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Abstract

The physics of oil and petroleum evaporation are investigated. Literature on oil
spill evaporation shows that most workers use boundary-layer equations adapted from
water evaporation work. These equations predict a constant evaporation mass-transfer
rate, dependent on scale size and wind speed. Evaporation was studied further by
measuring evaporation of commercial oil products. An experimental apparatus for the
study of evaporation was developed. Evaporation was determined by weight loss
measured on a balance and recorded constantly on a computer. Examination of the data
shows that most oil and petroleum products evaporate at a logarithmic rate with respect
to time. This is attributed to the overall logarithmic appearance of many components
evaporating at different linear rates. Petroleum products with fewer chemical components
such as diesel fuel, evaporate at a rate which is square root with respect to time. The
particular behaviour is shown to be a result of the number of components evaporating.
Oils with greater than seven to ten components can be predicted with logarithmic
equations, those with three to seven components, with square root equations.
Evaporation of oils and petroleum products is not strictly boundary-layer regulated. This
is largely a result of the high saturation concentrations of oil components in air, which is
associated with a high boundary-layer regulated rate. Typical oil evaporation rates do not
exceed that of molecular diffusion, and thus turbulent diffusion does not increase the
evaporation rates. Some volatile oils and petroleum products show some effect of
boundary-layer regulation at the start of the evaporation process, but after several
minutes, evaporation slows because of the loss of the more volatile components, at which
point evaporation ceases to be boundary-layer regulated. Overall, boundary-layer
regulation can be ignored in the prediction of oil and petroleum evaporation. A simple
equation relating only the logarithm of time (or square root of time for narrow-cut
products) and temperature can accurately describe oil evaporation. Methods to calculate
the constants for the equation using only conventional distillation data are described.
Empirical and calculated evaporation equations for several common world crude oils are

given,
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Resumsé \

La physique de !’évaporation des huiles et du pétrole a été étudiée. Une revue de
la litérature démontre que la majorité des auteurs utilisent des équations adaptées de
travaux portarit sur I'évaporation de l'eau. Ces équations prédisent un taux constant de
transfert de masse di & I'évaporation, dépendant de l'échelle spatial et de la vitesse du
vent. Le processus d'évaporation a été étudié en utilisant des huiles industriclles. Un
appareil expérimental a ét€ développé a cette fin. L'évaporation a été suivie en mesurant
sur une base continuelle la perte de masse 4 l'aide d'une balance informatisée. L'examen
des données montre que la plupart des huiles et produits pétroliers s'évaporent selon une
fonction logarithmique du temps. Ceci est attribué a I'apparence logarithmique générale
de plusieurs composantes s'évaporant selon des taux linéaires. Les produits pétroliers
contenant moins de composantes, comme le diesel, s'évaporent selon la racine carrée du
temps. Ce comportement particulier découle du nombre de composantes qui s'évaporent.
Les huiles formées de plus de sept & dix composantes peuvent étre évaluées selon un taux
logarithmique alors que celles contenant de trois a sept composantes peuvent I'étre seion
une puissance une-demie. L'évaporation des huiles et produits pétroliers n'est pas régulde
par la couche aerodynamique au sens strict du mot. Ceci est dil en grande partie aux
fortes concentrations de saturation des composantes s'évaporant dans l'air, d'ot une
influence importante de la couche de surface. Les taux typiques d'évaporation ne
dépassent pas ceux de la diffusion moléculaire, donc la turbulence en terme de diffusion
n'accroit pas le taux d'évaporation. Quelques huiles et produits pétroliers légers montrent
un effet de la couche de surface au début du processus d'évaporation mais, apres
plusieurs minutes, le taux diminue en fonction de la perte de composantes volatiles et
l'évaporation n'est plus dépendante de la couche de surface. De fagon générale, la
régulation par couche de surface peut étre ignorée dans les prédictions d'évaporation
d'huiles et de produits pétroliers. Une équation simple reliant le temps (logarithme - ou
encore la racine carrée du temps pour des produits bien définis) et la température peut
décrire adéquatement le processus d'évaporation. Des méthodes pour calculer les
constantes de ces équations utilisant seulement des résultats de distillation sont décrites et
des équations d'évaporation - empiriques et théoriques - sont présentées pour plusieurs

huiles brutes en utilisation dans partout le monde.
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Statement of Originality

This thesis presents a new method for the measurement of oil evaporation, a new
mathematical model for the evaporation process, and new findings on the evaporation of
oils including the relationship of temperature, boundary layer effect, curvilinear
behaviour of evaporating oils and the relationship of the evaporation equations to

distillation data.

The literature section presents the first comprehensive review ever compiled on

the physics and modelling of oil spill evaporation.

The methodology section describes a new procedure for continuous measurement
of oil evaporation. Several innovations are presented, including the use of a new
generation of accurate balances, development of a software package that enables
geometric progress of time intervals between data times, and the filtering of balance data

in real time to remove fluctuating values.

Chapter 4 presents confirmation that oil and petroleum. yroducts evaporate in a
curvilinear fashion rather than linear as do pure chemicals. This curvilinear behaviour is
demonstrated to be the envelope of many components evaporating linearly, but at

different rates.

This thesis shows, for the first time, that the evaporation of oils and petroleum
products is not strictly boundary-layer regulated. The physical reasons for this
phenomenon are demonstrated to be the result of rate as well as more fundamental
differences between oils and water, including the difference in air saturation

concentration.

This thesis shows that the relationship between temperature and evaporation rate

for oils is linear and not logT/T which was previously noted in the literature. This thesis

iv



This thesis presents a new mathematical model for oil evaporation. This model is
very different from any previous work and does not include components related to
boundary-layer regulation. The meodel is simple, but results in highly-accurate
predictions of evaporation rate and loss. This model has constants which arc shown to be
predictable from oil and petroleum distillation data. This is the first time such

relationships have been suggested.
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Preface

This thesis presents the results of experimental, statistical and theoretical
investigation into the physics of oil and petroleum evaporation. The thesis is divided into
chapters. Each chapter is written with abstract, introduction, conclusions and references -
where appropriate. The introduction introduces the topic and explores the theoretical
relationships of evaporation. The second chapter presents an extensive literature review
on the topics of evaporation physics and the application to prediction modeliing. The
third chapter presents the methodology developed to measure evaporation and the
characterization of turbulence in the experiments. The fourth chapter presents the
methodology and results from experiments designed to examine the overall nature of oil
evaporation. The relationship between the curve describing oil evaporation and the
nature of the oil itself is described for the first time. Chapter 5 describes experiments
testing whether or not oil evaporation is boundary-layer regulated. The findings that oit
evaporation is not specifically boundary-layer regulated are explained in physical terms.
Chapter 6 reports on experiments to delineate the effect of temperature on oil evaporation
rate. Chapter 7 describes outdoor experiments to confirm the laboratory findings.
Chapter 8§ describes experiments on various oils and petroleum products and correlations
of evaporation rate to distillation data. Equations to predict oil evaporation are
developed. The overall conclusions of the thesis are summarized in Chapter 9.

Sonze earlier findings of this work were published as separate papers. All work in
this thesis is newer and more comprehensive than presented in these three papers. The
references for these are:

Fingas, M.F., "Studies on the Evaporation of Oil Spills,” in Proceedings of the
Seventeenth Arctic and Marine Oil Spill Program Technical Seminar, Environment
Canada, Ottawa, Ontario, pp. 189-212, 1994.

Fingas, M.F., “The Evaporation of Oil Spills,” Journal of Hazardous Materials,
Vol. 42, pp. 157-175, 1993.

Fingas, M.F., "The Evaporation of Oil Spills,” in Proceedings of the Eighteenth
Arctic and Marine Oil Spill Program Technical Seminar, Environment Canada, Ottawa,

Ontario, pp.43-60, 1995.
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Glossary of Symbols and Abbreviations *

% - percentage

AH - heat of transition

AV - change in volume

J. - activity of a component or substance

A - area of the evaporating source

ASMB - Alberta Sweet Mixed Blend, a crude oil commonly used in Canada

C - commonly used for concentration or a constant

cmpd. - components

d - diameter or sometimes distance

D - the slick diameter or diffusivity or percent distilled

E - sometimes used to designate the evaporation rate

exp - exponential

f - fraction of a substance

FCC - Fractionated Catalytic Component, an intermediate refinery product

F, - volume fraction

g - grams

H - heat usually in context with the heat of transition, or Henry’s law constant

ID - internal diameter

k - commonly used for a constant in evaporation equations or as the mass transfer rate,
also used for the von Karmon constant.

K - commonly used for a constant in evaporation equations or as the mass transfer rate

lin - linear

in - natural logarithm

Lt. - light

m/s - metres per second

M - molecular weight

min, - minutes

mm - millimetres

xvii



N - carbon number

P - pressure or in some cases vapour pressure

P. - critical pressure

P, - saturated vapour pressure

P,,, - vapour pressure

r - exponent for turbulence level, or radius

R - universal gas cons:ant

R? - regression coefficient

S - entropy

Sc - Schmidt number

sq. rt. - square root

T - temperature, usually in °C, but sometimes in K (Kelvin)
U - wind speed, most often in m/s

V - volume

wt. - weight

X - the axis x, or referring to a component of a chemical mixture

X - distance along the evaporating path

* Note: not all symbols can be listed in specific form because in the literature review
authors’ notations are usually preserved and are often used for very different
applications. The standard notations for the most common notations such as temperature,
T, and time, t, will not be repeated throughout the thesis if the units are respectively in

degrees Celsius and in seconds. If units are different from these, this fact will be noted.
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Chapter 1
1.1 Introduction

Evaporation is a very important process for most oil spills. In a few days, light
crude oils can be reduced by up to 75% of their initial volume and medium crudes up to
40% of their volume. In contrast, heavy or residual oils will only lose about 5% of their
volume in the first few days following a spill. Most oil spill behaviour models include
evaporation as a component of the process and output of the model. Despite the
importance of the field, relatively little work has been conducted on the basic physics and
chemistry of oil spill evaporation (Fingas, 1995). The particular difficulty with oil
evaporation is that oil is a mixture of hundreds of compounds and this mixture varies
from source to source and even over time. Much of the work described in the literature
focuses on ‘calibrating’ equations developed for water evaporation. Furthermore, very
little empirical data on oil evaporation is published.

Scientific and quantitative work on water evaporation is decades old (Brutsacrt,
1982; Jones 1992). Furthermore, the basis for the oil work in the literature is water
evaporation. There are several fundamental differences between the evaporation of a purce
liquid such as water and that of a multi-component system such as crude oil. First, the
evaporation rate for a single liquid such as water, is a constant with respect to time.
Evaporative loss - by total weight or volume - is not linear with time for crude oils and
other multi-component fuel mixtures. This is due to the depletion of more volatile
components, these are exponentially (or by some similar function) depleted with time.
The second major difference is the effect of atmospheric conditions. Water ecvaporation is
strongly dependent on wind speed and relative humidity. Air can only hold a certain
volume of water. The boundary layer above an evaporating water mass governs the rate
at which the evaporation occurs. Once this air layer is saturated with water, evaporation
ceases or slows as the saturation nears. Normal air does not contain a high level of
benzene and similar oil components. Furthermore the saturation level of these
components in air is often well above concentrations that can be achicved from an

evaporating slick. This thesis will address these issues by examining the evaporation of



oil and comparing this with that of water, about which much is known.

1.2 Physics of Evaporation

Evaporation of a liquid can be considered as the movement of molecules from the
surface into the vapour phase above it. The layer of air above the evaporation surface is
known as the boundary layer. This 1s the air layer most directly affected by the surface
and by oil evaporation. The characteristics of this air layer can influence evaporation. In
the case of water, the air regulates the evaporation rate. Air can hold a variable amount
of water, depending on temperature, as expressed by the relative humidity. At constant
temperature, and constant conditions in the boundary layer, the evaporation rate of water
is a constant. Under conditions where the boundary layer is not moving (no wind) or has
low turbulence, the air immediately above the water quickly becomes saturated and
evaporation slows or ceases. In practice, the actual evaporation of water proceeds at a
small fraction of the maximum rate because of the saturation of the boundary layer. The
boundary layer physics is then said to regulate the evaporation of water. This regulation
manifests itself in the sensitivity of evaporation to wind or turbulence. When turbulence
is weak or absent, the evaporation can slow down by orders-of-magnitude. The
molecular diffusion of water molecules is generally at least 10° times slower than
turbulent diffusion (Jones, 1992).

Evaporation can then be viewed as consisting of two fundamental components,
basic evaporation itself and regulatory mechanisms. Basic evaporation is that process
consisting of the evaporation of the liquid directly into the vapour phase without any
regulation other that by the thermodynamics of the liquid itself. Regulatory mechanisms
are those processes which serve to regulate the final evaporation rate into the
environment. For water, the main regulation factor is the boundary layer regulation
discussed above. The boundary layer regulation is manifested by the limited rate of
diffusion, both molecular and turbulent diffusion, and by saturation dynamics. Molecular
diffusion is based on exchange of molecules over the mean free path in the gas. The rate
of molecular diffusion for water is about 10° slower than the maximum rate of

evaporation permitted, purely from thermodynamic considerations. (Jones, 1992). The



rate for turbulent diffusion, the combination of molecular diffusion and movement with
turbulent air, is on the order of 10° slower than that for maximum evaporation. In fact, in
the case of water, maximum evaporation is not known and has only been estimated by
experiments in artificial environments or by calculation.

If the evaporation of oil was like that of water and was boundary-layer regulated
one could write the mass transfer rate in semi-empirical form (also in generic and unitless

form) as:

E=KCT,S (1.1)

where E is the evaporation rate in mass per unit area, K is the mass transfer rate of the
evaporating liquid, presumed constant for a given set of physical conditions, C is the
concentration (mass) of the evaporating fluid as a mass per volume, T, is a factor
characterizing the relative intensity of turbulence, S is a factor that relates to the
saturation of the boundary layer above the evaporating liquid. The saturation parameter,
S, represents the effects of local advection on saturation dynamics. If the air is already
saturated with the compound in question, the evaporation rate is zero. This also relates to
the scale length of an evaporating pool. If one views a large pool over which a wind is
blowing, there is a high probability that the air is saturated downwind and the
evaporation rate per unit area is lower than for a sn.aller pool.

Much of the pioneering work for evaporation work was performed by Sutton

(1934). Sutton proposed the following equation based largely on empirical work:

E = KC U™a"”sger (1.2)

where C, is the concentration of the evaporating fluid (mass/volume), U is the wind
speed, d is the area of the pool, Sc is the Schmidt number and r is the empirical exponent
assigned values from 0 to 2/3. Other parameters are defined as above. The terms in this
equation are analogous to the very generic equation (1.1) proposed above. The

turbulence is expressed by a combination of the wind speed, U, and the Schmidt number,
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Sc. The Schmidt number is the ratio of kinematic viscosity of air (v) to the molecular
diffusivity (D) of the diffusing gas in air, i.e. a dimensionless expression of the molecular
diffusivity of the evaporating substance in air. The coefficient of the wind power typifies
the turbulence level. The value of 0.78 (7/9) as chosen by Sutton, represents a turbulent
wind whereas a coefficient of 0.5 would represent a wind flow that was more laminar.
The scale length is represented by d and has been given an empirical exponent of 1/9.
This represents, for water, a weak dependence on size. The exponent of the Schmidt
number, r, represents the effect of the diffusivity of the particular chemical, and
historically was assigned values between 0 and 2/3.

This expression for water evaporation was subsequently used by those working
on oil spills to predict and describe oil and petroleum evaporation. Much of the literature
follows the work of Mackay (1973, and Stiver and Mackay, 1984). Mackay and Matsugu
(1973) corrected the equations to hydrocarbons using the evaporation rate of cumene. It
was noted that the difference in constants was related to the enthalpy differences between
water and cumene. Data on the evaporation of water and cumene have been used to
correlate the gas phase mass transfer coefficient as a function of wind-speed and pool
size by the equation:

K, =00292 U%® X0l gc 067 (1.3)
Where K,, is the mass transfer coefficient in units of mass per unit time and X is the pool
diameter or the scale size of evaporating area. Stiver and Mackay (1984) subsequently
developed this further by adding a second equation:

N =k, AP/(RT) (1.4)
Where N is the evaporative molar flux (mol/s), k_, is the mass transfer coefficient at the
prevailing wind (m/s), A is the area (m®), P is the vapour pressure of the bulk liquid (Pa)
R is the gas constant [8.314 Joules/(mol-K)], and T is the temperature (K).

Thus, boundary layer regulation is assumed to be the primary regulation
mechanism for oil and petroleum evaporation. This assumption was never tested by
experimentation, as revealed by the literature search. The implications of these
assumptions are that evaporation rate for a given oil is increased by:

- increasing turbulence



- increasing wind speed
- increasing the surface area of a given mass of oil

- decreasing the scale size of the evaporating area (note the balance between this

and the above factor).

These factors can then be verified experimentally to test if oil is boundary-layer

regulated or not. This formed the basis of experimentation for this thesis.

1.3 Thermodynamic Aspects of Evaporation

The fundamental physics of evaporation is not well understood. No fundamental
equations relating the thermodynamics of evaporation have been developed. There are a
number of equations which, however, can be related to the fundamental physics of
evaporation. The evaporation can typically be understood as being represented by a

volume change, which, in fact, it is in conventional equilibrium thermodynamics:

1. Clausius-Clapeyron Equation
A commonly-used relationship is the Clausius-Clapeyron equation (Smith and
Van Ness, p. 182, 1987):

@ _ Ad (1.5)
ar  TAY

where P is the vapour pressure, AH is the heat of transition and AV is the volume change
accompanying the transition.

