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MODELING OF OIL EVAPORATION IN AQUEOUS ENVIRONMENT
Abstract

A numerical model is developed to predict the changes of oll characteristics,
specific gravity, perceﬁtage weight remain and percentage volume remain of oil
on water through evaporation known to dominate the early stage of Weathéring.
This model is based on the assumption that oil, though complex, can be considered
as a chemical compound composed of individual fractions of distinguishable
chemical and physical characteristics. The major driving forces for evaporation
being considered hexe include air temperature, wind speed and size of slick.

Laboratory experiments were conducted using No. 2 fuel oil, Nigerian Crude
and Venezuelan Crudé to calibrate the numerical model and to gain physical
insight of the oil evaporation process. Based on the laboratory results, empiri-
cal relationships are proposed for determining the diffusion coefficient described
in the first-order decay formula. Laboratory results also revealed that the
first-order decay law of single slope cannot adequately cover the total range of.
decay.

Both numerical and laboratory results seemed to indicate that the effect
of temperature on oill weathering 1s significant in the very early stage of
weathering, but diminishes at a later time. The effect of wind speed is more

uniform throughout the time duration being tested.
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MODELING OF OIL EVAPORATION IN AQUEOUS ENVIRONMENT
Wel C. Yang and Hsiang Wang*

Leichtweiss-Institut fur Wasserbau
Technische Universitat Braunschweig, Germany

INTRODUCTION

During the weathering process of oil spilled in an aqueous environment, -
the greatest change in its property occurs within the first few days and is
known to be caused by evaporation. A knowledge_in this early stage of
weathering is essential to assess the initial impact on the marine environment
and to deploy effective cleaning operations.

In a descriptive fashion, Berridge, et al., (1968), presented the phenomenon
of evaporation of oil spill and the factors that affect this process. It was
pointed out by them and other investigators that the rate of evaporation of a
given oil spill is a function of temperature, wind speed, solar radiation and
size of spill, as well as the characteristics of oil itself. A number of
parametric studies have been conducted that provide some fundamental under-—
standing on the mechanism of oil evaporation.r For instance,.McKay and Matsugu
(1973) studied the effect of wind speed'and pool size on the evaporationlrate
and proposed certain functional relationships among them. Regnier and Scott
(1975), on the other hand, investigated the evaporation rate as a function of
temperature. Frankenfeld (1973) conducted laboratory experiments on oil

weathering using six different types of olls to determine the more important

. Permanent Address: Dept. of Civil Engrg., Univ. of Delaware, Newark, DE 19711



variables governing the physical and chemical changes and concluded that the
most important variables were the chemical charaﬁteristins of the petroleum
products themselves, |

When it comes to the problem of predicting the evaporation rate of oil
spill or of providing a quick assessment of the initial oil weathering after
a spill occurs, very little information can be found. Blokker (1964) has
proposed an evaporation model that relates the evaporation rate to wind speed
and geometrical shape of the slick. A constant coefficient of evaporation is
proposed in his formula. Thus, the formulé disallows the change in chemical
composition during weathering. Also, in light of Frankenfeld's conclusion
that the actual composition of the oil slick is the most important variable,
the applicability of Blokker's formula tolthe actual oil spill is immediately
open to question even if the functional relationship as proposed were correct.,
Moore (1972) proposed a general scheme to model oil weathering, using a mass
balance accounting for mass fluxes of each oil component. Owing to the large
number of individual components in crude or refined oils, he also suggested
a way of grouping them according to the number of carbon and hydrocarbon types.
He used a first-order decay law to illustrate the scheme.

The present work utilizes Moore's basic model by considering the total
evaporation rate as the summation of each individual componént. The individual
evaporation rate was established on the basis of Fick's diffusion law and the
consideration of interfacial mass and heat transfer. The effect of oil slick
size and its rate of change on evaporation is also included. A numerical scheme
is developed to facilitate fast computations of time-dependent results,

Laboratory experiments were conducted in a continuous-circulation tank to
Investigate a number of coefficients appearing in the basic equations for three

different types of oil. Finally, numerical computations are compared with



field and laboratory data as well as those obtained in the present experiment.

