil is then calculated by keeping track of each particle, while the 
bulk properties of the oil (examples are evaporation and dissolution) 
are calculated by means of empirical formulas. The model described in 
this paper does not use the particle approach but simulates the release 
as a continuous source. The reason for this is that the oil is assumed to 
consist of about 100 different components. With a particle approach, 
calculations would require about 100 times more computational time 
to keep track of the fate of the different components within each spület. 
Thus, the particle approach becomes less attractive for simulations on a 
component basis because of the computational time required. 

In addition, simulating the oil spill by modelling the fate of each 
component reduces the need for empirical formulas to characterize the 
bulk properties of the oil. Moreover, the fate of each individual compo-
nent of the oil is given in terms of the concentrations of dissolved 
aromatics in the water. 

This model was developed to aid biologists in their evaluation of 
possible consequences of an oil spill to marine life. Further details are 
given in Rye.17 

The model presented here describes the most important processes 
involved in the first 10 to 20 hours after the spill has left its origin (or, 
alternatively, in the area restricted to some 5 to 20 km from the 
source). Beyond this stage, other techniques may be applied to con-
sider the fate of the spill (say, a drift-track model may be applied to 
compute the stranding of the residual oil on a shore). 

The model computes the concentrations in the water generated by 
the spill, either as the water soluble fraction (WSF) of the spill or as the 

concentration of droplets entrained into the water mass through wave 
action. These concentrations are expected to be largest relatively close 
to the spill site. At greater distances, the natural spreading mecha-
nisms present in the sea (and other mechanisms) are expected to dilute 
or reduce the concentrations below the limits of primary biological 
interest. 

The model includes a description of the spreading of the spill on the 
sea surface, including gravity spreading, viscosity, and surface tension 
effects. The model also computes the evaporation of the various com-
pounds into the atmosphere, the transfer of components from the slick 
into the water, and the effects from wave action. The wave action 
causes some fraction of the oil to be present as droplets below the 
surface. Transfer of hydrocarbons into the sea, both from droplets and 
slick, is included. The model keeps track of what has evaporated, what 
has dissolved, what is present in droplets below the slick, and what 
remains in the slick for each of the hydrocarbon components present in 
the spill (as represented in the model) as it moves away from the spill 
site. 

The model also includes a description of vertical mixing due to 
turbulence in the water mass (related to stratification in the surface 
water and wind mixing), the lateral spreading of the hydrocarbons 
entrained in the water, and effects of vertical variation in the horizontal 
water current velocity field. 

The model does not include, at present, effects of water-in-oil 
emulsification, biological degradation (decay), effects of photochemi-
cal processes, or evaporation of dissolved hydrocarbons from the water 
into the atmosphere. These processes are expected to be more impor-
tant on a longer time scale than is considered here (days rather than 
hours). One exception is the effects of w/o emulsification, which may 
take place in a relatively short time scale. On the other hand, the w/o 
emulsification is assumed to slow down the dissolution process and thus 
cause lower values of the dissolved concentrations. At present, the 
model applies principally to releases of condensate with very little or 
no presence of waxy or asphalthenic components. 

Input to the model 

The ultimate goal of this model is to calculate concentrations of the 
water soluble fraction in the water. These concentrations are of partic-
ular interest to biologists who may compare the results to criteria for 
harmful biological exposure. These criteria may vary for the different 
components of the hydrocarbon mixture. The model therefore in-
cludes concentrations in the water mass for each component accounted 
for in the model, in particular the benzene, toluene and xylene (BTX) 
components. 

The composition of the hydrocarbons (HC) is therefore one of the 
inputs to the model. The release is divided into different HC groups 
within each carbon number (Table 1). This division is necessary be-
cause the solubility of each hydrocarbon component varies from one 
class to another within the same carbon number interval. The vapor 
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Table 1. Division of a release into five different 
hydrocarbon classes or compounds 

Compound no. HC compound 
1 n- and isoparaffins (alkanes) 
2 cycloparaffins (cyclo-alkanes) 
3 aromatics 
4 naphtheno-aromatics 
5 resins (nitrogen, sulphur, and oxygen 

compounds—NSO compounds) 

pressure and density also vary from one class to another within the 
same carbon number interval, although the variation is not as strong as 
for solubility. 