The key in interpreting the Clausius-Clapeyron equation is to examine the AH
relationship to temperature. Another fundamental relationship in thermodynamics is

{Smith and Van Ness, p. 182, 1987):

@& . AH (1.6)
dar RT?
P

sat



where P, is the saturated vapour pressure.

sl

Rearranging (1.6) we obtain:

RT* dP
P, dT

Sat

AH =

.7

Substituting this latter equation in the Clausius-Clapeyron equation,

dP _ RT* 4P

ar P dT TAV

Sat

(1.8)

and rearranging, we get:

AV « 2L (1.9)

sai

Thus the evaporation rate as represented by the volume change, is directly
proportional to the temperature and inversely proportional to the saturation vapour

pressure.

2. Maxwell's Equations
Maxwell's equations are direct restatements of the fundamental thermodynamic
relationships. They reflect the ideal relationships between fundamental parameters. The

most relevant equation is (Smith and Van Ness, p. 169, 1987):

[%EL - [%L (1.10)

where V is the volume, S is the entropy and subscripts s and p denote conditions of
constant S and P, respectively.

This directly states that the change in volume with respect to entropy is directly
related to the change in temperature given the constant conditions. Thus a direct
relationship between volume and temperature is predicted and an inverse relationship

with saturation vapour pressure.



. 3. Ideal Gas Equation

The simplest form of relationship can be given by the ideal gas equation:

PV = nRT (1L.11)
or
v = "fiT (1.12)

where V is the volume, here representing the volume evaporated, n is the number of
moles and P is the pressure (equivalent to saturation vapour pressure).

Therefore, again, the volume evaporated is directly refated to the temperature and
inversely to pressure.

Thermodynamic and fundamental equations show that the volume change and

thus the evaporation rate is directly related to the temperature and to the vapour pressure,
and inversely to saturation vapour pressure.
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Chapter 2 - Literature Review

2.1 Abstract

Literature on the physics and mathematical modelling of oil spill evaporation is
reviewed. Two basic approaches to the mechanism of evaporation are proposed in the
literature, first-order decay and boundary-layer limited. Most workers use boundary-layer
equations adapted from water evaporation work. These equations predict a constant
evaporation mass transfer rate dependent on scale size and wind turbulence levels. The
implementation of these equations in oil spill models is reviewed. Three pr mary
approaches are adopted: direct use of a boundary-layer model, use of a simplified
logarithmic predictor, and use of a fractionated-cut model. The last uses readily-
available distillation data and estimations of how each cut evaporates. Comparison of
experimental data with prediction methods shows that the accuracy is very dependent on

the particular oil properties.

2.2 Physics and Chemistry of Oil Evaporation

The basis for most of the evaporative work is the extensive studies on the
evaporation of water (Brutsaert, 1982; Jones, 1992). In fact, the currently-used equations
still employ portions of these equations. The pioneering work in the development of
evaporation equations was carried out by Sutton (1934). Sutton proposed the following

equation:

E = KC U™ d" 8 (2.1)

where E is the mean evaporation rate per unit area, K is the mass transfer coefficient, C,
is the concentration of the evaporating fluid (mass/volume), U is the wind speed, d is the
area of the square or circular pool, Sc is the Schmidt number and r is an empirical
exponent assigned values from 0 to 2/3.

Blokker (1964) was the first to develop oil evaporation equations for oil

evaporation at sea. His starting basis was theoretical. Oil was presumed to be a one-



component liqguid. The ASTM (American Society for Testing and Materials) distiliation
data and the average boiling points of successive fractions were used as the starting point
to predict an overall vapour pressure. The average vapour pressure of these fractions was

then calculated from the Clausius-Clapeyron equation to yield:

Iog& _gM |1 _ 1 (2.2)
p 457\ T T

where p is the vapour pressure at the absolute temperature, T, p; is the vapour pressure at

the boiling point, T; (for p,, 760 mm Hg was used), q is the heat of evaporation in cal/g

and M is the molecular weight.

The term gM/(4.57 T,) was taken to be nearly constant for hydrocarbons (=5.0 +/-
0.2) and thus the expression was simplified to
log p, /p=35.0 [ (T, - T)/T] (2.3)

From the data obtained the weathering curve was calculated, assuming that
Raoult's law is valid for this situation giving gM as a function of the percentage
evaporated. Pasquill's equation was applied stepwise, and the total evaporation time

obtained by summation:

- AhDP E 1
K, U" PM

t (2.4)

where t is the total evaporation time in hours, Ah is the decrease in layer thickness in m,
D is the diameter of the oil spill, B is a meteorological constant (assigned a value of
0.11), K,, is a constant for atmospheric stability (taken to be 1.2 x 10%), ot is a
meteorological constant (assigned a value of 0.78), P is the vapour pressure at the
absolute temperature, T, and M is the molecular weight of the component or oil mass.

Blokker constructed a small wind tunnel and tested this equation against the
evaporation of gasoline and a medium crude oil. The observed gasoline evaporation rate
was much higher than was predicted and the crude oil rate was much lower than

predicted. The times of evaporation, however were relatively close and the equation was
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accepted for further use. The above equations were then incorporated into spreading
equations to yield equations to predict the simultaneous spreading and evaporation of oil

and petroleum products.

Mackay and Matsugu (1973) approached the problem by using the classical water
evaporation and experimental work. The water evaporation equation was corrected to
hydrocarbons using the evaporation rate of cumene. It was noted that the difference in
constants was related to the enthalpy differences between water and cumene. Data on the
evaporation of water and cumene have been used to correlate the gas phase mass transfer
coefficient as a function of wind-speed and pool size by the equation,

K, =0.0292 U°"® X0 g¢-087 (2.5)

Where K., is the mass transfer coefficient in units of mass per unit time and X is the pool
diameter or the scale size of evaporating area. Note that the exponent of the wind speed,
U, is 0.78 which is equal to the classical water evaporation-derived coefficient. Mackay
and Matsugu noted that for hydrocarbon mixtures the evaporation process is more
complex, being dependent on the liquid diffusion resistance being present. Experimental
data on gasoline evaporation were compared with computed rates. The computed rates
showed fair agreement and suggest the presence of a liquid-phase mass-transfer
resistance.

This work was subsequently extended by the same group (Goodwin, Mackay et
al., 1976) to show that the evaporative loss of 2 mass of oil spilled can be estimated using
a mass transfer coefficient, as shown above. This approach was investigated with some
laboratory data and tested against some known mass transfer conditions on the sea. The
conclusion was that this mass transfer approach could result in predictions of evaporation
at sea.

Butler (1976) developed a model to examine evaporation of specific hydrocarbon
components. The weathering rate was taken as proportional to the equilibrium vapour

pressure, P, of the compound and to the fraction remaining:
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dx/dt = -kP(x/x_) (2.6)

where x is the amount of a particular component of a crude oil at time, t, x, is the amount
of that same component present at the beginning of weathering {t = 0), k is an empirical
rate coefficient and P is the vapour pressure of the oil component.

Since petroleum is a complicated mixture of compounds, P is not equal to the
vapour pressure of the pure compound, but neither would there be large variations in the
activity coefficient as the weathering process occurs. For this reason, the activity
coefficients were subsumed in the empirical rate coefficient k. P and k were taken as
independent of the amount, x, for a fairly wide range of oils. The equation was then
directly integrated to give the fraction of the original compound remaining after
weathering as:

x/x, = exp(-ktP/x,) (2.7)

The vapour pressure of individual components was fit using a regression line to
yield a predictor equation for vapour pressure:
P =exp(10.94 - 1.06 N) (2.8)

where P is the vapour pressure in Torr and N is the carbon number of the compound in
question.

This combined with equation (2.7) yielded the following expression:
x/x, = exp [-(kt/x,)exp(10.94 - 1.06 N)] (2.9)

Where x/x, is the fraction of the component left after weathering, k is an empirical
constant, X, is the original quantity of the component and N is the carbon number of the
component in question.

Equation 2.9 predicts that the fraction weathered is a function of the carbon
number and decreases at a rate that is faster than predicted from simple exponential
decay. If the initial distribution of compounds is essentially uniform (x, independent of

N), then the above equation predicts that the carbon number where a constant fraction
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(e.g. half) of the initial amount has been lost (x = 0.5 x,) is a logarithmic function of the

time of weathering:

N,, = 10.66 +2.17 log (kt/x,) (2.10)

where N, is half the volume fraction of the oil.

The equation was tested using data from some patches of oil on shoreline, whose
age was known. The equation was able to predict the age of the samples relatively well.
It was suggested that the equation was applicable to open water spills; however, this was
never subsequently applied in models.

Yang and Wang (1977) developed an equation using the Mackay and Matsugu

molecular diffusion process. The vapour phase mass transfer process was expressed by:

D,=k,(p,-p.)/ [RT] @10

where D, is the vapour phase mass transfer rate, k,, is a coefficient that lumps all the
unknown factors that affect the value of D, p, is the hydrocarbon vapour pressure of
fraction, i, at the interface, p,, is the hydrocarbon vapour pressure of fraction, i, at infinitc
altitude of the atmosphere, R is the universal gas constant and T, is the absolute
temperature of the oil slick.

The following functional relationship was proposed:

k,=ad eV (2.12)

where A is the slick area, U is the overwater wind speed, and a, q and vy are empirical
coefficients. This functional relationship was based on the results of past investigations,
including, for instance, those of MacKay and Matsugu (1973) who suggested the value of
¥ to be in the range from -0.025 to -0.055. Further experiments were performed by Yang
and Wang to determine the values of ‘a’ and ‘q’. The results were found to be two-fold.
Experiments showed that a film formed on evaporating oils and that this film severely

retarded evaporation. Before the surface film has developed (p/p, < 1.0078):

Kmb =694 -0.005560.42U (213)



where K, is the coefficient that groups all factors affecting evaporation before the
surface film has formed and A is the area.

After the surface film has developed (p/p, > 1.0078)

Koo = 1/5 kpp (2.14)

where p, is initial oil density, p, is weathered oil density at time t, and K__ is the
coefficient that groups all factors affecting evaporation after the surface film has formed.
The evaporation rate was found to be reduced fivefold after the formation of the surface
film.

Drivas (1982) compared the Mackay and Matsugu equation with data found in the
literature and noted that the equations yielded predictions that were close to the
experimental data. Rheijnhart and Rose (1982) developed a simple predictor model for
the evaporation of oil at sea. They proposed the following simple relationship:

Q,=aC, (2.15)

where Q,; is the evaporation rate of the component of interest, & is a constant
incorporating wind velocity and other factors (taken as 0.0009 m s) and C, is the
equilibrium concentration of the vapour at the oil surface.

Several pan experiments were run to simulate evaporation at sea and the data used
to test the equation. No means were given for calculating the essential value, C,,

Brighton (1985) proposed that the standard formulation used by many workers
required refining. His starting point for water evaporation was similar to that proposed
by Sutton (1934):

E = KC U™ d"¥ g~ (2.16)

where E is the mean evaporation rate per unit area, K is an empirically-determined
constant, C, is the concentration of the evaporation fluid (mass/volume), d is the area of
the square or circular pool and r is an empirical exponent assigned values from 0 to 2/3.

Brighton suggested that this equation does not conform to the basic dimensionless form
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involving the parameters U and Zo (wind speed and roughness length, respectively)

which define the boundary layer conditions. The key factor in Brighton’s analysis was to

use a linear eddy-diffusivity profile. This feature implied that concentration profiles

become logarithmic near the surface, which is suspected to be more realistic compared to

the more finite values previously used. Using a power profile to provide an estimation of

the turbulence, Brighton was able to substitute the following identities into the classical

relationship
U =% 4 2.17
p (2.17)
Z
n = (In=X (2.18)
24

Where u* is the friction velocity, z, is the reference height above the surface, z, is the
roughness length and n is the power law dimensionless term.

.The evaporation equation now became

z, 80X & (ku*zg)
z, & Oz ¢ Oz

(2.19)

where z is the height above the surface, X is the concentration of the evaporating
compounds, x is the dimension of the evaporating pool, £ is given by K/u*z, and is the
von Karman constant and o is the turbulent Schmidt number (taken as 0.85).

Brighton (1990) subsequently compared his model with several runs of
experimental evaporation experiments in the field and in the laboratory, this included
laboratory oil evaporation data. The model only correlated well with laboratory water
evaporation data and the reason given was that other data sets were ‘noisy’.

Tkalin (1986) proposed a series of equations to predict evaporation at sea:
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KMP,x,
EI.‘:T (2.20)

where E, is the evaporation rate of component i (or the sum of all components) (kg/m?s),
K, is the mass transfer coefficient (m/s), M is the molecular weight, P_; is the vapour
pressure of the component 1, and x, is the amount of component i at time, t.

Using empirical data, relationships were developed for some of the factors in the

equation:
P, = 10%" (2.21)
where A = -(4.4 + logT)[1.803{T,/T - 1} - 0.803 In(T,/T)] (2.22)
and where T, is the boiling point of the hydrocarbon, given as
K,=1.25U10° (2.23)

The equations were verified using empirical data from the literature.

The most frequently used work in spill modelling is that of Stiver and Mackay
(1984). It is based on some of the earlier work by Mackay and Matsugu (1973) but
significant additions were made. Additional information is given in a thesis by Stiver
(1984). The formulation was initiated with assumptions about the evaporation of a liquid.
If a liquid is spilled, the rate of evaporation is given by:

N = KAP/(RT) (2.24)
where N is the evaporative molar flux (mol/s), K is the mass transfer coefficient under
the prevailing wind (ms™) and A is the area (m?), P is the vapour pressure of the bulk
liquid.

This equation was arranged to give:
dF./dt = KAPv/(V RT) (2.25)

where F, is the volume fraction evaporated, v is the liquid's molar volume (m*/mol) and
V, is the initial volume of spilled liquid (m?).

By rearranging we obtain

dF, = [PV/(RT)|(KAdYV,) (2.26)

16



or dF, = HdB (2.27)

where H is Henry's law constant and 0 is the evaporative exposure (defined below).

The right-hand side of the second last equation has been separated into two
dimensionless groups. The group, KAdt/V , represents the time-rate of what has been
termed the “evaporative exposure” and was denoted as dO. The evaporative exposure is a
function of time, the spill area and volume (or thickness), and the mass transfer
coefficient (which is dependent on the wind speed). The evaporative exposure can be
viewed as the ratio of exposed vapour volume to the initial liquid volume.

The group Pv/(RT) or H is a dimensionless Henry's law constant or ratio of the
equilibrium concentration of the substance in the vapour phase [P/(RT)] to that in the
liquid (I/v). H is a function of temperature, The product OH is thus the ratio of the
amount which has evaporated (oil concentration in vapour times vapour volume) to the
amount originally present. For a pure liquid, H is independent of F, and equation 2.26

was integrated directly to give:
F,=H®O (2.28)

If K, A, and temperature are constant, the evaporation rate is constant and evaporation is
complete (F, is unity) when 0 achieves a value of 1/H.

If the liquid is a mixture, H depends on F, and the basic equation can only be
integrated if H is expressed as a function of F,; i.e., the principal variable of vapour
pressure is expressed as a function of composition. The evaporation rate slows as
evaporation proceeds in such cases.

Equation 2.26 was replaced with a new equation developed using data from
evaporation experiments:

F, = (T/K,) In (1 + K,8/T) exp(K, - K/T) (2.29)

where F, is the volume fraction evaporated and K, , ; are empirical constants.
A value for K, was obtained from the slope of the F, vs. log 0 curve from pan or

bubble evaporation experiments. For 6 greater than 10%, K, was found to be



approximately 2.3T divided by the slope. The expression exp(K, - K,/T) was then
calculated, and K, and K; determined individually from evaporation curves at two
different temperatures. Variations of all the above equations have been used extensively
by many other experimenters and for model application.

Hamoda and co-workers (1989) performed theoretical and experimental work on
evaporation. An equation was developed to express the effects of API° (American
Petroleum Institute gravity - a unit of density) of the crude oil, temperature, and salinity
on the mass transfer coefficient K:

K = 1.68 x 107 (API°)!#¥ (T)!80 144! (2.30)

where K is the mass transfer coefficient, cm h'', API° is the density in API units, unitless,
and e is the water salinity in degrees salinity or parts-per-thousand. The exponents of the
equation were determined by multiple linear regression on experimental data.

Quin and co-workers (1990) weathered oils in a controlled environment and
correlated the data with equations developed starting with Fick's diffusion law and the
Clausius-Clapeyron equation. Crude oil was divided into a series of pseudo fractions by
boiling point. Each fraction was taken to be equivalent to an n-paraffin in evaporation
behaviour. The n-paraffin distributions of a number of naturally weathered crude oils
were determined by capillary gas-liquid chromatography. The actual evaporation
determined by this procedure was compared with those generated by computer simulation
of weathering. Good agreement was obtained for oil film thicknesses between 10 um
and 1 mm, weathered for periods of up to 4 weeks.

Brown and Nicholson (1991) studied the weathering of a heavy oil, Bitumen.
They compared experimental data using a large-scale weathering tank with two spill
model outputs. In the FOOS model, the evaporative exposure concept is used in which
the fraction of oil evaporated is given by a variant of the Mackay equation:

F = [In(P) + In(CE) + 1/P})/C (2.31)

where F is the fraction evaporated, C is an empirical constant and E is a measure of the

evaporative exposure, defined as
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E = (K,Avt)/(RTV ) (2.32)

where K_= 0.00480°78 7011 g067 (2.33)

m

and where K__ is the mass transfer coefficient, A is the slick area, v is the oil molar
volume, V, is the initial slick volume, Z is the pool size scale factor, and Sc is the
Schmidt number (taken as 2.7).