PROBLEM FORMULATION

Basic Equation. Although ultimately the accustomed first—order decay

equation is used here to determine the rate of weathering of oil spill, it

is essential to présent here a brief derivation of this equation and to clearly
identify various simplified assumptions specifically related to the present
application. Up to date, many investigators have adopted the first-order

decay law for oil evaporation and dissolution, the validity of this law has

not been evident,

Assuming that, for any specific oil, the constituents can be grouped into
individual compounds (perhaps in accordance with the number of carbons and
hydrocarbon types) and that the evaporation process is a uniform one within
the group, but independent to each other among groups, then from conservation

of mass, we have

9Cy '
J o #VJ,) d¢=0 Q)
ot i
i
where Ci is percent'weight of fractilon 1; Ji’ the mass flux; t, the time, ¥, an

arbitrary control volume and V, the vector opefator.
Referring to Figure 1, since the oil slick is a thin layer, the flux in the
transverse directions (x and y, in this case) can be neglected in comparison with

that in the vertical direction (z—axis), the above equation can be written as
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Figure 1 Mass Flux of 0il Slick Due to Evaporation and Dissolution




Here the origin of the coordinate system is taken to coincide with the centroid
of the slick and H is the total thickness of the slick.
When the differentiation sign is moved out of the integral, the first term

of the L.H.S. becomes

H/2 5 H

L et |

~H/2

as the limits of integration are also functions of time. If the oil is well

"mixed within the thin film, the above expression can be approximated by

R NN
at (HCy) - Cy 5¢
| 6 -
which is simply H-—EE where Ci is defined as
H/2
2\
Ci -i CidZ
B Jom/2

the mean value of the percent welght of fraction i. This result is true if
Ci is uniform across the thin f£ilm or H is independent of time. Fortunately,
these conditions are roughly fulfilled by oil slicks as one can reasonably

expect that in the early stage of a spill C, is nearly uniform, while at the

i
latter stage, H does not vary significantly. 'Equation (2) can be reduced to
N
BCi

H—r F .11|H/2 + (—Ji)[“HIZ =0 (3)

The second and third terms represent mass flux due to evaporation and
dissolution, respectively. According to Ficke's diffusion law, the mass flux

1s proportional to the gradient of concentration, 1.e.,
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Since, in Equation (3), the mass fluxes are to be evaluated across the interface,

the above proportionality can be approximated by:

N
i
Jilara ¢ % - Cye
(5)
PaN
Jil /2 %% 7 Chp

where ciw and.CiR are the percentage weight of fraction, i, in the air and
water respectively. Since both the air mass and the water mass in contact with
the oil slick can be looked upon as reservoirs of infinite capacity, it is notl'
unreasonable to treat both Ciw and Ciz as constants of small magnitudes,
Therefore, it seems appropriate to rewrite the above relations in the following

equation form:

. " 0 Pay
Iilwsa = Pie' ©4 !
and (6)
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where Die' and Did' are constants of proportionality known as the diffusion
coefficients of evaporation and dissolution, respectively. When Equation (6)

is introduced into Equation (3), the first-order decay equation is obtained:

AN\
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This is the basic equation that describes the short-term weathering process. It

differs from the accustomed first-order decay law in that L.H.S. consists of the



aC, aC)
product of H and =%t rather than “SE alone. Only when H can be treated as a

constant can Equation (7) be reduced to the conventional first-order decay

equation:
N 5
ot = ~(Dge T Dy4) €y (8)
: v '
where D, gnd D, 4 are defined as being equal to D, /H and D, /H respectively,

Since the main purpose of the present study is to develop a quick scheme
to estimate oil weathering, Equation (8) has been used as the base for the
numerical scheme. One should bear in mind the various assumptions and simplifi-
cations that are being employed so that future refinement can be made towards
the right direction.

Evaporation Rate. Like most problems concerning diffusion processes the task

of solving Equation (8) depends heavily upon the correct’estimation of the
diffusion coefficients.

The mass transfer process from the oil slick to the atmosphere can be
conveniently divided into liquid phase transfer and vapor phase transfer. The
liquid phase transfer consists of mass transfer from the interior of the oil
slick to the interface. For a thin slick of roughly uniform 61, the wﬁrk required
to perform this process is considered negligible. The vapor phase resistance
which controls the rate of mass transfer across the interface is of major concern.

