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Abstract: A revision of the models used to study the belrasfahe mass loss processes associated
with petroleum spills on water and to compare thoeelels with experimental data. The processes of
mass transfer studied in this work are evaporatiiggolution, vertical dispersion, emulsificationda
the changes of properties associated with these.cbmparison of the estimations with the field data
allowed determining the utility and the degree djiatment of the expressions.
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INTRODUCTION In general, the models of mass transport are
classified in two groups: the pseudo components and

A petroleum spill on a water body is normally analytical models. The differences are in the tgbe
divided in several slicks, while that is dissipatedthe  information required;, whereas for the pseudo
natural process. The dissipation is the sum of th€omponent models the composition and properties are
physical, chemical and biological processes thabac required, the analytical models consider that each
the spill changing their extension and compositime ~ Petroleum is a single component. The pseudo
dissipation could be divided in two parts: bio- comp(_)nent model _results can b.e better that the
degradation (biological processes) and motorizatiotnalytical models, if you have with the petroleum
(physical and chemical processes). characterization.

The action of the physical, chemical and biolobica
processes depend of the type of the petroleumedpill
(products as the kerosene evaporates quickly atwkbs
not require cleaning, whereas the paraffin bas
dissipates slowly, requiring cleaning). The phykica
properties like density, viscosity and point of
evaporation determine the behavier of the spilg(lio. Pseudo component M odels:

The evaporauon, the_ vertleal dispersion, they oda of Stiver and Mackay™: This model is a
emulsification and the dissolution are the mostyogification work of Mackay and Matsu@y It is
important processes in the first hours of the sfile  pased on the mass transport coefficient expression
meteorological (wind, solar radiation and tempe®tu obtained from experimental data. This model propose
etc.) and hydrodynamic (waves, currents and tidesjo find the fraction of the evaporated petroleunotigh
conditions together with the characteristics whiétte  the experimental constants, thus:
spill occur must be considered in the study ofrfess
loss processes. df _Ke

E:Tedel-'-Kz(Cl-FCZF)] 1)

Evaporation: Evaporation is the most important mass
loss process in a petroleum spill. For exampleght |
etroleum can be evaporated up to 75%, a medium up
0 40% and a heaving up to 10%, in the first ddgys;
that reason, it is included in the most models.

! il o '-:}.f'- . where g =485-01147,, K,=45%10"T, -0.1921
visiad comparston | i K, =25*10°U 2, T, is the environmental temperature
= i sl R in °K, h is the thickness of the slick in m; &d G are

the experimental data obtained by oil distillatemd F
is the evaporation fraction.

[ARTET R
‘Biodegradat

Model of Reed et al.¥: In this model, the mass transfer
of oil to environmental is calculated for each
component, thus:

Fig. 1: Physical, Chemical and Biological Process i dm, KgP, Af;M, )
Qil Spills g RT
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where, dmis the mass transfer for each component involume in ni, P is the initial vapor pressure in the
gr, dt is the time in the s,¢he transfer coefficient, 2 ATM at Tg, Ty is the reference temperature, API is API
the vapor pressure of each component in ATM, Aés t gravity, and s.g. is the petroleum specific gra\aty
slick area in M f the remainingfraction of each 60°F.

component, Mthe moleculaweight of each component

in g mor’’, R is the universal constant of gases equal t% odel of Findicakiset al.: It uses a simplified model
8.206*10° in ATM-m® mol*-°K, and T is the in which the evaporation coefficient for each
temperature of water surface in °K. It is possithlat  component is constant. In this model the evaparatio
the temperature of the air near the surface ofsi#  the function of the vapor pressure and the wincedpe
will be used but the temperature spill is alwaysThis expression is also a modification of the moafel

preferred. Hackayet al.“":
The following functiof? is used for calculating
Kg, thus: - _
' ¢ _/]i(Pvi Pvaj)"' (11)
Kg =0029,,"°D g% L= M, +29 ®3)
M; where, @ is the rate of evaporation for each

where, U is the wind velocity of 10 m overseas in m . _ . :

h, D is the slick diameter and.Ss the Schmidt component in g cits, A is the evaporation

number equal to 2.7. coefficient for each component equal about*2ih
1/cn? and it can be considered constant, tRe vapor