Brown and Nicholson compared the measured evaporation for a 5 ms™ wind at an
ambient temperature of 20°C, and evaluation was done with the equation above. A spill
volume of 100 m® was assumed. A value of about 10 m*/mol was used for the average
molar volume. The model generally described the observed evaporation quite well,
particularly during the first few hours. Later however, the model consistently over-
predicted the evaporation rate. A simple method of correcting the equation was
implemented by assuming that the vapour phase Schmidt number decreases slightly as
the skin on the oil thickens. Inresponse, the evaporative exposure was modified to:

K, = (0.0025 - 0.000021 t) U™ (2.34)

The predicted evaporation then compared favourably with the measured values.

The ASA model was also compared to the experimental data (Brown and
Nicolson, 1991). This model assumed that the oil consists of a series of components each
with a distinct boiling point, AP! gravity, and molecular weight, A mass transfer rate
from the slick was then written for each component as:

dm/dt = K P, A F, Mass,/RT (2.35)

where dm/dt is the mass transfer rate, K, is the mass transfer coefficient of Mackay, P; is
the vapour pressure of each component, F; is the fraction of each component remaining
and Mass, is the mass of each component.

For this simulation, boiling points, volume percent, and API gravities were input
for 13 boiling ranges. The general shape of the model curve agreed well with the
measured data but the model predicts a slightly higher overall evaporation rate.

Bobra (1992) conducted laboratory studies on the evaporation of crude

oils. The evaporation curves for several crude oils and petroleum products were
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measured under several different environmental conditions, These data were compared to
the equation developed by Stiver and Mackay (1984). The equation used was:
Fy=1In[l1 + B(T4/T) 8 exp(A - B T/T)] {T/BTg} (2.36)

where F, is the fraction evaporated, T is the gradient of the modified distillation curve,
A and B are dimensionless constants, T, is initial boiling point of the oil and O is the
evaporative exposure as previously defined.

The constants for the above equation and the results from several comparison runs

are summarized in the following table (Table 2.1).

Table 2.1 Data from the Bobra Evaporation Experiments

ail Density Viscosity  Agreement To Tg A B
gmL (15°C)  ¢P(15°C)  to Equation

Adgo 0.95 60 poor 551 193 24 21
Alberta 0.84 10 good 397 539 2 12
Amauligak 0.89 15 moderate 471 370 12 15
Bent Horn 0.82 25 poor 406 484 i1 14
Diesel 0.83 3 moderate 517 140 20 18
Endicott 0.92 85 good 454 1400 -0.8 7
North Slope 0.89 25 good 431 722 5 10
Panuke 0.78 1 poor 268 368 7 11

This comparison showed that the Stiver and Mackay equation predicts the
evaporation of most oils relatively well until time exceeds about 8 hours, after that it
over-predicted the evaporation. The 'overshoot' can be as much as 10% evaporative loss
at the 24-hour mark. This is especially true for very light oils. The Stiver and Mackay
equation was also found to under-predict or over-predict the evaporation of oils in the
initial phases. Bobra also noted that most oil evaporation follows a logarithmic curve

with time.

2.3 Use of Evaporation Equations in Spill Models

Evaporation equations are the prime physical change equations used in spill
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models. This is because evaporation is the most significant change that occurs in an oil's
composition. Many recent models (after 1984) use the Stiver and Mackay (1984)
approach. The equations developed by Mackay and co-workers can be implemented in a
variety of ways. Often the difference in models is the manner in which the models are
applied.

Fallah and Stark {1976) proposed a random model to predict the evaporation of

oil at sea. The rate of evaporation from a frze surface was given by:

id? - KAPLU@ (P, - P) (2.37)

where V and t are volume and time, respectively, A is the surface area of liquid, U(z), the
wind speed at height z above the liquid surface, P, is the saturation vapour pressure at
liquid surface temperature, P, is the partial vapour pressure in the air upwind of the liquid
surface and K, o, and P are constants.

This equation was combined with a probability density function and the Blokker
equations described above. After a Mellin transform, the following equation was

developed:

AY, = %KGDJ?_]B Uf(PM),_ At (2.38)

where AV, is the change in volume, K, is the evaporation coefficient ( ~ 10™ min for
hydrocarbons), & and 3 are constants (& = 0.78, and § = 0.11), D is the slick diameter and
M is the molecular weight.

For oil slicks, the vapour pressure, P, was said to decrease sharply as evaporation
of volatile components takes place, causing a changing oil composition.

Weathering curves were used to give values of the vapour pressure, P, and the
molecular weight as a function of the evaporation fraction, M(y). The weathering curves
for crude oil and gasoline were approximated by the following exponential functions:

PM(y) = 1900 exp {- 8y - 200y°} crude o0il (20°C) (2.39)
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PM(y) =4000 exp {- 1.2y - 2.5y%) gasoline (2°C) (2.40)

where PM is the change in mass of the oil and y denotes the application of the gamma
probability function.

Fallah and Stark applied this probabilistic approach to some literature data to
demonstrate the technique.

Grose (1979) used the Mackay and Matsugu (1973) equations with some
modification:

L= (CU*®D,*")/(RK) P,SkM, (2.41)

where L is the mass of oil evaporated with time (kg/s), C is the environmental transfer
constant, U is the wind speed at the surface (m/hr), D, is the diameter of the oiled area
(m), K is the oil temperature in Kelvin, P, is the vapour pressure of the particular
component, Sk is the skin factor and M, is the molecular weight equivalent of the
particular ol fraction.

The skin factor, Sk, ranges from 0.1 to 8 and accounts for the effect of skinning
(the formation of a semi-permeable surface layer). Yang and Wang (1977) suggested a
value of Sk = 0.2 after the density of their test oils had increased by 0.78%. A value of
1.0 was used in testing the model. In addition, mass loss rate depends on the vapour
pressure, P;, and the molecular weight, MW, of each fraction. C is a dimensionless
environmental transfer constant whose magnitude depends on the units used. The value
used for C (0.00024) inciudes the constant 0.015 after Mackay and Matsugu (1973).

Mackay and co-workers developed an extensive oil spill model incorporating a
number of process equations including evaporation (Mackay et al. 1980). The earlier
work of Leinonen and Mackay (1975) was used with the modification proposed by Yang
and Wang (1977). The process includes dividing the oil into a number of different
fractions and analyzing each fraction for evaporation loss. The mass transfer function
used is the familiar one proposed by Mackay and Matsugu (1973).

Aravamudan and co-workers (1981a, 1981b) developed an oil spill model

incorporating evaporation equations of their own design. The rate of evaporation of the
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different components in crude oil can be represented by the equation:

d

dr[c V)= -kUPA (2.42)
where c; is the mass concentration of the ith species (mass per unit volume of the oil), V
is the total volume of oil fleating on the water surface, k, is an empirical evaporation

constant, P; is partial pressure of the ith species and A is the total horizontal surface area
of the oil slick.

Aravamudan and co-workers show that, using various volumetric relationships:

dv 5P
—— = -k UA(t) e 2.43
dt o UA( Zl: P, ( )

and

V—(lnc) = -k UA(t)| = -
¢ il Py

y 4 ) (2.44)

where p, = the density of the ith component and all other parameters are as in equation
2.42.
The partial pressure of each component was related to the saturated vapour

pressure, P, of the ith component at the temperature T, of the oil by:

P Gl
P(T) &

>l
=1

(2.45)

where p; = the density of the ith component and ; is the activity of the component i.
These equations can be solved to obtain V and c; as functions of time. Solutions
were developed by assuming a five-component crude oil that spreads on the water surface
according to the correlations for the area.
Huang (1983) reviewed oil spill models and noted the state-of-the-art up to that
time. Huang notes that many of the approaches are similar and can be generalized into

the following:
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1. The oil is assumed to be composed of a number of hydrocarbon groups,

the mixture of which has physical-chemical characteristics similar to the

parent oil;

2. The evaporative loss of a given hydrocarbon component is assumed to

follow an exponential decay, or first-order kinetics;

3. The evaporation rate is assumed to be a function of the following key

physical parameters: (a) spill area, (b) wind speed, (c)vapour pressure, (d)

siick thickness, and (e) temperature.

Huang notes that the main difference among models of the second type seems to
be the level of detail and sophistication by which various hydrocarbon components and
various physical-chemical parameters affecting evaporation are incorporated in the
model.

Payne and co-workers (1984a,b,c) developed an oil spill model using the pseudo-
component approach. Given the boiling point (1 atm) and API gravity of each cut (or
pseudo-component), the vapour pressure of the cut as a function of temperature was
calculated. First, the molecular weight and critical temperature of the cut were calculated
according to the following correlation:

y=C,+CX,+C X, +C X X, +C.X 2+ CeX,? (2.46)

where y is the vapour pressure of the cut, X, is the boiling point (°F) at one atmosphere,
X, is the API gravity and C, ; are constants whose values are shown in Table 2.2.
Similarly, the critical temperature was calculated from the same equation form using the
indicated constant values in Table 2.2.
Next, the equivalent paraffin carbon number, N, was calculated according to:
N.=(M-2)/14 (2.47)

where M is the molecular weight assigned to the particular cut, The critical volume, V,,
was then calculated according to:

V= (1.88 + 2.44N )/0.044 (2.48)

and the critical pressure, P, , was calculated from:
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208T
PC = ° P‘c (2.49)

(V. - 8)
where T, is the critical temperature and P'. correction factor for critical pressure.
The factor P', was set to 10 to correct the critical pressure correlation trom a

strictly paraffinic mixture to a naphtha-aromatic-paraffin mixture. Next the parameter, b,
was calculated according to

b=b'-0.02 (2.50)
where

b'=C,+C,N . +C;N2+C N} (2.51)

and the values of the constants C | to C, are indicated in Table 2.2.

A final parameter designated as A is then calculated according to:

I3

_ b - _ 2
4 = = |log,y(P,) + exp|-20(T,, - b) )] (2.52)

s

where A is an intermediary parameter, T , is the reduced temperature at the normal
boiling point, P, is the reduced pressure at the normal boiling point and b is an
intermediary parameter determined in (2.50) above.

The vapour pressure equation which can be used down to 10 mm Hg can be
expressed in terms of A and b as:
-A(1 - T)
—

r

log,, P, = - exp|-20(7, - b)’ (2.53)

where P, is the reduced pressure and T, is the reduced temperature.

A, b, T, and P, were determined from the normal boiling point and AP] gravity of
the cut. The temperature at which the vapour pressure is 10 mm Hg was obtained by the
root-finding algorithm of Newton-Raphson (Payne et al., 1984a).

Below 10 mm Hg, the vapour pressure between two temperatures, T, and T ,, was

caiculated according to the Clausius-Clapeyron equation as follows:

25



T
_ }Lo r ( 1 - Tr)0.38 . (2 54)
RT, ; T? ’ '

r

In—
Pl
l

where P, is the vapour pressure at temperature 1, P, is the vapour pressure at temperature
2, X, is the heat of vaporization at 0 K, and T, is the critical temperature. This was based
on the fact that the ratio of the heat of vaporization, A, to (1 - T)*** is a constant at any
temperature. The latent heat of vaporization was calculated from the slope of the natural
log of the vapour pressure equation with respect to the temperature where the vapour
pressure is 10 mm Hg. Thus, in the above equation, P, is the 10 mm Hg vapour pressure

at the temperature, T,, previously determined.

Table 2.2 Correlation Equation Constants for the Characterization of Narrow

Boiling Petroleum Fractions (Payne et al., (1988a, b,¢))
Property C, C, C, C, C. C,
molecular weight 6.241E+01 -4.595E02 -2.836E-01 3.256E-03 4,578E-04 5.279E-04
t, s500°F
molecular weight 4.268E+02 -1.007 -7.491 1.380E-02 1.047E-03 2.621E02
t, <500°F
critical temperature, t, <500 | 4.055E+02 1.337 -2.662 .2.169E-03 -4.943E-04 1.454E-02
critical temperature, t,>500 | 4.122E+02 1.276 -2.865 -2 .888E03 -3.707E-04 2.288E-02
b 1.237E-02 2.513E-01 4,039E-02 -4,024E-02 —_ —_
kinematic vis, ¢S @ 122°F -4,488E-01 9.344E-04 1.583E-02 -5.219E-05 5.268E-06 1.536E-04
APl<35
kinematic vis, ¢S @ 122°F 6.019E01 1.793E:03 -3.159E-03 5.1E-06 9.067E-07 3.522F-05
APi>35

Rasmusen (1985) developed an oil spill model for Danish waters and proposed an

equation to describe the evaporative mass flux of a single hydrocarbon:

pST _p

Nj ) kmi_—rmEHT_ﬁXinnface (2 5 5)
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where N; is the evaporative mass flux, k; is the mass transfer coefficient of component i
(in m/s), P is the vapour pressure of component i, P, ; is the partial pressure of
component i in the air and X*"™* is the mole fraction of component i at the surface.
Rasmusen chose an equation by Mackay and Matsugu (1973) to estimate the mass
transfer coefficient, k,;:
k,; = 16.076U% RO g 067 (2.56)

where Sc; is the Schmidt number for component i,

Ross and Dickins (1988) used empirical data to model the evaporation of oil
under snow. The evaporative exposure approach of Stiver and Mackay (1984) was used:
F, = (T/10.3 Tg) In (1 +(10.3 T4/T)) 0 exp (6.3-10.3 T /T) (2.57)

and O=kAt/V=ktx (2.58)

where F,, is the volume fraction evaporated, Ty is the slope of modified ASTM
distillation curve (539 K for medium crude), T, is the intercept of modified ASTM
distillation curve (385 K for medium crude), 0 is the evaporative exposure coefficient, k
is the mass transfer coefficient (m/s), A is the spill area (m?), V is the spill volume (m*)
and x is the slick thickness (m).

The following relationships were defined:

A=(T/103Tg) (2.59)

B=(10.3 T5/T)exp (6.3 - 10.3 T/T) (2.60)

Fy=AIn(l + BO) (2.61)
so that by rearranging we obtain:

0 = (exp (F\/A)-1)/B (2.62)
and, after substituting for 0,

x (exp (F\/A) - 1)/B =kt (2.63)

A plot of x(exp (F\/A)-1)/B vs t yields a slope of k, the overall mass transfer
coefficient. The resistance-in-series approach to mass transfer was used:
1/k = 1/ky + H/k, + L/D, (2.64)
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where ky, is the air-side mass transfer coefficient (m/s) (0.002U"%” (Mackay and Matsugu,
1973)), k, is the oil internal mass transfer coefficient {m/s), H is Henry's law constant for
the oil, D, is the diffusivity of oil vapours in snow (m?s} and L is the depth of oil below
snow surface (m).

A plot of 1/k against snow depth (L) has a slope of 1/D, and intercept of 1/k,, +
H/k,. The least squares fit to the smali-scale data from the trays with un-compacted snow
gives a slope of 5.5 x 10* s/m? or D, = 1.8 x 10~ m%s.

Reed (1989) reports on the development of an evaporation equation. He used the

familiar Mackay and Matsugu (1973) approach to estimate the mass transfer coefficient:

K = 0.0290°%7D 0115 07 (313G (2.65)

where K is the mass transfer coefficient, U is the wind speed (miles/hr), D is the slick
diameter (m), Sc is the Schmidt number (Reed used 2.7, that of cumene), M is the
molecular weight of the volatile portion of the spill (g/mol).

The mass transfer rate dm/dt (in g/hr) of the surface slick was then stated as:

dm/dt = (KP,, A/RT)f M (2.66)
where dm/dt is the mass transfer rate in g/hr, P, is vapour pressure in atm, A is the slick
area in m? and f is the fraction of the remaining slick that is composed of volatile
substances.

Lunel (1991) combined the mass transfer rates of evaporation and dissolution to
deal with these competing processes simultaneously. The mass transfer rate, dMg/dt, of
the evaporative portion was expressed as:

dMg/dt = (keMPA)/RT (2.67)
where k;; is the evaporative mass transfer coefficient and M is the relative molecular
mass.

The evaporative mass transfer coefficient was solved using the work of Mackay
and Matsugu (1973):

kg = 0.029 U8 X0 §c 067 (2.68)

where U is the wind speed at a height of 10 m , X is the pool diameter and Scg is the gas
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phase Schmidt number.

Estimates of k; and k, were derived from work on dissolved gases. Fora
dissolved gas to pass into the atmosphere across the air-sea interface it has to overcome
two resistances (the resistance being the reciprocal of the mass transfer coefficient): one
from the water it is dissolved in (1/k;) and one from the air above the interface (1/k,).
The two resistances were combined to yield an overall mass transfer coefficient, k

Overlly

according to the formula:

1 1 _ RT

Koverait s 2%
where H is the Henry's law constant (which is the vapour pressure divided by the
solubility).

Once the overall mass transfer coefficient was calculated, the researchers
obtained information on both k, and k.

Luk and Kuan (1992) describe an oil spill model which incorporates an
evaporative equation nearly identical to that of Reed above. Spaulding and co-workers
(1992) use the same equations for the model OILMAP.

Lehr and co-workers (1992) developed an oil spill model (ADIOS) using the
evaporative algorithm developed by Stiver and Mackay (1984), expressed as :

d 103
d_é = exp| 63 - 2= (T, + Tof) (2.70)

where fis the volume fraction of oil evaporated, 0 is the evaporative exposure, T is the
temperature of the oil and T, and T are oil-dependent parameters derived from the
fractional distillation data.

The evaporative exposure is a dimensionless variable related to time:
) K, At
14

o

) (2.71)

where K is the mass transfer coefficient and V, is the initial spill volume. An adjustment

was made to account for the decrease in the evaporation rate as the water content
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increases to account for oil emulsification. The mass transport coefficient was scaled

linearly with the oil fraction in the emulsion.