In analogy to the molecular diffusion process, the vapor phase mass transfer

process can be expressed by (MacKay and Matsugu, 1973):

where Py is the hydrocarbon vapor pressure of fraction, i, at the interface; Pie

is the hydrocarbon vapor pressure of fractian, i1, at infinite altitude of the



atmosphere; R 1s the gas constant; and TS is the absolute temperature of the
oil slick.

In this equation, km is a coefficient that lumps into it all the unknown
factors that affect the value of Die and is likely to depend upon the transport
conditions at the atmosphere immediately above the spill. In oceanic environ-
ments with spill of finite size, the following functional relationship is

proposed here:
k= aa¥e? (10)

where A 1s the slick area; U 1s the overwater wind speed; a, q and y are empirical
coefficients to be determined experimentally. This functional relationship is
based on the results of past investigations, including, for instance, those of
MacKay and Matsugu (1973) and Moore (1973). Based on field investigation, MacKay
and Matsugu suggested the value of y to be in the range from -0.025 to =0.055.

B& plotting existing oil weathering data, Moore came up with the value of g

in the order of 0.39. Further experiments were performed here to determine the
values of a and q. The results were described in later sections.

To evaluate the area of spreading in Equation (10), Fay's model (1971) as
modified by Wang, et al. (1975) was used. In essence, the spreading is broken
down artificially into three stages, namely the gravity-inertial, the gravity-
viscous and the diffusion stages. The equations for the respective stage are

as follows;
Gravity-Inertial Stage:
R(t) = 1.i4@n)l/3 (B0 q1/4 (1/2 (11)

1/3
owv



Gravity-Viscous Stage:

8o Ap -
R(E) = 0.98 W3 216 (o p y7H/12 (114 2)
w
Diffusion Stage:
|
R(E) = 2[2 B (et ) + (ngz)z]l/z (13)

where R is the radius of spreading; ¥ is the volume of the spill; g is the
gravitational acceleration; Ap 1s the density difference between water and oil;
Po is the density of the oilj; L is the density of the water; My, is the viscosity
of the water; Er is the turbulent diffusion coefficient. The criteria on
matching are based on the size of the spi;l as delineated in Figure 2.

Strictly speaking, the dissolution rate should also be included in the
consideration. At present, the functional relationship is difficult to arrive
at, even on a speculation basis. However, Moore (1972) has shown that, at
. least, at the early stage of weather, the rate of dissolution is considerably
smaller than evaporation. Therefore, the dissolution process is not included

In the subsequent computations,

Numerical Computations. The functional relationships of the oil weathering process

so far developed are relatively simple. The actual computation, on the other

hand, is quite involved as the weathering process interacts with the spreading

process and the number of fractions in any type of oil is quite large. A

computer program is, therefore, developed here to facilitate rapid computations.
Based on Moore's suggestion (1973) eight fractions are selected, in accordance

with the carbon number and hydrocarbon type, to provide adequate flexibility
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in.characterizing oil of various origins. The range of physical and chemical

contains for each fraction is summarized in Table 1. The equations for esti-

mating vapor pressure are also listed on the last column in the same table.
Fourth-Order Range-Kutta method was used to perform the numerical integration.

A flow chart describing the major functions of the numerical model is delineated

in Figure 3. It computes as a function of time the percentage change of weight

of each fraction, the changes of volume, specific weight and the total

weight loss.

LABORATORY EXPERIMENTS

To aid in the determination of evaporation constants and to obtain better
insight of the chemical and physical weathering processes, laboratory experiments
were performed in a circulation tank specially designed for this purpose.
Figure 4 is a photographic view of the tank and Figure 5 shows the major
dimensions of the tank which consists of two 5-foot straight sections connected
by two semi-circular sections. The cross-section is 2.5 feet high and 1 foot
wide. The channel is completely covered with a plastic tbp.