Model of Shen and Yapa[5]: This model uses an pressure of each component in dynGrR,, the vapor

improved expression (11) that permits to calcuthte  pressure of each component in the air over the sea,

fraction of loss mass: which is generally zero and U is the wind veloaityl0
m over the sea in cm’s
F= (1j{ln P, + In[CK et +1H (4 Analytical Mode!:
c P Model of Fingas” &: It suggests that the evaporation

can be calculated as a function of the time, the
C =11589AP| 11435 (5) temperature and the mass evaporated percentage to
180°C, for this reason this expression requires a

00025 7 Av laboratory previous test. Oil groups with the quasidr

6 and logarithmic behavior were found, for that reaso
Ke (6) g
RTV, the following expressions were formulated:
PM L ogarithmic Form:
v=—"" )
px107°
%E = [0.165x %D + 0.045T -15)]Int (12)
InP, :10_{{1—1-0] (8) Quadratic Form;
TE
%E =[0.0254x %D + 001(T -15)]/t (13)
T, =5426-30.275API +1.565API 2 9
©) where, %E is the evaporated mass percent, %D is the

—0.0343%AP!° +0.000260AP! * evaporated mass percent at 180 °C, T is the tetupera

in °C and t is the time in min.
14].5—131539.2§E 10 This model is well documented since it is possible
sg 60°F (10) to find the characterization of many oils from the
"60F Center for Environmental Technology of Canada
(www.etcentre.orjy from the simplified correlation,
thus:

APl =

where, C is an evaporation constarg,i&the exponent
of evaporation, t is the time in the s;oUs the wind
speed in m$ measured at 10 m over the sea level, A is

the area of the petroleum spill in2nV/, is the molar ~ %E =(A+BT)int (14)
volume in mi mol™®, PM is the petroleum molecular

weighting moTl,p is the density of petroleum in g where, A and B are experimental dates.

cn®, R is the universal constant of gases equal to

8.206*10 -5 in ATM-ni mol™-°K, T or T: is the Dissolution and Vertical Dispersion: The dissolution

temperature of the surface in °Kg ¥ the spilled initial  usually only represents up to 1% of the loss miss,
940
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the dissolved products can be important their toxicdv _ ) a7
effects, for that reason sometimes the detaileda—NVoUt
description of petroleum is required.

The vertical dispersion increases the superficialypere N is dispersion constant equal to 210, is

transfer area, favoring the dissolution, the bio-yhe injtial volume in @ U the wind velocity in m&
degradation and the sedimentation. The turbulencguq tis the time in s.

determines the diameter and the distribution of the
suspended drops. The characteristics of the patrole \jo4a of Audunson'®: for the dissolution and the

(the viscosity, the superficial tension and thehtig \ertical dispersion: This model considers that the
components), the waves and the speed of the dispers isso|ution and the vertical dispersion can be istiid

determine the amount of the dispersed petroleumggether. For him, this expression represents hal t
Sometimes, the addition of the chemical dispersingyitterent loss mass of the evaporation:

favors the dispersiéh.

The dissolved oils that come from the dispersed 2 05t
drops in water could represent a similar percentage dﬂ :M
the dissolved in direct form. There are not algons  dt Ug
that represent this phenomefi@n

The most soluble compounds in water are the lightvhere, m is a the oil spill weight in metric tokkjs the
aromatic like the benzene and the toluene; nevesie  wind velocity in m §' at 10 m to the sea, t is the time in
these are also the first to evaporate. Compargtieé  days and VJis thereferencevelocity equal to 8.5 m'§
evaporation is 10 to 100 times faster than the
dissolution, for this reason, the dissolution isEmulsification: The emulsification is important in the
quantitatively not importat. oil spills because when the water content is irezda

the viscosity of petroleum to increase up to twdeos
Model of Dissolution of Cohen et al.'”: They of magnitude; the spreading of slick is slow, ahthe
proposed that the dissolution could be estimated as emulsion is stable all the natural dissipation psses

(18)

function of the superficial area of slick: are sloW?. A stable emulsion contains between 50 and

80% of water, in general, the initial size is irased
dm u from 2 to 5 times. The density of petroleum cou&l b
o KAC,e (15) increased up to 1.030 kg .