In addition, the mol percentage of the release in the interval C4 and 
upwards has to be specified. In general, hydrocarbon components with 
a carbon number larger than 18 to 20 have very low solubility (or 
tendency to evaporate). However, they are included because the den-
sity of the components has some influence on the rise velocity of the 
droplets formed. As an example, condensate spills consist largely of 
compounds with carbon number in the area C3 to C10 which will, to a 
large extent, dissolve or evaporate. Table 2 shows the grouping of 
carbon numbers that must be specified as input. 

Altogether 20 groupings of hydrocarbons are thus included. Multi-
plied with the five different classes of oil as shown in Table 1 amounts to 
100 different components of the oil. In practice however, the actual 
number is somewhat lower because many of the components are not 
represented within the whole carbon interval from C3 (propane) to C55. 

In addition, the meteorological conditions (wind, temperature) and 
the oceanographical conditions (surface current, sea temperature) 
have to be specified. For the computations of the concentrations in the 
sea, the vertical current velocity profile as well as the temperature and 
salinity profiles (for stratification and vertical exchange in the water) 
have to be given as well. 

Initial surface spreading of the spill 

Initially the density of a hydrocarbon spill will normally be lower 
than the underlying water mass. Ignoring the effects from waves (for 
the time being), the slick will spread due to gravity forces, viscous 
forces, and effects of interfacial surface tension between air, water, and 
the oil. 

For an instantaneous spill, the release will spread radially outwards, 
while the center of the spill will be advected away with the surface 
currents. For a continuous spill, which is discussed here, the spill will 
spread laterally outwards, in the direction normal to the surface cur-
rent. The actual shape of the spill will then be a continuous slick of 
parabolic shape, with an increasing width of the spill downstream. This 
shape originates from the advection of the spill due to the surface water 
currents, while at the same time the spill spreads laterally outwards 
due to gravity, viscosity, and surface tension forces. 

The formulas for the surface spreading are according to Fay.5 These 
equations were reconsidered in Fannel0p and Waldman4 and by CON-
CAWE.3 The approach used by Fay was found to be the most realistic 
to use for nonemulsifying oils. Fay's formulas are therefore adapted in 
this study. They predict that the hydrocarbons will spread through 

Table 2. Division of a hydrocarbon release 
into 20 different carbon numbers 

Carbon no. Grouping of compounds 
C3-Cio For each carbon number, 8 groupings 
C11-Q0 For each second carbon number, 5 groupings 
C21-C55 For each fifth carbon number, 7 groupings 

three different stages. First, the gravitational forces, caused by the 
density difference between oil and water, will dominate. Next, the 
viscosity of the water will play a dominant part. Finally, when the slick 
has become sufficiently thin, the surface tension will dominate the 
further spreading. 

The spreading formulas used give the thickness of the spill as a 
function of the distance from the source and thus the extent of the area 
covered by the spill. These parameters are important for the calcula-
tion of the evaporation and dissolution, as explained in the following 
section. 

Evaporation 

The evaporation of various components may be modeled according 
to Raoult's law which states that each component will evaporate with a 
rate proportional to the saturation vapor pressure and mol fraction 
present for that component. In this paper, a formulation given by 
Harrison and colleagues7 has been used. The evaporation rate from the 
slick is given by: 

dO/dt == -kEAxMPi/iRT) (1) 

Where: dQj/dt = rate of evaporation of component i (g/s) 
kE = mass transfer coefficient for evaporation (m/s) 
A = surface area covered by the spill (m2) 
Xi = mol fraction of component i present ( — ) 

Mj = mol weight of component i (g/mol) 
Pi = saturation vapor pressure of component i (atm.) 
R = gas constant (82 x 10 "6 m3 atm/mol K 
T = absolute temperature (K) 

For order-of-magnitude estimates, analytical solution may be con-
sidered by assuming only one component present. Assuming the thick-
ness of the slick is initially h, one may estimate the time until the 
evaporation of the slick is completed. Noting that in this special case, Q 
equals pAh (p is density of the component under consideration), and 
equation 1 reduces to 

dh/dt = -kEMP/(PRT) (2) 

where the constants MP/(pRT) form a dimensionless group. The mass 
transfer rate coefficient kE may be related to the wind velocity by 
means of 

kE = CDW (3) 

Where: CD = the surface drag coefficient ( - ) 
W = the wind velocity (m/s) 

Table 3. Time required for complete evaporation 
of a slick of a given thickness! 