2.4 Discussion

In conclusion, many models exist incorporating evaporative equations. Most
recent models (after 1980) use one of three approaches to model oil spiil evaporation; the
Mackay and Matsugu (1973), the use of distillation cut data to simulate each fraction, and
the Stiver and Mackay (1984) approach. The equations developed by Mackay and co-
workers can be implemented in a variety of ways. Often the difference in models is the
manner in which the models are applied. The comparison by Bobra (1992) found that the
Stiver and Mackay equation predicts the evaporation of most oils relatively well until
time exceeds about 8 hours, after that it over-predicts the evaporation that occurs. This is
especially true for very light oils. The comparison by Brown and Nicholson (1991)
found that for the heavy and mixed oils used in their study, the Mackay and Matsugu
approach was better than the distillation cut approach; however, the mass transfer

coefficient required adjustment.
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Chapter 3 Experimental Methodology and Turbulence Characterization

3.1 Experimental

Evaporation rate was measured by weight loss using an electronic balance. The
balance was a Mettler PM4000, capable of measurements to 0.01 £0.02 g. A new type of
open-pan balance, the Mettler PM4000, provides accuracy an order of magnitude higher
than previous top loading balances (0.01 grams versus 0.1 grams) with 4000-gram
weight-loading capability. This is important in accurately measuring the weight loss of
heavy oils which evaporate slowly, where incremental weight losses are often less than
0.1 grams. An open balance was chosen to allow for application of wind to the oil
surface. The weight was recorded using a computerized system consisting of a Toshiba
3100, a serial cable to the balance and a modified version of the software program,
‘Collect’ (Labtronics, Richmond, Ontario). The latter consisted of an older version of the
program written in Basica which could then be easily modified to incorporate new
features. The software program normally acquires data at fixed time intervals.
Adjustments were made to the program to allow different time multiples for data
acquisition. This then allowed minimization of data quantity at times after the initial
rapid evaporation period. Intervals of data acquisition could be set at multiples such that
each time increment had an approximately equal weight loss increment. For example in
one day, using a timing multiplier of 1.1 and an interval of 10 seconds, 75 data points
were collected compared to 8640 if regular time intervals were used. It was important
then to use the time increment to yield data sets which were manageable. Experiments
were done to measure the effect of the number of data points on data quality. A sequence
using the multiplier 1.1 was optimal. Using this timing sequence, measurements were
taken at the following minute intervals, 8.3, 9.1, 10, 11.1, 13.4, etc. After one day,
sequences were already at intervals of several hours. At the end of the experiment, the
time sequence was re-triggered to add the last data point. Data was usually collected for
5 to 20 data points to improve the curve fits. This addition of data points on the end of

the run counterbalances the many data points at the start of a run and thus the tendency
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for curve fit to weigh the initial points heavier than those at the end. This method difters
significantly from previous measurements noted in the literature which were taken by
weighing the pan at fixed intervals, resulting in fewer data points and thus less reliable
data.

Measurements were typically conducted in the following fashion. A tared petri
dish of defined size was loaded with a measured amount of oil. The weight loss dishes
were standard glass petri dishes from Corning. A standard 139 mm diameter (1D} dish
was most frequently used. Petri dishes of other sizes were used in experiments where the
area of evaporation was a variable and included those of inside diameters 44.8, 88.9,
143.2, and 162.2 mm. Diameters and other dimensions were measured using a Mitutoyo
digital vernier caliper.

Qil was directly placed on the glass petri dish unless otherwise noted.
Experiments were initially conducted with oil on water to evaluate the effects of the
substrate. However, use of water under the oil resulted in errors if the water became
exposed to the air and evaporated. The resulting evaporation curve is then an
undetermined composite of oil and water evaporation. Data acquisition was started and
continued to the desired endpoint (varying from a few hours for a volatile substance to
several days for a less-volatile oil). At the end of the experiment, the weathered oil was
saved for chemical analysis for other experiments not related to this thesis. Vessels were
cleaned and rinsed with Dichloromethane and a new experiment started.

Wind and turbulence acting directly on a sensitive balance cause the apparent
weight to vary somewhat. Thus special arrangements were necessary during these
experiments to measure data that had an acceptable noise level. Experiments that did not
evzluate the effect of wind were conducted in a fume hood cabinet which was closed to
prevent the passage of air currents over the oil and with the fume hood fan off. When the
experiment was moved to the cold room or to a laboratory bench, a cardboard box was
placed over the balance to prevent air movement over measurement pan.

Measurements were done in one of four locations; inside a fume hood, inside a
controlled temperature room, on a counter top and some were performed outside to verify

that evaporation behaviour obtained was not unduly influenced by experimental
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conditions. The layout of experiments conducted in the fume hood are illustrated in
Figure 3.1. The fan and velocity measuring equipment were not always employed,
depending on the experiment conducted.

Many experiments were conducted in the fume hood, where there was no
iemperature regulation. Temperatures were measured using a Keithley 871 digital
thermometer with a thermocouple supplied by the same firm. Temperatures at the fume
hood location were relatively constant at 20°C except during the coldest of winter
months. During these times, experiments of a different nature were generally carried out
such as those involving variable temperatures using the cold room. Temperatures were
taken at the beginning and the end of a given experimental run, and were occasionally
measured in the middle of runs to verify that they had not changed.

The constant temperature chamber (room) employed was a Constant Temperature
model constructed in 1993. It could maintain temperatures from -40°C to +60°C and
regulate the chosen temperature within £1°C. The chamber was also capable of
controlling relative humidity. At relative humidities of 40 to 70%, the unit could
maintain set humidities within £2%, at other levels this precision decreased. The relative
humidity was maintained at 40% when relative humidity was not a parameter of concern.

In experiments involving wind, air velocities were measured using a Taylor vane
anemometer (no model number on the unit) and a Tadi, ‘Digital Pocket Anemometer’.
These velocities were later confirmed using a hot wire anemometer and appropriate data
manipulations of the outputs. The anemometer was a TSI - Thermo Systems model
1053b, with power supply (TSI model 1051-1), averaging circuit (TSI model 1047) and
signal linearlizing circuit (TSI model 1052). The voltage from the averaging circuit was
read with a Fluke 1053 voltmeter. The hot wire sensor (TSI model 1213-60) was angled
at 45°. The sensor probe resistance at 0°C was 7.21 ohms and the sensor was operated at
12 ohms for a recommended operating temperature of 250°C. Data from the hot wire
anemometer was collected on a Campbell Scientific CR-10 data logger at a rate of 64 Hz.
At this data rate about 8000 data points, or about 2 % minutes of data, could be collected
before the CR-10 was overwriting data. These data were subsequently down-loaded to a

lap top computer and saved for subsequent analysis.

38



Figure 3.1  Experimental Setup
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For some experiments a mixing device was used. This device consisted of an air
flow through a syringe at a flow rate varying from 70 to 150 cc/min. The flow was
established using a Gilian *Gilibrator’ which is a bubble flow meter. The syringe was
placed in a stand and flow directed I cm above the oil at 2 30° angle. This was sufficient
to cause a rotation and mixing of the oil in the pan and avoid an early formation of a
‘skin’ on the oil. This stirrer was only used where specifically noted.

Quality control on instruments was maintained throughout the experiments. The
balance was levelled on each installation. It was periodically checked using a set of
standard weights from Mettler and no deviation or drift was noted. The data down-
loading and software were checked during this time as well. The computer clock was
checked for correspondence to time on a wrist watch each time a new run was started and
no discrepancies were noted. Both the balance and data acquisition computer were
powered through an uninterruptable power supply. The Keithley thermometer was
calibrated on two occasions using ice water and boiling water as described in the
manufacturers instructions. The controlled temperature chamber temperature always
corresponded to readings on the Keithley thermometer, within 0.2 degrees. The vane
anemometers had been calibrated in the National Research Council wind tunnel.

Subsequently, the TSI hot wire anemometer was also calibrated there.

3.2 Evaporation Data Handling

Evaporation data were collected on the Toshiba 3100 laptop computer and
subsequently transferred to other computers for analysis. The ‘Collect’ program records
time and the weight directly. Data was recorded in ASCII format and converted to Excel
format, Microsoft Incorporated, Redmond, Washington. Table 3.1 shows a typical spread
sheet, The first two columns are the ASCII data from the data loggers, for time and
weight, respectively. The ‘converted time’ in column 6 is usable by a spread sheet macro
and is converted to a total time in minutes in Column 7. Column 8 shows the conversion
of the data to a time interval and Column 9 to a cumulative time in minutes. The data
subsequently used in analysis are the cumulative time in minutes, transposed to column

3; the weight change in percentage lost (‘Delta wt %) in column 4 and the weight
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Table 3.1 Example Calculation Spreadsheet for an Evaporation Experiment

Time
{original )
14:23:00
14:25:07
14:25:12
14:25:22
14:25:31
14:25:48
14:26:13
14:26:51
14:27:48
14:29:13
14:31:21
14:34:34
14:39:22
14:44:34
14:57:23
15:13:35
15:37:55
146:14:23
17:09:06
18:31:11
20:34:18
23:38:58
4:15:59
11:11:29
21:34:45
13:09:39
12:31:59
23:35:30
20:01:29
20:01:34
20:01:41

(Data taken from an actual experiment conducted Navember 16. 1993, using Alberta crude oily

Weight Time (min) Delta Wt % Della weight

28.42
24.74
2471
24.65
24.6
24.52
24.44
24.33
2417
23.99
23.72
23.32
22.88
22.38
21.87
21.27
20.79
20.09
19.44
18.95
18.49
18.03
17.68
1729
16.86
16,48
16.13
15.6
15.25
15.27
15.27

0
2]
2.2
2.4
2.5
28
3.2
3.8
4.7
6.1
8.2
1.4
16.2
23.4
34.2
50.4
74.7
111.2
145.9
248
3711
555.8
8328
1248.3
1871.6
2806.55
4208.95
6312.55
8978.55
8978.65
8978.75

12.95
13.05
13.27
13.44
13.72
14
14.39
14.95
15.59
16.54
17.95
19.49
21.25
23.05
25.16
26.85
29.31
31.6
33.32
34.94
36.56
37.79
39.16
40.68
42,01
43.24
45,11
46.34
46,27
46.27

3.48
371
3.77
3.82
3.9
3.98
4.09
4.25
4.43
4.7
3.1
5.54
6.04
6.55
7.15
7.63
8.33
8.98
9.47
9.93
10.39
10,74
11.13
11.56
11.94
12.29
12.82
13.17
13.15
13.15

converled time [time in ninutes {lime inferval [cumulative
{min) time (min)

14:23:00 863 0 0
14:25:07 B&5.1 1667 2.1 2.1
14:25:12 865.2 0.1 2.2
14:25:22 865.36667 0.2 24
14:25:31 845.51667 0.1 2.5
14:25:48 865.8 0.3 2.8
14:26:13 866.21657 0.4 3.2
14:26:51 866.85 0.6 38
§4:27:48 8467.8 0.9 4.7
14:29:13 849.21667 1.4 6.}
14:31:21 871.35 2.1 8.2
14:34:34 874.56667 3.2 1.4
14:39:22 879.36667 48 16.2
14:46:34 886.56667 7.2 23.4
14:57:23 897.38333 10.8 34.2
15:13:35 213.58333 16.2 50.4
15:37:55 937.91667 243 74.7
16:14:23 974.38333 36.5 111.2
17:09:06 1029.1 54,7 165.9
18:31:11 EF111.1833 82.1 248
20:34:18 1234.3 123.1 37
23:38:58 1418.9667 184.7 555.8
4:15:59 25598333 277 832.8
11:11:29 671.48333 415.5 1248.3
21:34:45 1294.75 623.3 1871.6
13:09:39 789.65 93495 2806.55
12:31:59 751.98333 14024 420895
23:35:20 1415.5 21036 6312.55
20:01:29 1201.4833 2666 8978.55
20:01:34 1201.5667 0.1 8978.65
20:01:41 1201.6833 0.1 8978.75
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change in grams (‘Delta Weight’) in column 5, were calculated from the raw weight
values in column 2.

Curve fitting was performed using the software program “TabieCurve”, Jandel
Scientific Corporation, San Raphael, California. The weight percent and the absolute
weight were always fitted separately and statistics on these parameters recorded
separately. This was done to enable subsequent analysis of dimensionless and absolute
evaporation. It is important to note that the absolute weight calculation still relates to the
weight of the starting substance. If oil were boundary-layer regulated, evaporation rate as
a weight loss, would relate to the specific area. The program “TableCurve” enables the
user to fit hundreds of relationships to a set of data and rank the resulting fit in order of
regression coefficient (R?). In this study, the ‘common’ functions were generally used,
although the complete set of equations (several thousand) was also used. The latter
consist largely of higher-order polynomials, which are typically used for data
interpolation, rather than for determining the physical relationships applicable to a given
set of experimental data. A sample output of the equations fit and their regression
coefficients are shown in Table 3.2 and illustrated in Figure 3.2. The data are from an
actual experimental run and are complete for that experiment. The particular best
equation was the logarithmic one and the regression coefficient (correlation coefficient)
was 0.996. Equations with only one constant or single-parameter equations were also

calculated for correlation work.

3.3 Air Flow and Turbulence Measurements

Winds were used for some experiments. A standard household electric fan was
used to generate the winds and velocities were measured as previously described above
in Section 3.1.

The wind velocity data from the hot wire anemometer was .down loaded to a
computer in the form of relative velocity measurements and time intervals. The hot wire
anemometer was taken to the Aerodynamics Section of the National Research Council

for calibration. This section has a wind tunnel which serves as a primary standard for air
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Table 3.2 Example Curve Fit Table for An Evaporation Experiment

{Data taken from an actual experiment conducted November 16, 1993, using Alberta crude oily
(Fit equations and ranks taken directly from the Qutput of the “Table Curve’ Program)

R’ - regression coefficient Equation

Rank

BB b bR R WWWWWWOWWWWNRMMMNMNMNMNNMDMOODRMN S WG v aaa
M BN A ACCOONINBEARN A OD AT NRON A0 DO ADNRARRRN QNI PRBN =

0.995829324
0.99287119

0.989777065
0.987272996
0.977832304
0.965780474
0.965419857
0.958893505
0.941410007
0.936231391
0.908286321
0.90798645

0.904816948
0.879167925
0.879080597
0.861142978
0.85556315

0.855461104
0.848314518
0.809798613
0.80843424

0.773327469
0.770084832
0.766373386
0.760603938
0.742206905
0.714472007
0.704069814
0.688320674
0.679705624
0.674016236
0.650215149
0.646522963
0.623475348
0.622649671
0.613328071
0.595467281
0.587054023
0.569425518
0.568783904
0.563036884
0.557679938
0.557679844
0.551978583
0.542137066
0.539521227

y=a+binx
y=a+bxc [Power]
y2=a+b{Inx)2
y0.5=a+blnx
1/y=a+b/x0.5
Iny=a+blnx
y2=a+blnx
1ly=a+blnx/x
y=a+b(Inx)2
1/y=a+bilnx
Iny=a-+blnx/x
Iny=a+b/x0.5
y0.5=a+b(Inx)2
1ly=a+blnx
v0.5=a+blnx/x
y0.5=a+b/x0.5
Iny=a+b(inx)2
y2=a+bx0.5
y=a+blnx/x
y=a+b/x0.5
Iny=a+b/Inx
y2=a+bx0.51nx
y=a+bx0.5
y2=a+blnx/x
1/y=a+bix
y0.5=a+b/flnx
y0.5=a+bx0.5
y=a+bx0.5Inx
1/y=a+b(Inx)2
Iny=a+h/x
y=a+b/lnx
y0.5=a+bix
y0.5=a+bx0.5Inx
y2=a+bx/Inx
Iny=a+bx0.5
y=a+b/x
y=a+bx/inx
1fy=a+blnx/x2
Iny=a+blnx/x2
y0.5=a+binx/x2
y2=a+bx
y=a+bx
y=a+bexp{-x/c) [Exponential]
y=a+binx/x2
Iny=a+bx0.5Inx
1y=a+b/x1.5
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velocity measurements. The accuracy of velocity measurements is stated to be 2%.
Table 3.3 summarizes the average voltage and wind measurements from the wind tunnel.
The voltages are averages of 1024 data points taken from the time interval that the wind
tunnel was set to a specific time period. These were recorded using the CR-10 data
logger and were checked using a voltmeter, also described above. Instantaneous voltage
readings agreed with subsequent data averages within 3%. The data in Table 3.3 were
subsequently fit with a curve using the software program, ‘TableCurve’, sold by Jandel
Corporation, San Raphael, California. The results are illustrated in Figure 3.3. This

resulted in the calibration curve of:

Y = -0.672 + 0.995+exp(-x/-170) G.1)

where Y is the air velocity in m/s and x is the anemometer reading in millivolts.