In this work an expression which includes
algorithms for the evaluation of viscosity and the
density was uséd. It is also used by most of the oil
spill models, as ADIO%! and OSCAR®. This
algorithm is expressed in the differential form in
function of the initial water content and the water
conditions:

where, K is the transfer mass coefficient in Th B is
the superficial area of slick inanG, is theoil solubility
in fresh watering /M, O the decay exponent in dye
and t is the time in hr. The following values for &,
andl, were founf'.

Vertical Dispersion Models. In general, any of the 1-F
models that follow can be used, according to— :KM(U10+1)2{ WC} 19
information availability. dt 0C,

Model of Mackay et al [11]. They proposed that the oil where, K. is the initial water fraction in the oil spill,
mass transferred for vertical dispersion could b we 'S _the emulsification co_eff|C|e_nt equ_al to 2976 for
P ight oil® or 4.5e-6 for weight dif, U is the wind

calculated: velocity in m §', OC; is equal t0.7 for light oil and
heaving combustibl&$ or 1.15 for heaving dif.

dm _ 011m(1+U)? (16) The gasoline, the kerosene and combustibles as

dt  1+50u%d0 diesel do not present emulsification

) o ) o o Evaluation Properties: The viscosity and the density
where is the dynamic viscosity of oil in centipois@s, are considered as the most important properties of
is the slick thickness in mg the interface tension of petroleum spill, they must evaluate to predict $pdl
oil-water in dyn ¢ and U is the wind velocity in m behavior when the light components are lost or the

S”. water content or the temperature changes.

Model of Huang®: He proposed a simplified model to The Viscosity Changes: When the water content
calculate the dispersion according to dispersiorchanges: the effect of the water content is caledlay
constant: means of the following equatiBf.
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25F, Finally, a methodology of evaluatién®? was
H=H, €X 1- 065F.. (20) employed with the purpose of determining the degffee
Twe adjustment of the model.
where, |, is the initial oil viscosity and [z is the water RESULTSAND DISCUSSION

content.

When the evaporation changes: The effect of thgyaporation: In order to evaluate the evaporation
evaporation is calculated by means of the followingmodel$ ™ 'Y an experiment of laboratdfy was

equation: simulated, where the results of the evaporation and
composition of the gasoline are known.
U= U, exr{cz * Fwap) (21) In Fig. 2 the comparison results of the evaporatio

models are observed. The pseudo components models
_ ) ) can be used when the crude composition is known;
where, Ry, is the evaporated fraction, ;Gvaried  \hile the analytical models, when the experimental

between 1 and 1. constants of the crude are available. The Center fo
For this model, €is equal to 1for combustibles Environmental Technology of Canada
and light oil , and 10 for other produgts (www.etecntre.orp supplies the experimental data for
When the temperature changes: The variability ofnany oils.
viscosity due to its temperature is calculated etiog The Mackay and Reed's pseudo component
to the equatiofl: model$* *Y had an adjusted grade equal to 0,96, and the
Findikakis'® pseudo component model had an
U=, eXF(877Ol'K'1—29.4) (22) adjusted grade equal to 0.986. While the Fingas's

analytical modél' & had an adjusted grade equal to
0,989 (Table 1).

Table 1 was elaborated based on the evaluation
model proposed by Willmdtf, this does not allow to
Density Changes: The density correction of the have clarity about the best models since all thelet®o
emulsification and the evaporation can be calcdléte  had an adjustable degree bigger than 0,95. Itssipte
means the following correlatiBft: to think that the expressions to adapt, howevsimple

observation of the curves allows inferences that th
p=F,.p,* (1— Foc )(,00 +C,, Fevp) (23) Findikakis and Fingas's models are the most
appropriate.

where, & is environmental temperature in °K.