Benzene2 
Cumene3 
Pentane4 
Nonane5 

Thickness 
1.0 mm 

kE = 1.2 
x 10"2 

m/s 
3.6 min 
1 hr 
31 s 
40 min 

Thickness 
0.1 mm 

kE = 1.2 
x lO'2 

m/s 
22 s 
6 min 
3s 
4 min 

Thickness 
0.01 mm 
kE = 1.2 

x 10"2 

m/s 
2.2 s 
35 s 
0.3 s 
25 s 

Thickness 
0.001 mm 
kE = 1.2 

x 10~2 

m/s 
0.22 s 
3.5 s 
0.03 s 
2.5 s 

1. Wind = 10 m/s, air temp. = 15° C. 
2. QH6, vapor pressure 0.10 atm 
3. QHu, vapor pressure 0.005 atm 
4. C5H12, vapor pressure 0.53 atm 
5. C9H20, vapor pressure 0.0043 atm 
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CD is given the value 0.0012, see Smith.19 Table 3 shows typical time 
spans until a slick with a given thickness has evaporated completely in a 
10 m/s wind for four different hydrocarbons. 

The saturation vapor pressure, Pb is temperature dependent. This 
variation is modeled by means of the Clausius-Clapeyron equation.11 

Note that this approach avoids the use of semiempirical relationships. 
All equations are therefore fully dimensionally consistent. 

Dissolution of oil into water 

The dissolution of a slick into the water may be modeled according to 
a principle analogous to Raoult's law. In this case the dissolution rate 
for each component will be proportional to the solubility in (sea) water 
and mol fraction present for that component. In this paper, a formula-
tion also given by Harrison and coworkers has been used.7 The dissolu-
tion rate from the slick may be written as 

dO/dt = -kDaiA(XiSi - <*) (4) 

Where: aQJdt = rate of dissolution of component i (g/s) 
kD = mass transfer coefficient, dissolution (m/s) 
A = surface area covered by the spill (m2) 
Xi = mol fraction of component i present ( - ) 
Sj = fresh water solubility of component i (g/m3) 
q = concentration of component i dissolved or al-

ready present in the water (g/m3) 

The factor ai is an empirical constant that expresses the difference 
between the solubility of component i in fresh- and saltwater. This was 
included because solubility data are mainly given for fresh water. For 
many organic compounds this factor is close to 0.7, which has been 
used in the calculations. The factor q will, in general, be smaller than 
the term Xi Si5 primarily due to turbulent mixing in the ocean; ç is 
therefore neglected. 

The dissolution of oil into the water phase is dominated by the 
presence of droplets. We shall therefore neglect the dissolution from 
below the slick itself in the following. Given the size distribution and 
the total mass of droplets in the water, the transfer of mass to the water 
for each oil component may be calculated by an equation similar to 
equation 4. In this case the mass transfer coefficient has been found to 
be dependent on diameter of the droplet, see Batchelor2 and Schuur-
mans and colleagues.18 The matter is discussed further in Johansen and 
others.8 Denoting the mass transfer coefficient from droplets to the 
water for kR, the mass transfer can be calculated from: 

dQi/dt = -kRaiAXiSi (5) 

Where: dQ/dt = rate of dissolution of component i (g/s) 
kR = mass transfer coefficient, dissolution (m/s) 
a» = 0.7, empirical constant ( - ) 
A = surface area of the droplets (m2) 
Xi = mol fraction of component / present ( - ) 
Si = freshwater solubility of component / (g/m3) 

Again, for order-of-magnitude estimates, analytical solutions may 
be considered by assuming only one droplet and only one component 
present in that droplet. Assuming the diameter of the droplet is ini-
tially 2r, the mass Q equals p(4/3)irr3 and the area A equals 4ΊΓΓ2. In this 
special case, equation 5 reduces to 

Table 4. Time required for complete dissolution 
of a droplet of a given diameter! 

dr/dt = — kRaS/p (6) 

where the constants aS/p form a dimensionless group. 
The mass transfer rate kR for droplets in freshwater can be found in 

Batchelor2 and Schuurmans and colleagues.18 It tends to increase for 
smaller droplets, approaching 1 mm/s for droplets with diameter 1 u,m. 
For larger droplets, a value of 2 to 4 x 10"5 m/s may be representative. 
Table 4 shows typical time spans until a droplet with a given diameter is 
dissolved completely, for four different hydrocarbons. Note the large 
variation in time span, from under one second and up to several years. 
In particular, small droplets with high aromatic content dissolve rela-
tively quickly. 