Table 3.3 Data Obtained From the NRC Anemometer Calibration Experiments
Air Velocity (m/s) Anemometer Response {mv)

0.5 35.85
1 80.47
1.5 128.36
2 174.28
3 219.72

Equation 3.1 was used in subsequent calculations to convert anemometer readings
to air velocity units. The hot wire anemometer was used to measure all four air velocities
used in the experiments. The air velocity was measured at the centre of the standard
evaporation pan used and at the height of the rim, for two perpendicular orientations of
the film, ie. for the vector components xy and xz, where x is the direction of the turbulent
flow. The hot wire is sensitive to the vector sum of the two components perpendicular to
the axis of the wire. Because the turbulence was relatively isotropic in all axes, these
measurements are similar. The net wind velocity is, however along the x axis, and this is

the axis of primary interest. For these experiments, the axis differentiation was not
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important, so data analysis for turbulence on each axis was not performed. Data are,
however, reported with the axis designation to ensure that the orientation is apparent.
Anemometer data from each air velocity (wind) setup were recorded as described above
and data transferred to a computer for subsequent analysis. The spreadsheet program,
Excel, Microsoft Incorporated, Redmond, Washington, was used to perform the final
calculations., Table 3.4 illustrates the calculations used to characterize the wind
cnnditions. The first two columns show the raw time and voltages collected by the data
logger. The raw time is converted to a time step for illustrative purposes only. The raw
voltage is converted to velocity using equation 3.1. The velocities are listed in column 4
with an average given below. The sub-table which appears below the main table lists the
summary statistics on the velocities. Column 5 provides the wave number from the
Fourier transform performed on the velocities. The data here are of the conventional
complex number form. Column 6 shows the modulus of the Fourier transform, which is
calculated as the square root of the sum of the squares of the real and imaginary
components. Column 7, rounded wave number, is the Fourier transform rounded to a
whole number. Column 8, sorted wave number, is the sorted wave number. Sorting is
necessary to draw a histogram using Excel. Column 9, frequency, contains the sorted
frequencies used to plot a histogram. Column 10, log wave number, is the logarithm of
the wave number and column 11, log frequency, is the logarithm of the frequency.

A typical plot of wind velocity versus time is shown in Figure 3.4 and the
histogram of the log abundance versus the logarithm of the Fourier transform is shown in
Figure 3.5. This shows that this particular velocity regime has a slight resemblance to the
-5/3 slope characteristic of a ‘natural’, fully-developed turbulence. This is not typical of
the winds measured here and a fully-developed turbuience would not be expected from
the wind created directly in front of the fan. The wind shows strong harmonics
characteristics of a fan, related to the number of blades and the rotational velocity of the
fan. '

Standard analyses were performed on all four wind velocity structures and these
data are summarized in Table 3.5. The average of the xy and xz root mean square values

of the winds shown here were used for further calculations and correlations of the wind
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Table 3-4 Example of A Calculation Table for Air Velocity and Turbulence Analysis
Rounded Sorted Log Log
Raw Time Raw Voltage Time Diff. Velocity (mfs} Wavenumber'  Modulus “ Wave number® Wave number Frequency * Wave number Frequency
38.63 60.96 (sec.) 0.693 B69.680 869.888 870 0 1 2.94 0
38.63 68.09 0.01563 0.752 neesmSszs otz 64.24947 64 6 1 1.81 0]
38.63 96.6 0.03125 1.012 sos0zr20s076easar.c2eennaze  30.40891 38 14 2 1.58 0.3
38.63 61.61 0.04688 0.698 8. 10t0e7s26728314 2005820070 ©9.3327 1 89 14 2 1.95 0.3
38.63 69-39 0-0625 0.763 34005754672t 765-75.533270927 712 82.835 1 8 83 31 2 1 .92 0.3
38.63 45.4 0.07813 0.573 1143i90090r5221 Mz TeETa0nnezes 4428204 44 31 2 1.64 0.3
38.63 64.85 0.09375 0.725 SAMa4TEESE 30 7530816750023 o 1.0 894 3 38 2 1.49 0.3
38.63 33.07 0.10938 0.486 27.3657014289504+54 7004050334074 ©1.23996 61 38 2 1.79 0.3
38.75 65.5 0.125 0.73 17.8503730TsR018+ 34 02823654200 39.23261 39 39 2 1.59 0.3
38.75 75.9 0.14063 0.819 103 1e-100724s00508796 1443381 14 39 2 1.15 0.3
Data points 13 to 1013 eliminated - for illustration purposes
54.38 51.23 15.8281 0.617 a72213500553238 40 510s0ace0eee. 4079113 a1 44 2 1.61 0.3
54.5 36.32 15.8438 0.509 2000555420517+ 03 7ezezes . 859467 6 44 2 0.78 0.3
54.5 100.5 15.8594 1.051 -10:3383062600517 1007245005886 14.43381 14 61 2 1.15 0.3
54-5 1 65.4 1 5-875 1 -854 17 B693TIGTSRO16-34.526R 23654265 39-23261 39 61 2 1 .59 0.3
545 136.8 15.8906 1.462 a7 assToiezagstassTooimsnasiors O1.23996 61 64 1 1.79 0
54.5 143.3 15.9063 1.546 6.13s0aTB3E6467-20.75308167s0023 5 1.35894 31 83 2 1.49 0.3
54.5 98.6 15.9219 1.032 1asasensazs2isszseeatonazes  44.28204 44 83 2 1.64 0.3
54,5 114.1 15.9375 1,195 sostsisTnessuaemntie 82.83518 83 89 2 1.92 0.3
545 187.4 15,9531 2.204 _asagigerszerzseazsaszznin . 89.33271 89 89 2 1.95 0.3
54.63 35.67 15.9688 0.504 5.os0z7205017e67-97 szanonzzzes 38,4089 38 810 1 1.58 0
54.63 19.46 15.9844 0.397 B10.16% 810.169 810 870 1 2.91 0
raw voltage velocity
! 714 | | 0.85 | Statistics on the velocity B
AVERAGE AVERAGE  Mean 0.8495  Skewriess 1.818
1 - Wave number with real and imaginary components Standard Error 0.01639 Range 3.134
2 - Modulus is the resolved value converted to a real number  Median 0.662 Minimum 0.314
3 - Wave number rounded to a whole number Mode 0.401 Maximum 3.448
4 - Frequency of a given wave number Standard Deviation 0.5246 Sum 869.9
Sample Variance 0.2752  Count 1024
Kurtosis 3.543 Confidence Leve! (95%) 0.03213




Figure 3.4 ‘The Variation of Air Velocity over Time - An Example
{Data from the xz component of wind 2)
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Table 3.5

Mean

RMS

SD

Variance (unitless)

Skewness (unitless)

Kurtosis (unitless)

Turblence Intensity
{unitless)

Taylor Anemometer

Tadi Anemometer

Mean

RMS

SD

Variance (unitless)

Skewness (unitless)

Kurtosis (unitless)

Turblence Intensity
{unitless)

Taylor Anemometer

Tadi Anemometer

Summary of Wind Data

XZ Wind 1
0.8495
0.9883
0.5246
0.2752
1.818
3.543
0.618

1.465
1.418

XZ Wind 3
1.578
1.952
1.149
1.32
1.619
2.924
0.728

1.85
1.72

all datz in m/s unless ctherwise indicated

XY Wind 1
0.8889
1.011
0.4813
0.2316
1.392
1.876
0.541

1.465
1.418

XY Wind 3
1.751
2131
1.215
1.476
1.673
3.483
0.694

1.85
1.72

XZ Wind 2
1.243
1.505
0.8497
0.7219
2.233
8.846
0.684

1.67
1.61

XZ Wind 4
1.784
2197
1.282
1.643
2.018
5.724
0.719

2.87
2.87

XY Wind 2
1.284
1.557
0.8812
0.7764
2.354
9.944
0.686

1.67
1.61

XY Wind 4
1.942
2.498
1.571
2467
3.035
16.75
0.809

2.87
2.87
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with evaporation rate. The correlation between the wind velocities and their statistics are
shown in Figure 3.6. This shows high correlations for all factors with the minor
exception of the velocities read by the two vane anemometers, the Tadi and Taylor, for
the wind designated number 4 (below).

Four wind velocities were used. The first three velocities were adjusted by using
the three speeds available on the fan switch and with the experimental set up shown in
Figure 3.1. The fourth wind setup was adjusted to create a relatively higher velocity
level by readjusting the distances between the fan and the evaporation pan. This
experimental setup is illustrated in Figure 3.7. The geometry of the fan and pan may
account for the slight differences noted between the vane anemometer readings (Tadi and
Taylor) noted for wind 4 compared to that for other winds. Both vane anemometers have
relatively large physical dimensions and the air impacts more directly on the measuring
vanes in wind number 4 compared to the previous setups.

The velocity diagrams and the logarithmic histograms for the xy components of
the 4 winds, prepared in the manner described above, are presented in Figures 3.8 to 3.15.

This shows that the winds generated here, had a high turbulent intensity. This is
due to the use of a standard electric fan as well as flow over the evaporation pan lip. A
high turbulence content was desirable for these experiments so that the effect of winds
was pronounced. There was no need to or attempt to develop similarity criteria for wind
conditions. It should be noted that all findings related to winds, are true for those wind
conditions noted here. Effects such as very high winds or ‘gusty’ winds were not

investigated.
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Figure 3.7  Experimental Setup
for Wind Four
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The Variation of Air Velocity Over Time - Wind 1

Figure 3.8
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The Spectra of Turbulence - Wind 1

Figure 3.12
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Chapter 4 Evaporation Behaviour of Oils and Petroleum
4.1 Abstract

Experiments were conducted with several crude oils and petroleum products to
ascertain their evaporative behaviour. Pure compounds such as water, evaporate in a
linear manner with time. Most crude oils evaporate in a logarithmic manner, i.e. the loss
of mass is a logarithmic function of time. This behaviour is due to the number of
components evaporating at once, each of which has a linear evaporation behaviour. The
envelope of these linear rates results in a logarithmic curve.

The study of evaporative curves shows that ‘best’ fit largely depends on the
number of components evaporatiag at once. Pure compounds evaporate in a direct linear
fashion as was known. Mixtures of components between about 3 and 7 evaporate in
square root manner with time. Logarithmic equations result when approximately 7 or

more components evaporate simultaneously.

4.2 Experimental
Experiments were conducted using the methods outlined in Chapter 3. Two series
of experiments were conducted, the first to delineate the general nature of 0il evaporation
and a second to ascertain the reason for the logarithmic behaviour of 0il evaporation.
Qils were taken from supplies of the Emergencies Science Division and were
supplied by various oil companies for environmental testing. Properties of the oils can be
found in standard references (Whiticar, Bobra et al., 1993).

Table 4.1 lists the experiments, experimental parameters and summary results,

4.3 Results and Discussion

Initial experiments were conducted to reexamine the nature of the evaporative
loss with time. The literature review, as summarized in Chapter 2, indicates that the
weight loss of an evaporating oil may be logarithmic; however, there is no consensus on
this, nor any proposition as to the reason. In this study, a variety of fluids were

evaporated and the curves of evaporative loss versus time evaluated. This was done by

54



Table 4.1

Summary Table of Experiments to Delineate Ol Evaporation Behaviour

Date pime  Oil Days Total  Pan(ea) Initiel InMicl{mm) End % Temp Wind K Best  best  Equation
1993 Purpose Type length Time () Arec  Welght (g} Thickness Wi Evap € m/s  Eq Eq

June 21 rate ASMB 1 15 151 8.18 065 53 35 212 0 O In 535
Jurne 23 rate ASMB 1 22 268 1629 0.72 1 34 2 0 09/8 In 4.76

June 24 rate ASMB 1 23 270 2949 1.3 20 32 218 O© 0.97 In 4.43
June 25 rate ASMB 7 182 151 8.04 063 45 44 2246 O 0.99 In 4.95
July2  rate ASMB 1 15 151 20.14 1.5% 14 30 224 Q0 0937 In 4,05
July3  rate ASMEB 2 51 151 22,52 1.78 15 35 21,9 0 0975 Ir 4.35
Julys  rate ASMB 2 45 158 275 2.14 17 36 244 0 0954 In 4,26
July ¢ rate ASMB 1 25 151 344 269 21 38 238 0 0832 In 4.45

July 16 rate ASMB 4 73 151 3598 2.84 24 32 1.7 0 0.94 () s

July 20 rate ASMB 2 35 151 57.67 4.55 3% 32 228 0 0963 In 4.09
Aug 30 rote ASMB 1 18 151 11503 2.08 85 26 200 © 0879 In 3.07
Sept1  rute ASMB 4 73 151 96.41 7.61 62 36 203 0 0.884 In 3.86
Septd4 rate ASMB 10 217 18 66 5.21 42 3% 20 0 0.9% In 3.56

Sept 13 rate ASMB 4 64 151 19.35 1.53 12 38 220 0 098! in 4.66
Sept 16 rate ASMB 3 56 151 40.47 321 27 34 178 0 0952 In 3.95
Sept 18 1ate ASMB 2 47 151 16.87 1.33 1 36 192 0 0987 In 4,73
Sept 20 rate ASMB 1 23 151 7.43 0.59 47 36 188 0 0988 In 5.16
Sept?l rate ASMB 1 25 151 7.92 0.63 5 36 201 0 0985 In 5.18
Sept22 rote ASMB 3 71 151 248 196 16 37 231 0 05976 In 4.49

QOct15 rate ASMB 1 32 151 32.2 2.54 21 35 186 O 0977 In 478
Cctlé  rate ASMB 5 8% 151 6682 527 42 37 229 0O 0898 In 427
Oct20 rate ASMB 4 76 151 18.06 1.43 10 45 204 0 0993 In 5.7

Oct23 rate ASMB 4 L] 151 17.56 1.3% 11 40 203 0O 0.986 In 5.26
Oct 26 rate ASMB 3 83 151 3544 2.8 22 37 190 0 0962 in 4,27
Dec24 ai Bunker 4 g9 151 25207 1794 250 1 1.8 0O 0.487 In 0.048
Dec 28 oil Gosoline 1 19 151 73.61 668 B7 BB 134 0 0983 In 10.1

Dec 2%a oi Gasoline 0.5 4 151 20 1.81 1.6 %92 %1 0 0922 In 12.1

Dec 290 il Gosoline 0.5 2 15 20 181 23 8% 195 0O 0889 In 15.9
Dec 29c Oil Bunker 3 72 151 20.06 1.34 19 6 196 0O 0875 In 0.473

1994

Jon] il Prudhoel 2 49 151 20 1.49 17 15 215 0 0.993 Iny 1.65
Jand o Prudhoe? 3 71 151 20 1.49 16 19 213 0 0997/ in 217
Jané o Ormutsion 1 26 151 20 134 92 54 212 0 0.95 In 6.4

Jan7  oil Orirmutsion 1 20 5 20 134 15 26 12 0 095 In 3.38
Jan8 i Brenf 2 48 151 40 3.18 27 33 18 0 099 (33 392
Jan 10 i Brent 1 27 151 20 1.59 12 38 216 0 09 in 4.06
Jan11  oi Crimuision 1 25 151 40 27 12 49 6 0 0792 In 507
Jan 12 oil Brent 3 &7 151 30 2.38 20 35 1925 0 0N In 403
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Table 4.1 ctd. Summary Table of Experiments to Delineate Oil Evaporation Behaviour
Date Prime Oil Days Tolal ron (cm") initlat Initial (mm) End % Temp WInd & Best  Best Equation
1993 Purpose  Type Llength Time (h) Arec  Weight(g) Thickness Wi Evap € m/s_ Equaion Eqg
Jan 15  cil Brent 3 74 151 50 397 33 33 181 © 098 In 397
Jan 18 o Endicott 2 42 151 30 3.62 4 9 200 0 0572 In 0.926
Jan 20a oil Av Gas 80 1 151 20 1.91 0 100 56 0 0574 In 14.8
Jon 206 oil Av Gas 80 1 2 151 20 1.91 0 100 18 0 0964 In 15.4
Jan 20c ol Issungnak 2 47 151 20 1.56 16 22 19 0 0947 In 223
Jan22 oil Tema Nova 2 43 151 20 1.54 17 17 188 0 09N In 1.93
Jan24  oil Heating Ol 4 25 151 20 1.53 12 39 56 0 0852 sq.rt 3
Jan 28a oi Jetaoruet 0.5 4 151 20 1.71 42 79 208 0 0915 In 9.43
Jan 28b ol Prughos Bay 8 190 51 30 223 23 24 N2 0 098 In 236
Feb5 oi sontaClara 2 48 151 20 1.44 16 18 241 0O 0.9467 In 2.3
Nov 14a compon, 2Zcempon. 0.5 7 151 20 1.77 39 8 17 0 0999 lin 0.2
Nov 14b compon.  4compen. 0.5 11 151 20 172 1.9 91 237 0O 0995 sq.rt. 3.2
Nov 150 compon. 3-compon. 0.5 5 151 20 1.74 1.9 91 20 0 0.988 linear 0.353
Nov 15b compon,  é-compen. 2 49 151 20 1.7 1.7 92 19 0 0948 sg.rt. 179
WNov 17 compen.  S-compan. 1 27 151 20 172 16 92 212 0 0985 sqg.rt. 225
Dec 10 compon, !4compon. | 21 151 20.03 1.7 56 72 1846 0 0975 sar. 217
Dec 11 compon.  13-compon, 1 30 151 204 1.71 59 7N 19 0 0923 sq.rt. 193
Dec 12 compon, 12-compon. 1 25 151 20.09 1.71 7 65 8 0 0984 sq.rt. 1.8
Dec 13 compon. Vlcompon. 4 2 151 20.2 1.72 4 80 92 0 0916 sq.n 126
Dec 17 compon. 10<cempon. 2 50 151 2005 1.7 55 72 222 0 0913 sqg.rt. 152
Dec 19 compon. 9-compon. 2 40 151 20.17 1.71 74 63 184 0 0954 sqg.urt. 1.44
Dec 21 compon. 8-compon. 1 29 151 20 1.7 79 61 234 0 0956 sq.rt. 1.6
Pec 22  compen, 7-compen. 1 25 151 20 1.7 72 64 23 0O 0968 sg.rt, 177
Dec 23 oiltype Komineft 5 128 151 1288 1.02 88 32 233 0 0995 In 34
Dec 28 oitype Federated & 142 151 20 1.58 12 40 231 0 0.982 In 4.44
1995

Jan3  oitype Federated 4 95 151 20 1.58 13 34 15 0 0985 In 3.99
Jan7  oitype Federateds 4 96 151 20 1.5 12 38 15 1& 0.988 In 4.42
Jan 11 citype Avalon 3 70 151 20 1.56 B8 9 15 © 0.96 In 2.08
Jan 14  citype Gulfaks 4 89 151 20 1.61 15 26 15 0 0983 In 2.89
Joan 18  oiltype Brent 3 79 151 20 1.58 13 3 15 0 0995 In 4,23
Jan 21 oiltype  Amauligok  § 120 151 20.14 1.5 15 24 15 O 0.952 In 2.3
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curve fitting using the program TableCurve, as noted above. Table 4.2 shows the ‘Best’
fit equations for each oil used in this test. This table clearly shows that three ‘simple’
equations fit best for different situations, Obviously, more complex equations, that is
those with more parameters, can fit the data better, and thus the criteria for best fit also
includes the simplest form of an equation. For regular oils, logarithmic equations fit best
in so far as they are the simplest equations that have only two parameters or less with the
highest regression coefficient, R>. Pure substances including the hydrocarbons and
water, evaporate in a linear manner (loss with respect to time), Heating oil - similar to
diesel fuel - fits a square root equation best. This oil was chosen to represent a different
situation. Heating oil is a refinery product with a very narrow ‘cut’. The oil has few
compounds and probably is dominated by about 4 compounds compared to several dozen
for a typical crude oil (Whiticar, Bobra et al., 1993). Other oils can also show this
behaviour, FCC Heavy Cycle, or certain Bunker fuels where diesel is an ingredient (this
will be demonstrated in Chapter 6).