where, F, is the water content,cf is the evaporated
faction, py and p,, are densities of oil and water in kg
m> and G, is an experimental data obtained in
laboratory for each oil. The experimental data gf, C
was not found. According this, the density corm@tti

for emulsificacion was only considered:

5,
g
— —_ -]
10 - FWCIOW + (1 ch )100 (24) ?
K
®
——Fingas (1936) - Jul. 87 - Forties
METHODS ; o Exp. Jul. 87 - Forties
il —4—Fingas (1936) - Jun. 34 -Sture Blend
Initially, an extensive bibliographical overhaul MR

about the expressions used to predict the inclucess
transfer processes in a petroleum spill was maben,T
those expressions were classified to determine its
applicability; because some expressions require 0
experimental or field data not available.

The selected expressions accompanied of the
correlation for to calculate the spill area andkhiess
for viscous regimé® were programmed in Foltran.

Time {min)

If:ig. 2: Gasoline Evaporation: Volume 0.015% m
Temperature 288 °K, Wind Velocity 6.7 it s

Table 1: Dissolution Constant

The capacity of prediction of the selectedQil type G K KCo O
expressions was determined by means of the coroparisHeaving ~ 7.88 0.002335  0.0184 0.423
with the field and experimental ddfe¥” *! Light 213 0.041502  0.884 2.380
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Table 2: Evaluation of the Evaporated Models

Model Adjustment MSEs % MSEs MSEu % MSEu IMS
Mackay 0.960 8.4 x 10 43 9.6 x 1G 57 1.3x10
Reed 0.961 1.0x 10 71 6.5 x 10 29 1.2x10
Findikakis 0.986 4.6 x 10 38 5.9 x 10 62 7.4x 10
Fingas 0.989 5.5x 10 80 2.8 x1G 20 6.2 x 1G
Table 3: Evaluation of Model of Viscosity
Type of crude Adjustment . /MSEs % MSEs MSEu % MSEu JMSE
Sture Blend 0.99 1.3x 10 5 5.6 x 10° 95 5.7 x 10
Troll (day 1) 0.99 3.8x 16 32 5.6 x 10 68 6.7 x 1d
Troll (day 2) 0.98 4.5x 10 80 2.3x10 20 5.1x 10
Forties 0.92 1.8x 1 25 3.2x 10 75 3.6 x 10
Table 4: Change of Properties
Sture Blend crude
Time (min) Density (kg 7) Viscosity (nfs™) Evaporation (%) Water content (%)
0 840 4.76 x 10 0.0 0.0
60 878 2.37x16 19.5 24.4
600 958 7.46 x 10 30.45 30.4
Troll (fifth day) crude
Time (min) Density (kg 1) Viscosity (nfs™) Evaporation (%) Water content (%)
0 893 3.36 x 10 0 0
60 925 2.21x 10 12.2 24.4
600 971 5.12 x 18 18.4 74.8
Troll (second day) Crude
Time (min) Density (kg 1) Viscosity (nfs™) Evaporation (%) Water content (%)
0 893 3.36 x 18 0.0 0.0
60 905 1.07 x 16 11.8 11.5
450 932 4.65 x 16 17.6 38.0
Forties crude
Time (min) Density (kg 1) Viscosity (nfs™) Evaporation (%) Water content (%)
0 840 1.82 x 10 0.0 0.0
60 845.7 8.12 x 16 23.3 3.6
600 881.2 3.56 x I 36.5 26.1
According to previous data, the Fingas's
g expression was compared with the field data of the
e et Norwegian’s sea tests were done in June of 1994 wit
e crude Sture Blend and in Julio of 1987 with crude
T A Fortie$*® 2 In Fig. 3 the comparison of the field data

and the simulation area are observed. The crud&Bor
and the crude Sture Blend are light oils, whichehthe
densities equal to 822, 840 kg mespectively, and the
kinematics viscosities equal to 1.82e-4, 4.76e?%Mm
respectively too.