Benzene2 
Cumene3 or 

pentane4 
Nonane5 

Diameter 
1.0 mm 
k R = 3 
x 10~5 

m/s 
3hr 
5 days 

7yr 

Diameter 
0.1 mm 
kR = 2 
x 10"5 

m/s 
30 min 
17 hr 

l y r 

Diameter 
0.01 mm 

kR = 
10~4 

m/s 
36 s 
20 min 

7 days 

Diameter 
0.001 mm 

kR = 
io-3 

m/s 
0.36 s 
12.5 s 

1.7 hr 
1. Temperature 25° C 
2. QH6, solubility 1,760 mg/L 
3. C9H12, solubility 50 mg/L 
4. C5H12, solubility 38.5 mg/L 
5. QH20, solubility 0.122 mg/L 

Drop formation by wave action 

Waves present on the sea surface will cause droplet formation below 
the slick through wave breaking. The droplets formed will have densi-
ties different from that of the surrounding water mass. The droplets 
will thus tend to rise. The larger droplets will rise faster than the 
smaller ones. For a given sea state, a balance between the downward 
flux of droplets caused by wave breaking and the rise of droplets due to 
buoyancy forces will therefore be established. This balance is used to 
calculate the amount of oil present as droplets below the sea surface 
and the resulting flux of hydrocarbons dissolved from the droplets into 
the water. 

In the model, the sea state is related to the wind velocity through 
equations given in Neumann and Pierson,14 Kjeldsen,9 and Monahan.13 

Different options for drop size distributions are built into the program. 

Turbulent spreading of dissolved material 

Once the organic compounds have been dissolved into the water 
mass, the organic matter will be diluted in the ocean. This dilution will 
be caused by oceanic turbulence generated by currents, waves, and the 
wind. These processes are important for a proper determination of the 
HC concentrations in the water. The spreading process in the ocean is 
modeled by means of a numerical solution of the differential equation 

uCx + vCy = (KVCZ)Z + (KhCy)y + (wfC)z - KdC + Q (7) 

Where: x = horizontal coordinate directed downstream 
y = horizontal coordinate directed across downstream 
z = vertical coordinate 

index x = derivative with respect to x 
index y = derivative with respect to y 
index z = derivative with respect to z 

u = u(z) = water current velocity in the x direction 
v = v(z) = water current velocity in the y direction 
C = C(x, y, z) = concentration of hydrocarbons 

Kv = Kv(z) = vertical diffusion coefficient 
Kh = Kh(x) = horizontal diffusion coefficient 
wf = wf(x, z) = rising velocity of HC droplets 
Kd = exponential decay coefficient of HC concentrations 
O = Q(x, y, z) = sinks or sources of organic matter 

The source term Q represents the influx of hydrocarbons calculated 
as explained previously. The influx is assumed to be distributed lat-
erally across the width of the slick. Once the influx is determined, the 
hydrocarbons will be redistributed in the water mass due to horizontal 
turbulence (expressed through the horizontal diffusion coefficient Kh), 
vertical turbulence (expressed through the vertical diffusion coefficient 
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Kv), and effects from vertical variation in the horizontal velocity profile 
(expressed through the vertical variation in the velocities u and v). The 
equation gives the concentration of hydrocarbons C calculated in space 
(x, y, z) downstream from the source. Stationary conditions are as-
sumed. The flux of release as well as wind and current conditions are 
assumed to be constant during the simulation period. 

Although equation 7 is three-dimensional, it may be reduced to a set 
of two two-dimensional equations which are then solved simul-
taneously. This is done by integrating analytically equation 7 in the 
y (lateral) direction, assuming that the hydrocarbon concentration in 
the y direction follows a normal distribution function (a Gaussian 
plume model assumption in the lateral direction). The two equations to 
be solved then represent one equation for the laterally integrated 
content of HC in the water mass and one equation for the lateral 
variance of the HC content. The actual three-dimensional distribution 
of the HC content is then obtained from the normal distribution 
function. This function then describes the HC concentration in the y 
direction, while the parameters in the normal distribution function (the 
average concentration and the variance) will vary with x and z only. 
Further details on this solution technique may be found in Koh and 
Fan.10 

Example: the Ëkofisk blowout in 1977 

As an example calculation, the blowout on the Ekofisk field in 1977 
was simulated. This blowout lasted several days, with an estimated 
outflux of oil of approximately 2,800 tons a day. It lasted from April 
22 to 30, 1977, which amounts to a total outflux of approximately 
22,000 tons. 