To test whether the type (or shape) of the curve is a result of the number of
components evaporating, a series of experiments was conducted using pure
hydrocarbons. Table 4.3 gives the constituents of the hydrocarbon mixtures. Table 4.4
shows the number of components and the “best” power factor for each experimental run
with the specific number of components. An experiment was conducted and the data fit
to the equation Y= a + bX", where Y is the percent of the artificial component mixture
evaporated, a and b are empirical constants, X is the time and e is the power exponent.
The component mixture changes composition somewhat as it progresses past 10
components. More volatile components were used to produce the new mixture from 10 to
15 components. The results are shown in Figure 4.1. The best fit resulted from using a
power equation. As can be seen, the number of components evaporating changes the
curve type smoothly until the mixture changes to the more volatile components noted. A
logarithmic curve is approximately a power factor of 0.35 for the values of time used in
this study (10 to 2000 minutes), thus approximately 10 components evaporating are
required to yield a logarithmic curve. The graph indicates also that those oils (such as

FCC Heavy Cycle, heating oil and diesel fuel) which show a square root equation as
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Table 4.2 Best-Fit Equations for Each of the Qils

Experiment Date Oil or Substance Best Equation* Rank Chosen Equation R? - Chosen Equation

June 21 ASMB 8010 3 0.991
June 23 ASMB 36 5 0.978
June 24 ASMB 57 6 0.97

June 25 ASMB 13 1 0.99

Juiy 2 ASMB 76 9 0.937
July 3 ASMB 57 8 0.975
July & ASMB 57 8 0.954
July 9 ASMB 57 11 0.952
July 16 ASMB 57 6 0.96

July 20 ASMB 57 8 0.963
Aug 30 ASMB 78 13 0.879
Sept 1 ASMB 57 8 0.886
Sept 4 ASMB 57 9 0.937
Sept 13 ASMB 57 3 0.981
Sept 16 ASMB 57 6 0.952
Sept 18 ASMB 57 2 0.987
Sept 20 ASMB 57 2 0.988
Sept 21 ASMB 36 4 0.985
Sept 22 ASMB 57 4 0.976
Oct 15 ASMB 57 3 0.977
Oct 16 ASMB 57 4 0.98

Qct 20 ASMB 13 1 0.993
QOct 23 ASMB 76 2 0.986
Oct 26 ASMB 57 5 0.962
Dec 24 Bunker 11 41 0.687
Dec 28 Gasoline 59 8 0.983
Dec 29a Gasoline 8010 23 0.922
Dec 29b Gasocline 10 20 0.889
Dec 29¢ Bunker 8010 22 0.875
Jan 1 Prudhoe1 8010 3 0.893
Jan 3 Prudhoe2 13 1 0.897
Jan 6 Orimulsion 1 60 12 0.95

Jan7 Orimulsion 2 81 il 0.951
Jan 8 Brent 35 3 0.995
Jan 10 Brent 56 2 0.991
Jan 11 Orimulsion 59 41 0.792
Jan 12 Brent 94 3 0.991
Jan 15 Brent 58 6 0.986
Jan 18 Endicott 59 7 0.972
Jan 20a Av Gas 80 59 6 0.974
Jan 20b Av Gas 80 8010 25 0.964
Jan 20¢ Issungnak 8010 13 0.847
Jan 22 Terra Nova 8010 2 0.971
Jan 24 Heating Cil 58 20 0.852
Jan 28a Jet 40 Fuel 59 21 0.915
Jan 28b Prudhoe Bay 57 3 0.986

Feb 5 Santa Clara 59 8 0.967




Table 4.2 ctd.

Experiment Date

Best-Fit Equations for Each of the Qils

Qil or Substance Best Equation* Rank Chosen Equation R? - Chosen Equation

Nov 14a 2-component 8010 3 -linear 0.999
Nov 14b 4-component 73 5 - square -12 0.995
Nov 15a 3-component 60 14 - linear 0.988
Nov 15b 8-component 36 9 -square -12 0.948
Nov 17 5-component 36 9 - square -12 0.985
Dec 10 14-compeonent 60 6 - square -12 0.975
Dec 11 13-component 59 13 - square -12 0.923
Dec 12 12-component 59 5 - square -12 0.984
Dec 13 11-component 36 13 - square -12 0.916
Dec 17 10-component 36 13 - square -12 0.913
Dec 19 9-component 10 11 - square -12 0.954
Dec 21 8-component 59 10 - square -12 0.956
Dec 22 7-component 36 8 - square -12 0.968
Dec 23 Komineft 35 2 0.995
Dec 28 Federated 36 5 0.982
Jan 3 Federated 57 4 0.985
Jan7 Federated 57 2 0.988
Jan 11 Avalon 8010 4 0.96
Jan 14 Gulfaks 57 6 0.983
Jan 18 Brent 35 2 0.995
Jan 21 Amauligak 10 13 0.852

* Equations noted above are:

10=y=a+b(Inx?)

12=y=a+bx"* (nar. cut)
13=a + b Inx (standard log)

35=Iny=x+bfinx

36=Iny=a + b/x"*

56=1fy=a+b/Inx

57=1/y=y+a+b/x"°

58=1/y=a+blnx/x
59=1/y=a+b/x
60=1/y=a+b/x'>

73=y**=a+b(Inx)?

76= y*3=a+blnx
94=y’=a+b(Inx?)
8010=y=a+bx"
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Table 4.3

Number of Components

T o0V o Neo b ORN =

- = -y
N bW N

Constituents of the Hydrocarbon Mixtures

Equal Mass Constituents
Heptane

Heptane, Octane

Heptane, Octane, Nonane

Heptane, Octane, Nonane, Decane

Heptane, Octane, Nonane, Decane, Undecane

Heptane, Octane, Nonane, Decane, Undecane, Hexadecane
#5 above and Dodecane

#5 above and Dodecane, Tridecane

#5 above and Dodecane, Tridecane, Benzene

#5 above and Dodecane, Tridecane, Benzene, Toluene

#9 above and p-Xylene

#9 above and p-Xylene, Ethyl Benzene

#9 above and p-Xylene, Ethyl Benzene, Decahydronaphthalene
#12 above and Propyl Benzene

#12 above and Propy! Benzene, Cyclohexane

. Table 44 Power Exponents for Multiple-Component Evaporation

Components Best-Fit Power Factor

1

w o ~N O W

1
"0.998
0.994
0.588
0.494
0.252
0.36
0.31
0.283
0.202
0.23
0.41
0.263
6.463
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Best Fit Exponential Factor

Figure 4.1

The Evaporative Behaviour of Multiple Comperients

Rank 1 Eqn 8002 y=a+bexp(-x/c) [Exponential]
r=0.845 DFAdjr=0.798 FitStdEr=0.124 Fstat=300
a=0.249 b=1.47
c=3.56

0 ' 5 10 15

Number of Components
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having the best fit, have approximately 5 components evaporating,.

4.4 Conclusions

Pure compounds evaporate in a linear manner, Most crude oils, consisting of
hundreds of compounds, evaporate in a logarithmic manner, that is the loss of mass is
logarithmic with time. This behaviour is due to the number of components evaporating at
once, each of which has a linear evaporation behaviour. The envelope of these linear
rates results in a logarithmic curve. This can be illustrated by the Figure 4.2. This figure
shows the schematic of how the logarithmic curve can be formed by the envelope of
several components evaporating in a linear manner.

The study of the nature of the evaporative curve shows that ‘best’ fit largely
depends on the number of components evaporating simultaneously. Pure compounds
evaporate in a linear fashion. Mixtures of components between about 3 and 7
components evaporate as a square root with time. Logarithmic equations result when

approximately 7 or more cumponents evaporate simultaneously.
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Figure 4.2

Schematic Showing how Logarithmic Behaviour
Can Result from Linear Multiple-Component Behaviour
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Chapter S The Application of Traditional Boundary Layer Regulation
5.1 Abstract

Experiments were conducted to determine if oil and petroleum evaporation is
boundary-layer regulated. Experiments included the examination of the evaporation rate
with and without wind, in which case it was found that the evaporation rates were similar
for all wind conditions but different for the no-wind conditions. Experiments where the
area and thickness varied showed that boundary-layer regulation was applicable only for
a short time after the start of evaporation. Under all experimental and environmental
conditions, oils or petroleum products were not found to be strictly boundary-layer
regulated. Experiments on the rate of evaporation of pure compounds showed that
compounds larger than Decane, with an evaporation rate of 0.01 g/min, are not boundary-
layer regulated. Most oils and petroleum products contain few compounds smaller than
decane and thus their evaporation is not strictly boundary-layer limited. Other data are
presented which explain the lack of boundary-layer regulation, including the length of
times that an oil or petroleum evaporation exceeds boundary-layer limits and a
comparison of the air saturation levels of various oils and petroleum products. The latter
shows that the saturation concentration of water is significantly less than that of several
petroleum hydrocarbons. Lack of boundary-layer regulation for oils is then a result of
both this higher saturation concentration as well as a low (below boundary-layer value)

evaporation rate on the average.

5.2 Introduction

As noted in Chapter 1, evaporation can be viewed as consisting of two
fundamental components, basic evaporation itself and regulatory mechanisms. Basic
evaporation is that process consisting of the evaporation of the liquid directly into the
vapour phase without any regulation ov. .t than by the thermodynamics of the liquid
itseit. Regulatory mechanisms are those processes which serve to regulate the final
evaporation rate into the environment. For wuter, the main regulation mechanism is

boundary layer regulation. Boundary layer regulation operates by limiting the rate of
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diffusion, both molecular and turbulent diffusion, and by saturation dynamics. Molecular
diffusion is the movement of molecules through still air. The rate for turbulent diffusion,
the combination of molecular diffusion and movement with turbulent air, is on the order
of 107 slower than that for maximum evaporation. (Jones, 1992).

If evaporation of oil were like that of water and were boundary-layer regulated

one could write the mass transfer rate in a general form as:

E~KCT,S .1)

where E is the evaporation rate in mass per unit area, K is the mass transfer rate of the
evaporating liquid (presumed constant), C is the concentration of the evaporating fluid as
a mass per volume, T, is the turbulence factor, S is a factor that relates to the saturation
of the boundary layer ¢hove the evaporating liquid. 1If the air is already saturated with the
compound in question, the evaporation rate is zero. This also relates to the scale length of
an evaporating pool, considering that the air above a large pool is much more likely to be
saturated than above a small pool.

Boundary layer regulation was assumed by several workers in the field to be the
primary regulation for oil and petroleum evaporation. This assumption was never tested
by experimentation as revealed by the literature search, detailed in Chapter 2. The
implications of these assumptions are that evaporation rate for a given oil is increased by:

- increasing turbulence

- increasing wind speed (U)

- increasing the surface area of a given mass of oil

- decreasing the scale size of the evaporating area (note the balance between this

and the above factor)

- decreasing the slick thickness (i.e. spreading the oil out).

These factors can then be verified experimentally to test if oil is boundary-layer

regulated or not. This formed the basis of experimentation described below.
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5.3 Experimental

The following six experiments were conducted:

1. Measurement of the evaporation rates of oils with and without wind. This
experiment is a direct test of the boundary layer hypothesis. Three outcomes are possible
First, oil could evaporate at an increasing rate with increasing wind speed (evaporation
rate varies as U™ where x varies between 0.5 and 0.78, depending on the turbulence
level). Second, o increase with wind speed could be observed, and thus boundary layer
regulation is not a factor. Third, the result could be in between, so that oil may be
boundary-layer regulated under some conditions or some oils may be boundary-layer
regulated and others not. Several types of oil were used, as well as water for the purpose
of comparison.

2. Measurement of the variation of evaporation with slick thickness. If thinner
sticks evaporate more rapidly, then oil is boundary-layer regulated. This experiment is
not as definitive as the first experiment because of the simple relationship of thickness
with volume and area.

3. Study of the effect of evaporation area. If increasing area increases the
evaporation rate, boundary regulation is a factor. Again, there is a relationship to spill
volume and thickness and thus the experiment is not definitive by itself, especially
without considering the volume or mass of the spilled oil.

4, Study of the effect of volume evaporating on the evaporation rate. If the
volume or mass of the spill, with the same area, increases the evaporation rate, the
process is not boundary-layer regulated and vice versa.

5. Study of the evaporation of pure hydrocarbons - with and without wind. This
study is to ascertain which hydrocarbons (by hydrocarbon number, eg. C6=hexane) are
boundary-layer regulated and which are not. This can then be related to the oil
evaporation in a quantitative way. Alberta Sweet Mixed Blend {ASMB) (a light crude
oil) was used for experiments 2 to 5.

6. Study of the evaporation of a highly-evaporated ASMB (Alberta Sweet Mixed
Blend - a light crude oil) residue, combined with pure hydrocarbons - with and without

wind. This study is similar to that above, however is designed to both test the boundary-
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layer regulation of oils and pure hydrocarbons, but also to provide indication of the cause
of oil evaporation behaviour. The addition of the pure hydrocarbons to the oit will show
if there are any effects of either component on the other’s evaporation. As noted in the
literature survey, there is concern that waxes and resins in the oil may form a capping
layer and affect evaporation.

The methodology of weight loss observation has been described in Chapter 3.
Experiments were conducted in the fume hood, with and without wind, also as previously
described.

Since the wind caused the top-loading balance to oscillate, and therefore to
introduce noise into the data, special precautions had to be taken when the wind speed
exceeded 1 m/s. The electronic balance employed does not transmit data when the
instantaneous variation is greater than about 5% and thus this was an indicator of
excessive disturbance from wind. For wind velocities higher than 1 m/s, a timer was
placed on the fan that interrupted the power to the fan every 7 minutes to record 5-7 data
points, spaced at intervals of 0.2 minutes. The first data point after the wind source was
stopped might not be recorded because the scale would not send the data because of
excessive noise, or the first data point might be considered ‘noisy’.

The oils used in the experiment series | included: ASMB (Alberta Sweet Mixed
Blend), automotive gasoline, and FCC Heavy Cycle (a refinery intermediate of narrow
cut). All oils were used from a cooler in Environment Canada laboratories where they
were stored in closed Nalgene containers and kept at 15°C. The oils were obtained [rom
various oil companies by Environment Canada over the past three years. Properties of
these oils have been characterized (Whiticar et al., 1992). Oils were shaken by hand
before use to ensure that the portion used was homogeneous. The 34.5% weathered
ASMB was obtained from the Environment Canada laboratory. The oil had been
weathered by using a rotary evaporator to a weight loss of 34.5%. The pure hydrocarbons
were obtained from Aldrich Chemical, Milwaukee, Wisconsin, Propertics of all the test
fluids are given in Table 5.1.

Evaporation data were collected on a dedicated lab computer and subsequently

transferred to other computers for analysis, As noted in Chapter 3, most data were fit with
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an exponential curve on the basis of the highest regression coefficient (R?).

Table 5.2 summarizes the experiments conducted and the basic variables for each.

5.4 Results and Discission

The results are presented in the order of the experimental series:

1. Experiments on the evaporation of oil with and without wind, were conducted
with three oils, ASMB, Gasoline, FCC Heavy Cycle, and with water. Water formed a
baseline data set since much is known about its evaporation behaviour (Jones, 1992;
Brutsaert, 1982). Regressions on the data were performed and the equation parameters
calculated, are shown in Table 5.3. The plots of wind speed versus the evaporation rate
for each oil are shown in Figures 5.1 to Figure 5.4. The equation exponent, the
evaporation rate in terms of the constant in the best fit equation, is plotted in each case.
The plots where the evaporation rate is given as a weight loss, are presented in Figures
5.5 to 5.8. These show that the same relationship has been determined whether one uses
the percentage of oil evaporated or the actual weight. Hereinafter, both sets of values
will not be plotted, since the relationship is basically the same.