. All the tests were performed with the tank filled to 1.5 feet of water.
overwater wind is provided by a 12-inch two-speed exhaust fan driven by a 1/4 hp
motor. A mean air speed up to 3.2 m/sec can be obtained. A divider is installed
as shown in Figure 5, extending to and above the waterline so that it will
gulde the fresh air into the circulation channel and force the mixture of air
and oil vapor into the exhaust channel. This arrangement permits unobstructed
continuous water flow but disallows oil-contaminated air flow recirculating in
the channel. Exhaust air, which at times is quite heavily contaminated, is

discharged outside the laboratory to prevent possible re-entering the channel.
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Overwater wind speed and profile are measured by conventional Pitot tubes
in conjunction with a precision differential manometer manufactured by the Iowa
Institute of Hydraulic Research. Pipet samplers are used for oil samplings.

A total of 11 short-duration (48 hours) weathering experiments were conducted
using different oil samples including Venezuelan Crude, Nigerian Crude and #2
Fuel 0il. They were selected on the basis of (1) these products are fairly
well characterized and documented, (2) they afford a range of physical and
chemical characteristics and (3) they represent heavy U.S. consumptions. The
characteristics of these samples are shown in Table 2. The effects of air
temperature and wind speed are tested covering the following ranges:

Temperature: 14°C, 21°C, 26°C

Wind Speed: 0.71 m/sec., 1.54 m/sec., 3.20 m/sec.

The experiments began by circulating air over water until the temperatures
of alr and water equalized. A volume of about 1,500 c.c oil samples were then
carefully poured on top of the water., This will cover an area of approximately

1.5 m?

of 0.1 cm thick. Samples were then taken at intervals of 1 - 2 hours
during the first 10 to 12 hours and at intervals of 5 — 8 hours afterwards.
Specific gravities were determined immediately by pycnometers., Data presented

in the subsequent section represented the average value of three sample analyses.

RESULTS

Laboratory resuits of wind profiles are illustrated in Figure 6. The vertical
distribution is surprisingly qniform. The horizontal profile, on the other hand,
is skewed; the velocity along the inner wall is considerably less than that along
the outer wall. Since all the oll samples were taken at location, 10 cm from
the wall, the reference velocity used in the subsequent data presentations is

based on the average of the hatched area shown in Figure 6. The region along the
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TABLE 2

SAMPLES SELECTED AND THEIR CHARACTERISTICS

Specific Gravity

0il Sample (78°F) General Characteristics

Venezuelan Medium, Aromatic,

Crude .8769 High Volume of
Transport

Nigerian _ Light, Paraffinic,

Crude .8446 Low in Metals

#2 Fuel 0il 8472 Light Fuel 0il,

Olefinic, Refined
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inner wall of low velocity but high velocity gradient is excluded. The water
surface currents with and without oil slick were also measured. Figure 7

is an example for both cases. From this figure, it is evident that oil drift
is éansiderably faster than water mass movement at the surface (approximately
by 45%). The average oil drift velocity is approximately 6.2% of the average
wind velocity which is, of course, considerably higher than the commonly
accepted value of about 3.5%. Since only a limited number of measurements
have been made, the results should not be viewed és conclusive,

One of the impuftant observations from the laboratory experiments is that
after 3 to 5 hours of weathering, a thin film formed on the surface. Subse-
quent samplings seem to reveal that the evaporation rate is retarded considerably.
This surface resistance, not being considered in Equation (10), significantly
changes the value of km. This effect should be thoroughly investigated in the
future.

Based on the best-fit of the data, the following explicit relationships

of km are suggested here in the interim:

Before Surface Film Being Developed (pt/po < 1.0078)

mb

After Surface Film Being Developed (pt/p0 > 1.0078)
1
==Lk 5 :
where p; 1s initial oil density and pt is weathered oil density at time, t.
It is evident that the change of the evaporation rate is quite drastic after

the formation of the surface film although the herein proposed demarcation is

an artificial one. At present, one can only conclude that km is a function of

A}
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not only surface area and wind velocity but other factors such as, we believe,
the change of viscosity during weathering. The value of q = 0.42, on the
other hand, seems to agree well with the existing information and to that
suggested byIMoore.

With the numerical values of a and q in hand, we are now in a position
of ferforming numerical computations. Computed results of specific gravity
change of No. 2 Fuel; Nigerian Crude and Venezuelan Crude are shown, respectively,
in Figures 8, 9 and 10. The percentage contents of the eight fractions used
as inputs to the numerical model for the three different kinds of oils and
Frankenfeld's oil sample are listed in Table 3.