The conditions on the site were as follows: wind velocity, of the order 
8 m/s; air temperature, of the order of 6° C; sea temperature, approx-
imately 6° C; and water currents, 10 to 30 cm/s. The composition of the 
hydrocarbons in the spill were taken from Reijnhart and Rose,16 while 
details of the measurement results on the site may be found in 
McAuliffe12 and in the Proceedings from the Conference on the As-
sessment of Ecological Impacts of Oil Spills.1'6 

Some results from the calculations are shown in the Figures 1 to 4. 
This particular computation is based on a set of simplifying assump-
tions related to drop size distribution (drop size diameter equal to the 
slick thickness) and vertical velocity profile (assumed constant). 

Referring to these results, the total amount of oil dissolved in the 
water mass is calculated to in the order of 0.3 to 0.4 percent of the 
release. The amount of oil evaporated is calculated to be in the order of 
30 to 40 percent of the release, which is in good agreement with the 
number estimated from field data. The rise velocity of the droplets will 
be relatively large until drop size becomes less than 1 mm. The amount 
of oil present as droplets will therefore be fairly low until the slick 
becomes relatively thin. The Figures 1 and 2 show how the dissolved 
matter distributes in the water. The figures show the three-dimensional 
concentration C(x, y, z) of the dissolved hydrocarbons. Figure 1 shows 
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Figure 2. Concentration levels (ppb weight) in the water as a function 
of lateral distance from the center line of the plume and distance from 
the source (x-y space)—Ekofisk blowout, 1977 

the concentrations in the x-z-space downstream along with the center 
of the plume. The calculations indicate that a concentration larger than 
0.1 ppm of dissolved matter will be limited to a distance of 3 km from 
the source. Figure 2 shows the distribution in a horizontal plane very 
close to the surface. The lateral extent is rather limited, which would 
make it difficult to monitor the center of the plume in the field. It 
should however be stressed that this computation is based on the 
assumption of constant current velocity and no lateral variation in 
the current velocity field (velocity component, v, equals zero). 

The concentration levels are of particular interest for predicting the 
biological impacts of a spill. Biologists sometimes assume a limit of 
order 30 to 50 ppb HC dissolved in the water to claim possible harmful 
effects from the hydrocarbons. The Figures 1 and 2 may therefore be 
considered as the end results of the computations in this respect. 

Figure 3 shows details of what happens to one specific HC compo-
nent during the dissolution process: how the benzene content in the 
slick is reduced due to dissolution and evaporation. From a 6.2 mol 
percent content of benzene initially,16 the amount is reduced to ap-
proximately zero at 400 meters from the source. Similarly, the relative 
amount of heavier components increases in the slick, as the lighter 
components either dissolve or evaporate. 

Figure 4 shows one example of the change of composition of the 
dissolved matter in the seawater: the content of the dissolved aromatic 
compound benzene. At a distance of 4 kilometers from the source, the 
sum of benzene and xylene (not shown) comprise more than 50 percent 
of the dissolved HC content below the slick. Adding the toluene (the 
BTX-components), the dissolved matter is thus dominated by the 
aromatics, as would be expected from the dissolution properties of 
these components. 

Conclusion 

1000 1500 2000 2500 3000 

Distance from source , m 

Figure 1 
of depth 
1977 

. Concentration levels (ppb weight) in the water as a function 
and distance from the source (x-z space)—Ekofisk blowout, 

Not all the components in the oil are equally dangerous to marine 
life. The method described here of calculating the expected concentra-

( j 

c 

CD 

c 

c 
(D 

CD 

8 [■ 

6 Γ 
4 [■ 

2 V 

J00 1000 
Distance from source, m 

Figure 3. The amount of benzene (in mol %) that remains in the slick 
as a function of distance from the source—Ekofisk blowout, 1977 
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Figure 4. The amount of benzene (in mol %) that is dissolved in the 
water as a function of distance from the source—Ekofisk blowout, 
1977 

tions in the water allows for resolving different dissolved (and evapo-
rated) components of the oil so that the expected concentrations of 
individual constituents can be calculated. The calculations presented 
show how the concentrations of specific components of the oil can be 
estimated to allow biologists to predict the environmental effects of an 
oil spill on marine resources. 

Experience using the program for various types of oil shows that the 
BTX components dominate the dissolved concentration in the water, 
typically more than 50 percent. One application of the program would, 
therefore, be to indicate this percentage when the dissolved matter is 
calculated. Different groupings of the hydrocarbons, either dissolved 
or dispersed, could also be indicated, say the PAH compounds (as 
dispersed) in addition to the dissolved aromatics. One example of such 
an application is presented by Mark Reed and his colleagues15 at this 
conference. 
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