Figures 5.1 to 5.8 show that the evaporation rates (taken either as a percentage or
as weight loss) for oils and even the light products, gasoline and FCC Heavy Cycle, are
not increased by a significant amount with increasing wind speed. In most cases, there is
a rise from the 0-wind level to the 1-m/s level, but after that, the rate remains relatively
constant, The FCC Heavy Cycle shows this effect to the largest degree. This can be
compared to the evaporation of water, as illustrated in Figures 5.4 and 5.8. These data
show the classical relationship of the water evaporation rate correlated with the wind
speed. This, by itself, would appear to indicate that the oils used here are somewhat
boundary-layer regulated, but only to the degree that the effect is seen in moving from 0-
wind to 1 m/s, and not thereafter.

The'evaporation data (percent weight loss versus time) are shown in Figure 5.9 to
5.13. These again illustrate the difference in wind effect for oils and water, and that only
at the 0-wind level is there an increase in oil evaporation.

The rates of evaporation compared to the wind speed are shown for all the liquids
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Table 5.1 Properties of the Test Liquids
Name Description Density Boiling Point
g/mL °c
ASMB Alberta Sweet Mixed Blend - A common crude 0.839 in. 37
oil in Canada (in. =initial)
Water 1 100
FCC-heavy A highly cycled refinery intermediate containing 0.908
few components
Gasoline Standard automotive gasoline 0.709 in.5
Benzene Pure Hydrocarbon - C6 0.879 80.1
Dodecane  Pure Hydrocarbon - C10 0.749 213
Undecane Pure Hydrocarbon - C11 0.742 196
p-Xylene Pure Hydrocarbon - C8 0.861 138
Nonane Pure Hydrocarbon - C9 0.722 151
Decane Pure Hydrocarbon - C10 0.73 174
Heptane Pure Hydrocarbon - C7 0.684 98
Octane Pure Hydrocarbon - C8 0.703 126
Decahydron Decahydronaphthalene - pure hydrocarbon 0.893 195
Cci0
Tridecane  Pure Hydrocarbon - C13 0.755 226
Hexadecane Pure Hydrocarbon - C16 0.773 287
WAS-345 Weathered Alberta Sweet Mixed Blend - 34.5% 0.883

by weight removed through evaporation
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used in this study, in Figure 5.14. This figure shows the evaporation rates of all test
tiquids versus wind speed. The lines shown are those calculated by linear regression
using the graphics software, Sigma Plot, Washington, D.C. This clearly shows that water
increased, as expected, in a strong linear relationship with increasing wind velocity.

All the above figures show that oil is only slightly, if at all, boundary-layer
regulated, perhaps only affecting the very initial rates after turbulence is applied. Water

shows the classic boundary-layer regulation.

2. Experiments In Thickness Variation

A series of experiments where thickness was varied, but not the area, was
conducted. Of necessity, the volume was varied and as noted above, volume alone, has
the opposite effect of thickness in terms of boundary layer regulation. Data are given in
Table 5.4, All data are for Alberta Sweet Mixed Blend Oil (ASMB). Data are illustrated
in Figure 5.15. This figure shows large scatter between evaporation rate and thickness
and thus that thickness is only weakly correlated with evaporation rate. These results are
not conclusive with respect to boundary-layer regulation because the volume was directly

varied with thickness.

3. Evaporation Rate and Area Correlation

Alberta Sweet Mixed Oil was also used to conduct a series of experiments with
varying area. The mass of the oil was kept constant so that the thickness of the oil would
also vary. However, the greater the area, the lesser the thickness and both factors would
increase oil evaporation if it were boundary-layer regulated. Table 5.5 shows the data
from these experiments and these are illustrated graphically in Figure 5.16. These data
show at best a weak correlation of thickness and area with evaporation rate. Because of
the driving regulation of volume, thickness and area, the upward tendency shown in
Figure 5.16 may be due to correlation with thickness or volume rather than a slight
increase in area. Because of the poor correlation shown in Figure 5.16 one can conclude
that evaporation rate is not correlated with area, and that the evaporation of oil is not

boundary-layer regulated to any significant degree.
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Table 5.2 Experiments Conducted to Test Boundary Layer Regulation
Date bime Qi Days foial  Penfem?) inital intlal (mm} End % Temp Wind vorable Vorioble ' Best  Best $ingte
Series 1993  pupose  Type length Nme{hs) Ao loading(g) ‘hickness Wh  Evap © mis Valve  Equotl E » 1
2( June 21 Thickness ASMB 1 15 151 8.18 0.85 53 36 212 0 ek 065 0591 n 535
June 23 Thickness ASMB 1 22 268 16.29 0.72 n 3 2 0 ek 072 0978 3} 474
June 24 Thickness ASMB ! 23 270 29.49 1.3 20 32 218 0 hick 1.3 Q.97 n 4.43
June 25 Thickness ASMB 7 182 1351 8.04 063 45 44 225 0 miek 0463 099 in 4.95
July 2 Thicknass ASMB 3 15 151 2014 1.5% 14 30 224 0 hiek  1.59  D0.937 I 4.05
July 3 Thickness ASMB 2 51 151 22.52 1.78 15 35 21% Q thiek 1,78 D975 I 436
July 5 thickness ASMB 2 &5 15} 27.15 2.14 17 36 244 0 thick 2,14 0.954 In 4.26
July @ Thickness ASMB 1 25 151 34.1 2.69 27 38 238 D thick 2,49  D.952 In 4.5
July 16 Thickness ASMB 41(5) 73 151 35.98 284 24 32 217 0 ihick  2.84  0.96 In 3a
July 20 thickness ASMB 2(8) 3 151 57.67 4,55 39 32 228 0 miew 455 0943 n 409
Aug 30  Thickness ASMB 1 18 151 11503 2.08 85 26 200 O ek 908 0.879 n 3.07
Sept | Thickness ASMB 4 73 151 96,41 7.51 §2 36 203 0 mick 7.1 0886 In 3.84
3| Sept4 Thickness ASMB 10 217 i51 &4 521 42 38 20 0 hick 521 0937 In 3.56
Sept 13 hickness ASMB 4 64 151 19.35 1.53 12 38 221 0 thick  1.53  0.98) n 4.64
Sept 16 Thickness ASMB 3 56 151 40.67 3.21 27 34 178 O thick 321 0.952 In 3.95
Sept 18 Thickness ASMB 2 47 153 16.87 1.33 1 36 1982 0O Ihick 1,33 0.987 In 4.73
Sept 20 Thickness ASMB 1 23 15 7.43 059 47 36 188 0  wick 059 0988 In 5.6
Sept 21 Thickness ASMB 1 25 151 7.92 0.63 5 3 200 0 Ihick  0.63 0.985 n 518
Sept 22 Thickress ASMB 3 71 151 248 1.94 16 37 231 0 ek 196 0976 In 4.49
QOct 15 Trickness ASMB 1 32 151 322 2,54 21 35 1846 0 ik 254 0977 n 4.78
QOct 16 Thickness ASMB 5 89 151 46,82 527 42 37 229 O tick  5.27 0.98 In 4.27
Oct 20 Thickness ASMB 4 76 151 12,06 1.43 10 45 204 © ek 1.43 0993 In 5.7
Qct 23 Thickness ASMB 4 b6 151 17.56 1.3¢ 11 40 203 O ik 1.3%9 0986 In 5,26
Q26 Thickness ASMB 3 88 151 35.44 2.8 22 37 191 0 mick 28 0962 I 4,27
1994
7| Feb? Area ASMB 3 50 16 10 7.45 7.0 2% 242 0 aea lécm'  (0.969 In 295
Feb ¢ Area ASMB 1 23 16 5 372 34 31 239 0 aea lscn’ 096 In 3.67
Feb 10 Area ASMB 1 21 14 212 1.58 146 24 8 0  aea lscm’ 072 I 289
Feb 11 Area ASMB i 25 16 1.06 D7¢ 07 32 246 0 awa them' 0791 In 5.23
Feb 12  area ASMB 2 50 62 20 384 i4 32 225 0 aren 42em' 0,992 n 3.52
Feb 14  arec ASMB 1 22 62 10 1.92 72 28 1546 O aea  2cm’ (L9946 In 377
Feb 15  aArec ASMB 1 26 62 8.2 1.58 54 3 253 0 aea d2cm’ 0982 In 4.35
Feb 16 Arec ASMB 1 23 62 4.1 079 27 33 238 0 areq 2cm' D994 In 4,57
Feb 17 Arec ASMB 1 24 141 20 1.48 14 32 21 o] area  lélem' 0,987 In 3.78
Feb 18  aec ASMB 1 23 141 10.7 0.79 75 30 252 0 aeo télcm' D973 In 4.07
Fel> 19  Areo ASMB 2 50 161 214 1.58 14 35 239 0 aea wem 0.94] In 3.66
Feb 21 Area ASMB 5 83 141 50 37 33033 w10 asa 16l am' 0933 i 316
Fek 26  Area ASME 2 50 141 30 222 19 36 21 0 awa 1bem’ 099 In 4.7
Feh 28  Area ASMB ] 25 161 10 D.74 6% 32 20 0  cea ls1cm' 0953 In 4.06
Mar0l  area ASMB 3 74 206 273 1.58 18 35 1B 0 oeo 206c’ 0984 In 3.63
Mar 04  area ASMB 1 20 204 13.45 c.79 87 37 21 0  oea 206cny’ 0974 3] 5,27
Marl5S aea ASMB 2 51 206 20 1.16 13 33 19,5 O arsa  206cn' 0943 In 3.4
Mar07  Area ASMB 2 44 151 20 1.58 13 34 205 0 arga  151em' 0,993 In 4,18
Mar 09 Area ASMB 1 26 i51 10 0.7¢% 6.5 35 19 0 asa 151 em’ 0.994 In 18
8| Mar 10 wind ASMB H 23 151 20 1.58 13 37 229 145 wind 1O0ms 098 In 5.28
Mar 11 wind ASMB 1 24 151 20 1.58 13 37 22 145 wind 1omfs 0972 In 5.3
Mar 12 wind ASMB 2 42 151 40 3.4 25 37 231 145 wind 10mp 099 In A77
Mar 14 wind ASMB 2 44 151 40 316 25 3 212 145 wing 10mp 0993 In 477
Mar 16d wind water 0.5 3 151 20 1.32 1.9 91 218 145 wind ~1oms  0.997 fin 0.592
Mar 18D wing Waler 0.5 3 151 20 1.32 1 95 218 145 wind loms 0.997 lin 0.612
Mar 16¢c wind water 0.5 3 151 40 2,65 18 55 218 1.45 wind 10mps 0999 lir 0.34
Mar 146d wind ASMB 1 Z1 151 20 1.58 13 37 221 145 wind temys 0.981 In 517
Mar 17 wind ASMB 1 22 151 20 1.58 12 38 214 145 wnd 1emp 0.949 in 527
Mar 18 Wind ASMB ) 23 151 20 1.58 13 37 214 185 wind 1amps 0996 In 515
Mar 19 wind ASMB 2 46 151 40 3.14 25 3% 227 1.5 wind lLémss 0.986 In 4.7
Mar 21 wind ASMB 1 s} 151 20 1.58 12 3% 228 1.65 wind lLéms 0977 In 543
Mar 224 wind water 0.5 1 151 20 132 446 77 217 145 wind 1emfss 0578 lin 0.512
Mar 22b wind ASMB 1 17 151 20 1.58 13 37 239 145 wind 16ms 0.978 In 547
Mar 23a wind Water 0.5 3 151 20 1.32 27 87 222 145 wind 1a&mp 0.999 lin 0.515
Mar 23b wind Water 0.5 5 151 40 265 3.4 92 236 1.65 wind lémp 0.987 lin 0312
Mar 23¢ wing ASMB 1 22 151 20 1.58 12 39 243 145 wvind Le&mpr 0.981 In 5.54
Mer 24q wind wWater 0.5 I 151 20 132 8.6 57 234 185 wind Zzimp 0998 lin 0.7
Mar 24b wind ASMB 2 44 151 40 alé 25 37 23 185 wing zims 099 In 4.85
Mar 26 wind ASMB 1 é 51 20 1.58 14 32 217 1.85 wing 23y (0993 In 5.78
Mar 26b wind ASMB 2 kY 151 40 316 25 38 204 185 wind 29 0993 In 4,99
Mar 28a wind Water 0.5 2 15t 20 1.32 45 78 218 185 wne 2amps 0974 fin 0,603
Mar 280 wind water 0.5 5 151 40 2,65 28 93 2246 185 wing 2imp 0998 lin 0.3%%
Mar 28c wind ASMB 1 12 151 20 1.58 13 35 224 185 wind 20mjs 0.993 In 5.52
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Table 5.2 cid. Experiments Conducted fo Test Boundary Layer Regulation
Date time Ol Days Tolal  fanfcm? Initial mitiol (mm) End % temp Wind varcble Veriobie K Best  Eest Single
Series 1993  rurpose  Type Langth Time [h] Arsa  Loading (g) Thickness Wi,  Evap © m/s valua quotion P
Mar 29  wind FCC-huovy 1 32 151 40 2.92 30 26 217 185 wind 21mss 0987 sq.n. 0.557
Maor 30a wind Gasoline 0.5 ] 151 20 1.87 45 78 2246 185 wind zZimps 0983 In 18.2
Mar 30b wing Gusoling 0.5 2 131 40 374 94 F7 224 185 wind ZImps Q975 In 15.4
Mar 30 wind O heavy 1 22 151 20 1.44 14 30 223 185 wne 2ims 0996 sart. 08
Mardl  wind ASMB 1 21 151 20 1.58 12 39 234 38 wing 25m/s 0.981 In 5.82
April g wind Water 0.5 1 151 20 1.32 b6 67 224 38 windg 25ms 0.997 lin 1.02
April 1B wind Wwater 0.5 Y4 151 40 265 20 50 222 3B wind 25ms 0999 lin 0.56
Aprl 1c  wind Gascline 0.5 o} 151 20 1.87 5% 70 223 38 wind 2smis 0.984 In 21.6
April 1d  wind Gasoling 0.5 1 151 40 3.74 14 44 219 3B wing 25mjs 0994 In 16.6
April 2a  wind Water 0.5 3 1531 20 1.32 i3 38 217 0 wing 0 0.99¢9 fin 0.184
April 2b wind FCC-heavy 2 47 151 40 292 23 41 214 38 wing 25ms 0994 sq.rt. 0785
Aprl4  wind FCC-heavy 2 ki 151 20 146 93 54 22 38 wind 25mps 0997 sq.rt. 113
Aprité  wind ASMB 2 34 151 20 1.58 12 40 225 38 wind 25mps D993 In 5.52
April 7 wind ASMB 1 18 151 40 316 26 36 21 38 wind 25mss 0.997 In 5.21
April 8o wind Waler 0.5 1 151 20 132 49 75 22 38 wind 25mis 0986 lin 1.04
April 82 wind Water 0.5 2 inl 40 255 12 70 229 3B wing 25mss (0974 [ta] 0.602
Apiil 8C  wing FCC-heavy 1 19 iS5t 20 1.46 14 31 23 38 wing 25mss 0992 sq.rt. 0.905
Aprl 80 wing Gasoline 0.5 1 151 20 1.87 4.6 77 221 1.45 wind lémis 0994 n 19.7
April 92 wind Gasoiine Q.5 3 151 40 3.74 68 B3 224 1.45 wind 14mis D983 In 16.6
April 9c wind FCC-haovy 2 40 151 40 292 27 33 223 1.65 wind 14mfs 0.997 sq.rl. 0.669
April 110 wind Gasoline 0.5 ] 151 20 1.87 48 74 218 1.45 wind 10m/s 0.992 In 19.5
Aprl 115 wind Gasoline 0.5 2 151 40 3.74 92 77 220 1.45 wind 1Omss 0973 In 16
April 11 ¢ wing fCChaae 1 21 15 20 146 34 31 231 145 wing 10ms 059  sa.rt, 0887
Apt12 wind  fcCheaw 2 Ll 151 40 292 Z5 36 242 145 wind 10ms 0996 sq.rh. 0.6
April 14 wind FCC heavy 2 44 151 20 1.44 16 18 24 0  wind o3 0.986 sq.rt. 0308
April 160 wind Water 0.5 3 151 20 132 14 29 239 0 wind 0 0,999 lin  0.179
April 16D wind FEC heavy 4 87 151 40 252 33 17 239 0 wind 0 0.996 In 0.216
Aprll 20a Wind Water 0.5 8 151 40 2.65 23 4l 25 0 wind 0 0.999 lin 0.088
April 20b wind Water 1 14 151 40 2.65 11 72 25101 0 wind 0 0.798 lin 0.0778
April 210 wind Gosaline 0.5 7 151 20 187 48 76 225 0 wind 0 0.92 In 8.55
April 21h wind Gasoline 1 17 151 40 374 82 B0 235 0O  wing 0 0.944 In 9.43
April 220 Wind Wwaler 0.5 [ 1581 20 132 76 42 23 0 wind 0 0.99 lin 0,178
10| Sepl 22a pue cmpd, Benzene 0.5 2 151 20 1.51 35 83 23% ¢© rate 0.99% firy 0.689
Sept 220 pure empd. Dodecane 2 45 151 20 1.77 16 18 233 © rate 0.999 fin  0.0068
Sepl 24 pure cmpd. Undecane 2 44 151 20 1.79 9.4 53 243 0 rote 0.999 fin 0.0193
Sepl 24a Pure cmpd. p-Xylene 0.5 7 151 20 1.54 73 63 24 0 rate 0.989 iin 0.161
Sept 26k rue cmeg. Nonone 1 11 151 20 183 3% 8 24 0 rote 0,992  lin 0.117
Sepl 27 Pue cmpe. Decane 1 1?1581 20 181 93 54 223 0 e 0998 lin  0.0498
Sepl 280 pus empd. Heptane 0.5 3 151 20 1.94 83 5 185 © rate 0.999 lin 0.324
Sepl 28b Pue empd. Octone 0.5 3 151 20 1.88 13 3 204 0 rale 0.997 in 0.221
Sepl 2BC pue cmpd. Decahyarone ] 18 151 20 1.48 13 3 21 0 rate 0.996 g} 0.0351
Qct & Pure cmpd, Tridecane | 23 151 20,35 1.79 20 2 211 0 rale 0.986 lin 0.0014
Oct 8 Pure cmpd. Hexadecone 7 167 151 20 1.71 20 1 15 0 rale (0.847 lin 8.25E-05
111 Sepl 290 supcrwesm, Heplare 0.5 0 151 20 194 37 8l 164 145 rote 0999  in 2.82
Sept 29D rus v am. Oclone 0.5 2 151 20 188 4% 75 182 1.45 rote 0.971 lin 1.27
Sept 29C bun conus aw. Undecone | 17 151 20.1 1.8 Bb 57 198 145 ate 0.998 lin  0.0586
Sept 304 runcmen. sw. Nonane 0.5 3 151 20 1.83 23 89 202 145 iote 0.999 fin 0.545
Sept 30D run oo aw, Decane 0.5 4 131 20.5 1.86 7 &6 216 145 rate 0599  lin 0.2
Sept 30C rucnon ww. Heaadecana 3 43 151 203 1.74 20 Q0 223 1.45 rate - {in 0
Ocl7  runcmpusn, Tidegone 1 25 151 20 1.75 18 12 242 145 tote 0.98% lin 0.0078
Oci 170 ruscmo. ww, Benzene 05 0 154 21 1,58 28 87 170 145 rae 0.993 lin 3.68
Oct 178 wow oot aw. P-Xylne 0.5 2 151 23.25 .79 23 50 172 145 rote 0.999 lin 0.756
Ocl 17C rusemmaw. Dodecone 0.5 7 151 20 1.77 89 213 145 role 0.988 lin 00245
Ot 17d pupvopn aw. Dicaryaionap 0.5 14 151 20 1,48 1.2 %4 203 1,45 roe 0.997 lin 0.122
13| Cct 15 Doping WAS-34.5 2 40 151 20 1.58 20 2 18 0 role 0.937 sq.rt. 0.0333
Oct 18 Doping  teponeswas 0.5 8 151 20 1,58 17 17 179 0 rae 0.931 sg.rt. 0.841
Cct 18b bDoping  oodecaracwa 3 64 151 20 1.58 18 ¢ 178 0 ot G972 sq.rt, 0137
Oct2] Dopng wonaneswas | 27 181 20 158 14 19 203 0 rae 0.943 sg.rt. 0535
Oct 22 Doping Tdeconsewas 3 77 151 20 1.58 19 7 21 0 rate C24 sa.rt. 0.083
Oct 26 Doping  Ducaneswas 1.5 34 151 14,93 1.18 12 20 179 0O rate 0974 sq.rt. 0.481
Qct 27 Doging  undecaneswa: 3 70 151 20 108 16 8 16 0 rae 0973 sa.rt. 0.25]
14] Oct 30 popeswind uncecane swa 1.5 4] 151 20 1.58 14 21 20 1 rate 0996 sq.ri. 0.414
Nov 1 Dopeawind Dacare swas | 24 151 20 158 16 21 22 | rate 0.924 sq.rt. 0.597
Nov 2 Dopeiwind Dooscansiwa 3 76 151 20 1.58 16 22 21 | rale 0.97% sq.rt. 0.294
Nov §  Dopeawind igscaneswas 5 125 151 20 1.58 16 18 23% 1 tate 0987 sq.rit. Q.2
Nov 10 Dopeawind Nonaneswas 1 18 151 20 1.58 164 20 212 1 rate 0.854 sq.rl. 072
Nov 11Q Dopedwing Heplanaewas 0.5 5 151 20 1.58 17 18 2041 1 rote 0.7456 sq.rl. 1.22
Nov 11b popeswind WAS-34.5% 3 &4 151 20 1.5 1% 6 IB5 1 rale 0.923 sq.rl.  0.0947
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Table 5.3 Data from the Wind Tests