A comparison of numerical results of Frankenfeld's laboratory and field
data (1973) is provided in Figure 11. The numerical results are consistently
higher than Frankenfeld's laboratory data in the early stage of evaporation.
This is likely due to the fact that Frankenfeld used the jet velocity at the
exit of the fan as the reference velocity which was undoubtedly higher than
the average wind velocity used in the numerical model.

Other numerical outputs including weight changes of individual fractioms,
total volume change and total weight change are illustrated in Figures 12, 13

and 14, respectively.

CONCLUSIONS

As part of an integrated research project dealing with fhe fate of oil
spills in oceanic environments, the present work represents an initial effort
of providing predictive capabilities on short=term oil weathering while the
evaporation process dominates. The numerical model developed here is easy
to use and 1s quite versati;e in accepting various types of oils and weather

conditions as inputs. To an extent, the model has been calibrated with laboratory
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Fixed Air Temperature as Wind Speed Varies
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. Nigerian Crude
U=3.20 Wsec (fixed)

T=26°C

Computer Results

Lab ~ Data:
o 1= 26°C
T= 21°C
a T= 14°C
1 1 1
10 20 30 40 - 50

TIME (hours_)
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T=21°C (fixed)

=  Computer Results

Lab Data :

e U= 3.20 Mygec
o U =1.54 Misec
m u= 71 MWsec
1 20 L

- 10 20 30 40 350
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Figure 9 Specific Gravity Change of Nigerian Crude

With Fixed Wind 'Speed as Air Temperature °
Varies ahd Fixed Air Temperature as Wind
Speed Varies
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Figure 12 Percent Weight Changes of Individual Fractions of No. 2 °
Fuel 0il With Constant Wind Speed and Air Temperature
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experiments and existing field data.- The scheme ié considered to be adequately
predicting the trend of short-term weathering and represents the utilization of
the present state-of-the art on the subject.

It is pointed out here that the validity of the first-order decay law
at the very early stage of weathering is open to question as the thickness
of the o0il film may change significantly within the first few hours after the
spill occurred. For the simplicity of computation, the first-order decay law
has been adopted throughout the whole range. Howevér, this might be one of the
reasons that welare eventually forced to use two different slopes for the
earlier and later stages of decay.

Once one has accepted the first-order decay law, the task becomes the correct
estimation of the diffusion coefficient. This eoefficient is known to be a func-
tion of, among others, temperature, wind speed, sizelof spill and most importantly,
the characteristics of the oil itself. The dependency on the oil characteristics
is treated here, and believed to be quite adequately, by characterizing the
compound in terms of fractions of groups containing similar numbers of carbons
and hydrocarbon types. Judging from the results, one also tends to conclude.the
commonly accepted functional relationship between the diffusion coefficient and
the temperature (i.e., analogous to the ideal‘gas law) ié a valid one. The
éffects of wind speed on this coefficient 1s not well established. Empirical
functional.relationships have been proposed based upon forced-fit to the
experimental results. However, the resultant coefficient is found to be quite
close to those stipulated by other investigators.

One of the important laboratory observations is the development of an
apparent surface film after initial weathering, which significantly.ret;rds ﬁhe
rate of evaporation. This phenomenon is particularly evident for heavy crudes.

Whether such a condition will develop in the actual oceanic environment is
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remains unanswered at this stage.

Based upon numerical and laboratory results, one can safeiy conclude that
temperature is of paramount importance in the early stage of evaporation up
to say 50 hours for Fuel 0il No. 2 and to 20 - 30 hours for heavier crudes. The
temperature effect diminishes afterward. The wind speed seems to affect the
oll evaporation évenly throughout the range of test.

It is also worthwhile to note here our laboratory results yield much
higher wind-induced oil drift velocity (approximately 6.2%) than commonly
experienced. In addition, under similar conditions, wind-induced water surface
current is considerably less than the oil drift velocity.

As was mentioned earlier, the work is part of a larger research program.
Work is now being continued to investigate the effect of waves on oil
weathering as well as an attempt to extend the model for longer term prediction

when water-oil emulsificationland dissolution become important,
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