The evaporation begins too fast in the first masut
and then it becomes slow until that is constant tue
the liberation of all volatile products, for thatason,
when the oil is lighter than other oil the evapimmatis
faster and greater. For example, in the field dtta,
Based on this investigation, we suggest to use thEorties's evaporation percentage reached abou®38,1
fingers expressioh & since, it had a good adjustment at 800 min and the Sture Blend's evaporation
to the experimental data and it is the only ong thapercentage reached about 31,8% at the same time.
counts with the experimental information availabde Even though the wind speed influences the
be used in the modeling. evaporation, the nature of the crude is more ingudrt
943

o~ Reed (1988)
Makay (1980)

~— Findikakis (1893}

~— Fingas {1996}

& Exp. Mackay (1875}

“%Evaporation

Time (min)

Fig. 3: Evaporative Performance



American J. Applied i, 2 (5): 939-946, 2005

and the vertical dispersion the four field expernise
ettt were modelel ™!
According to Fig. 4 the dissolution is large fighit
oils (Forties and Sture Blend crudes) that increase
quickly until 1,000 min and then becomes constam d
to the loss of light products. After the first ddye
~a— Mackay (1980)-Forties dissolution is not important.
—o—Mackay (1980)-Sture Blend According to Fig. 5 the vertical dispersion isger
= Mty 1900 Tl for the heavier oils. For example, for the Fortes
i e il Sture Blend oils which have a density between 822 a
2000 2400 2 840 kg m?® respectively, at 1,600 min the vertical
Tims fmin) dispersion is equal to 8% and 14%, respectively.
On the other hand, it is possible to identify a
Fig. 4: Behavior of Dissolution dependence between the vertical dispersion and the
wind velocity. For example in the simulated
1 o Makay (1980}-Forties experiments with the Troll oil (day one and two),
—=— Makay (1980)-Sturs Blend carried out with the wind speeds of 9 and 6 T s
2 Makay (1980} Troll ’/@,/ respectively it is observed that the vertical dispm is
| e jﬁ,ﬂf larger for the first day, when the wind speed veagér.
o At 450 min, the vertical dispersion of the Troll wi the
first day was equal to 2.4%, while for the secomy d
was equal to 2.1%
According to the constants of emulsification, for
the case of the Forties, light oil was utilizegd=K5e-6

% Disolution

;ug;u_ﬂ.'mus}zf““‘m a

FILS

% Vertical Dispersion

w0 i m aw w0 sm s and G= 2.1, and for the Troll, heavy oil was utilized
Yire: i) Ka= 5e-5 G= 1.32. These values are within the

proposed rande *® which are based on experimental

Fig. 5: Behavior or Vertical Dispersion correlations.

The comparisons allow concluding that the heavy

e Mackay (1880~ Jul 37 - Fotties oils have a larger tendency to emulsification. In

A R SN addition, for the Troll's case the content of waiter
# TR g CoAse- D proportional to the density and the wind speed.
' T EagmssTokn
b Change of Properties:

" enresnssimeetttecdoce Viscosity: The viscosity correction depends of the three

important factors: the water content of the oilg th
evaporated fraction and the temperature. When the
temperature is constant according to the field Hath
it is only necessary to carry out corrections fbe t
water content and the evaporation (Fig. 7).

The experimental data of the viscosity show atgrea
variation through the time. For example: for theties
oil, the viscosity, increases about 90 times; far Troll
oil (day one) 210 times; for the Troll oil (day tyv@0
This appreciation is valid to the considered fieldtimes and for the Sture Blend oil, 226 times. Eath
experiments which were made with speeds that varyhe experiments had a different duration (3,600, min
between 7 and 10 mTsand nevertheless can be Forties case; 1,600 min, Sture case; 1,800 min|l Tro
simulated with an independent model of the windcase, day one; and 450 min, Troll case, day two).
speed, as the implanted in this wérk If we consider the same time for the four cases

(400 min), the variation of the viscosity are abddt

Dissolution and Vertical Dispersion: In these times for the Forties oil, 93 times for the Stuik b13
phenomena, the field data was not found that alibtwe times for the Troll oil on the first day, and 1vés for
compare the output; however, according to thethe Troll oil on the second day. This allows toeinthat
estimates of r&f *° it is possible to infer that the for the analyzed experiments the viscosity charge i
outputs are adequate. The dissolution represents larger when the speed of the wind is larger as the
percentage less than 5% and the vertical dispeision experiments with Troll oil first and second day. In
approximately equal to 40% or less on the firstsdiy ~ addition, the viscosity change is larger for thghtioil,
normal conditions (Fig. 4 and 5). For the dissolnti as in the case of the Sture Blend oil (Table 3).
944
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Viscosity m'is

Time {min})

Fig. 7: Behavior of the Viscosity

R —&~ Corrected densty  Forties
. fﬁ ; 4 Corrected densty Sture
—s— Corrected dengty Troll(1)

—o— Carrected densty  Troll(2)

Deansity kgim’

Time (min)
Fig. 8: Behavior of Density

!

« || [ Disperssed
N Evaporated

o || £ Remain

- || &= Dissolved

% Mass (Disperssed,
Evaporated, Remain)
% Mass (Dissolved)

it

Time (min})

Fig. 9: Integrated Process for Forties Crude

Disperssed ]

=
|| & Evaporated

% Mass (Disperssed,
Evaporated, Remain)

|| 7 Remain
|| & Dissolved

% Mass (Dissolved)

Time (min)

Fig. 10: Integrated Process for Sture Blend Crude
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In order to simulate the field tests, several galaf
the correction coefficient of the viscosity by
evaporation were used: 6 for the Forties crude fdr.5
the Sture Blend crude and 8.5 for the Troll crude.
According to Reedt al.”!, the coefficient of correction
of the viscosity by evaporation could vary fromol10
from the light crude to the heavy crude.

Density: The density changes depend on heavy the
water content and the evaporation of the lightest
hydrocarbons; however, in the results of Fig. & th
variation due to the water content is plotted, sitize
evaporation correction requires the experimental
constant. This work does not have the experimental
data in order to compare the output. It is posstble
appreciate a direct dependence between the water
content and the property changes (Table 4).

Integrated process: In Fig. 9 and 10 the integrated
behavior of the evaporation, the dissolution, ahd t
vertical dispersion processes is illustrated. lis tre
corroborating that: for heavy petroleum the vettica
dispersion begins earlier than in the light petioie
evaporation is the first process that is actingain
petroleum spill, vertical dispersion begins to be
imported at a later time than the evaporation and
dissolution, evaporation and vertical dispersiotaiger
when the wind speed is larger, dissolution is large
when the spill area is bigger, and each processhesa
its maximal average when its effect is negligible.

CONCLUSION

A recent model of evaporatién® was analyzed
which requires the knowledge of experimental data f
each oil, these are given by the Center of
Environmental Technology from Canada
(www.etecentre.coin This model had an adjustment
equal to 0.98 with the used experimental data.tRisr
reason, we concluded that the best evaporation Inede
that of Fingas.

The experimental data of gasoline evaporation
were comparéd with the results obtained by the
methods of pseudo componédhfs*! that are based on
the theory of the proposed mass transfer coeffitien
Adjustments equal to 0.96, 0.961 and 0.986 were
obtained respectively. In this case, was checked th
when it is possible have the oil characterizatibese
formulations could be used.

The dissolution modél, based on the mass
transfer superficial phenomena, which employs a
characteristic coefficient for several oil groufssed
on the APl graveness was tested. The modified
versioi offers the coefficient than adjusts better with
experimental data reportéd For this reason, this
model is the most appropriate for dissolution.

Several authols ** *® have modeled the vertical
dispersion process. All the models can be used,
however, the mod@t is the best, because this model
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involves a larger number of considered parameteds a 9.
that have been used in the majority of the reported
modeIS, 6, 16, 20]

The models employed to evaluate the viscositylO.

increase by the evaporation and emulsificaéigh
represent the experimental behavior. In this case,

adjustment equals to 0.92. is obtained The modad us 11.

in order to determine the variation of the visopsg
better.

Using values between 6 and 10 for
emulsification coefficiedt an adjustment equal to 0.98
with experiment dat®! was obtained. For this reason,
it is not necessary to consider a range from 10tasdlit
was proposed in réf

13.
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