Date TYPe loadng Curve Coefficients  Wind|Date Type toading  Curve Coefficients Wind
gams 76 €VQAP Abs. WL mis gams 75 evap Abs. WL mls

April25 ASMB 20 422 0844 0 |Nov22 FCCheavwy 20 0414 0117 0
Mar 10 ASMB 20 528 1.06 1 1 April11cFCCheavy 20 0.887 0.178 1
Mar i1 ASMB 20 53 1.06 1 |Mar30c FCC-heavy 20 0.8 0.161 21
Mar 16d ASMB 20 5.19 1.04 1.6 [April4 FCC-heavy 20 113 0225 25
Mar 17 ASMB 20 5.27 1.05 1.6 [April8 FCC-heavy 20 0905 0.181 2.5
Mar 18 ASMB 20  5.15 103 1.6
Mar21 ASMB 20 5.83 113 18 [Nov22 FCCheavy 20 0.414 0.2 0
Mar 22b ASMB 20 5.47 1.08 1.6 [Aprit12 FCCheavy 40 066 0284 1
Mar 23c ASMB 20  5.54 111 1.6 | April9¢ FCC-heavy 40 0.669 0.268 1.6
Mar26 ASMB 20 5.78 116 2.1 | Mar29 FCC-heavy 40 0.557 0.223 2.1
Mar 28c ASMB 20 5.52 111 21 }April2b FCC-heavy 40 0785 0.314 25
Mar 31 ASMB 20 5.82 116 25
April8 ASMB 20 552 1.1 2.5 | April 3a Gasoline 20 122 336 0
April 11a Gasoline 20 19.5 3.9 1
Jui20 ASMB 40  4.09 2 0 | April 9a Gasoline 20 197 393 18
Mar12 ASMB 40 477 1.91 1 | Mar 30a Gasoline 20 182 384 21
Mar 14 ASMB 40 4.77 1.9 1 | Aprit 1c Gasoline 200 2186 432 25
Mar 19 ASMB 40 49 198 1.6
Mar24b ASMB 40  4.85 1.94 21 | April 3b Gasoline 40 122 6 0
Mar 26b ASMB 40 499 2 2.1 | Aprit 11k Gasoline 40 16 6.4 1
April7 ASMB 40 521 2.08 2.5 | April 8b Gasoline 40 166 665 18
Mar 30b Gasoline 40 154 815 21

April2a Water 20 0186 0.0372 0 | April1d Gasoline 40 16.6 664 25
April 16eWater 20 0179 0.0357 0O

April22eWater 20 0.178 00356 0O | April 20a Water 40 0.088 0.0354

Mar 16a Water 20 0582 0118 1 1 April 20b Water 40 00778 00311 0
Mar 16b Water 20 0612 0112 1 | Mar 16c Water 40 034 0136 1
Mar22a Water 20 0.512 0102 1.6 | Mar 23b Water 40 0312 0137 16
Mar23a Water 20 0515 0,103 1.6 | Mar 28b Water 40 0316 0127 21
Mar 24a Water 20 0.7 014 2.1 | Aprii 1b Water 40 0.56 0.224 25
Mar 28a Water 20  0.603 012 2.1 | April 8b Water 40 0602 0241 25

April 1a Water 20 1.02 0.206 25
April 8a Water 20 1.04 0.208 25




Figure 51 Correlation of Evaporation and
Wind Velocity - ASMB Oil
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Figure 5.2 . ]
Correlation of Evaporation and
Wind Velocity - Gasoline
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Figure 5.3
Correlation of Evaporation and
Wind Velocity - FCC Heavy
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Figure 5.4

Correlation of Evaporation and

Wind Velocity - Water
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Figure 5.5

Correlation of Evaporation and
Wind Velocity - ASMB Oil - by Weight
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Figure 5.6

Correlation of Evaporation and
Wind Velocity - Gasoline - by Weight
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Figure 5.7

Correlation of Evaporation and
Wind Velocity - FCC Heavy - by Weight
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Figure 5.8

Correlation of Evaporation and
Wind Velocity - Water - by Weight
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Figure 5.9
Evaporation of ASMB with

Varying Wind Velocities
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Percent Evaporated

Figure 5.10

Evaporation of FCC-Heavy
with Varying Wind Velocities
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Figure 5.11

Evaporation of Gasoline
with Varying Wind Velocities
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Figure 5.12

Evaporation of Water (209)
with Varying Wind Velocities
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Figure 5.13

Evaporation of Water (40g)
with Varying Wind Velocities
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4. Study of Volume and Evaporation Rate.

Alberta Sweet Mixed Blend oil was again used to conduct a series of experiments
with volume as the major variant. Alternatively thickness and area were held constant to
ensure that the strict relationship between these two variables did not affect the final
regression results. Table 5.6 shows the data from these experiments and Figure 5.17
illustrates the relationship between evaporation rate and volume of evaporation material
(also equivalent to mass of evaporating material). Figure 5.17 illustrates a strong
correlation between oil mass (or volume) and evaporation rate. This also suggests no or
little boundary-layer regulation. It also shows that any tendencies observed in the area
and thickness tests described above, may have been due to volume/mass factors rather

than area or thickness.

5. Study of the Evaporation of Pure Hydrocarbons - With and Without Wind

A study of the evaporation rate of pure hydrocarbons was conducted to confirm
the classic boundary-layer evaporation theory as applied to the hydrocarbon constituents
of oils. These experiments confirm the evaporation behaviour of pure hydrocarbons and
relate these to that of oil, to determine to what degree these are boundary-layer regulated.
The evaporation rate data are shown in Table 5.7 and are illustrated in Figure 5.18. The
latter figure shows that the evaporation rates of the pure hydrocarbons have a variable
response to wind. Heptane (hydrocarbon number 7) shows a large difference between
evaporation rate in wind and no wind conditions. Decane (carbon number 10) shows a
lesser effect and Hexadecane (carbon number 16) shows a negligible difference between
the two experimental conditions. This experiment shows the extent of boundary-
regulation and the reason fo: he small degree of boundary-regulation in crude oils and
petroleum products. Crude oil contains very little material with carbon numbers less than
decane, often less than 3% of its composition (Wang and Fingas, 1994). Even the more
volatile petroleum products, gasoline and diesel fuel only have limited amounts of

material of size less than decane, and thus are also not strongly boundary-layer regulated.
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Figure 5.14
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. Table 5.4

Data from the Thickness Tests

Thickness Equation Equation
{mm) Factor-%  Factor- g
0.79 5.23 0.0554
1.58 2.89 0.0612
3.72 3.67 0.183
7.45 2.95 0.295
0.79 4.57 0.188
1.58 4.35 0.356
1.92 3.77 0.377
3.84 3.52 0.703
0.59 5.16 0.379
0.63 5.18 0.409
0.63 495 0.398
0.65 5.35 0.435
0.72 4.76 0.776
1.33 4.73 0.799
. 1.39 5.26 0.916
1.43 5.7 1.03
1.45 4.54 0.829
1.53 4.66 0.2
1.54 4.37 0.85
1.59 4.05 0.818
1.62 4.28 0.898
1.69 4.28 0.912
1.71 4.18 0.901
1.78 4.36 0.982
1.96 4.49 1.1
1.96 5.58 1.59
1.98 4,16 1.04
2.14 4.26 1.16
2.15 423 1.16

Thickness Equation Equation
(mm) Factor - %  Factor- g
24 4.07 1.24
2.54 4.78 1.82
2.67 3.84 1.3
2.69 4.45 1.52
2.8 4.27 1.52
2.84 3.81 1.37
2.93 4.02 1.49
2.96 3.65 1.37
2.99 3.74 1.42
317 3.85 1.85
3.17 3.85 1.55
3.21 3.95 1.61
4.55 4.09 2.36
5.21 3.56 2.35
5.27 4.27 2.84
6.29 3.32 2.65
7.61 3.86 3.72
9.08 3.07 3.54
9.89 3.08 3.86
0.74 4.06 0.406
0.79 407 0.436
1.48 3.08 0.796
1.58 3.66 0.783
222 4.7 1.41
3.7 3.16 1.58
1.3 4.43 1.31
0.79 5.27 0.72
1.58 3.63 1.03

note: all runs conducted with ASMB oil
. at laboratory temperatures (~20°C)

g= grams or by weight

%= percentage
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Figure 5.15

Correlation of Thickness
With Evaporation Rate
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. Table 5.5 Data from the Area Tests

Areq Equation Equation Area Equation Equation
- (mm?) Factor-%  Factor- g (mm?)  Factor-% Factor-g
16 523 0.0554 151 4.07 1.24
1€ 2.89 0.0612 151 478 1.52
16 3.67 0.183 151 3.84 1.3
16 2.95 0.295 191 4.45 1.52
62 4.57 0.188 151 427 1.52
62 4,35 0.356 151 3.81 1.37
62 3.77 0.377 151 4.02 1.49
62 3.52 0.703 151 3.65 1.37
151 5.16 0.379 151 3.74 1.42
151 5.18 0.409 151 3.85 1.55
151 495 0.398 151 3.85 1.55
151 5.35 0.435 151 395 1.61
151 4.76 0.776 151 4.09 2.36
151 4.73 0.799 151 3.56 2.35
. 151 5.26 0.918 151 427 2.84
151 5.7 1.03 151 3.32 265
151 4.54 0.829 151 3.86 3.72
151 4.66 0.9 151 3.07 3.54
151 4.37 0.85 151 3.08 3.86
151 4.05 0.818 161 4.06 0.406
151 4.28 0.898 161 4.07 0.436
151 4.28 0.912 161 3.98 0.796
151 4.18 0.901 161 3.66 0.783
151 4.36 0.982 161 4.7 1.41
151 4.49 1.11 161 3.16 1.58
151 5.58 1.59 185.5 4.43 1.31
151 4.16 1.04 208 5.27 0.72
151 4,26 1.16 206 3.63 1.03
151 4,23 1.15
note: all runs conducted with ASMB oil g= grams or by weight
at laboratory temperatures (~20°C) %= percentage



Figure 5.16

Correlation of Area with
Evaporation Rate
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0 Table 5.6 Data from the Volume/Mass Tests

Mass Equation g€qualion Mass Equation Equation
(9) Factor-% Factor-g (9) Factor - %  Factor - g
1.06 5.23 0.0554 30.38 4.07 1.24
212 2.89 0.0612 32.2 4.78 1.52
5 3.67 0.183 33.87 3.84 1.3
10 2.95 0.295 341 4.45 1.52
4.1 4.57 0.188 35.44 4.27 1.52
8.2 4.35 0.356 35.98 3.81 1.37
10 3.77 0.377 37.15 4.02 1.49
20 3.52 0.703 37.52 3.65 1.37
7.43 5.16 0.379 37.92 3.74 1.42
7.92 5.18 0.409 40.21 3.85 1.55
8.04 4.95 0.398 40.21 3.85 1.55
B.18 5.35 0.435 40.67 3.95 1.61
16.29 4.76 0.776 57.67 4.09 2.36
16.87 473 0.799 66 3.56 2.35
17.56 5.26 0.916 66.82 4.27 2.84
. 18.08 57 1.03 79.69 3.32 2.65
18.32 4,54 0.829 96.41 3.86 3.72
19.35 4.66 0.9 115.03 3.07 3.54
19.46 4.37 0.85 125.3 3.08 3.86
20.16 4.05 0.818 10 4.06 0.406
20.48 428 0.898 10.7 4.07 0.436
21.47 4.28 0.912 20 3.98 0.796
21.67 4.16 0.801 21.4 3.66 0.783
22,52 4.36 0.882 30 4.7 1.41
24.8 449 1.1 50 3.16 1.58
24.82 5.58 1.59 29.49 4.43 1.31
25.07 4.16 1.04 13.65 5.27 0.72
27.15 4.26 1.16 27.3 3.63 1.03
27.26 4.23 1.15
note: all runs conducted with ASMB oil g= grams or by weight
at laboratory temperatures (~20°C) %= percentage



Figure 5.17

Correlation of Mass with
Evaporation Rate
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Table 5.7 Data from the Evaporation Tests of Pure Hydrocarbons

Hydrocarbon Carbon
Number
Heptane 7
Octane 8
Nonane 8
Decane 10
Undecane 11
Dodecane 12
Tridecane 13
Hexadecane 16

No Wind

Wind

e -

Equation Factors Calculated by Regression

Wt % Abs. Wt Wt % Abs. Wit
0.326 0.0652 2.82 0.565
0.221 0.0448 1.27 0.262
0.117 0.0234 0.545 0.109
0.0498 0.0097 0.2 0.041
0.0193 0.00386 0.0586 0.0117
0.0068 0.0014 0.0245 0.00489
0.00138 0.00278 0.0078 0.00156
0.000008 0.000002 0.000008  0.000002
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Table 5.8

Heptane+WAS
Nonane+WAS
Decane+WAS
Undecane+WAS
Dodecane+WAS
Tridecane+WAS

WAS - 34.5

Data From The Evaporation of Pure Hydrocarbons
In A Weathered Oil Matrix

Carbon

Number

10

11

12

13

16"

No Wind

Wind

Equation Factors Calculated by Regression

Wt. % Abs. Wt. Wt % Abs. Wt.
0.841 0.168 1.22 0.243
0.535 0.107 0.72 0.144
0.481 0.0718 0.597 0.119
0.251 0.0502 0.414 0.0829
0.137 0.0276 0.294 0.0589
0.083 0.0166 0.2 0.0401
0.0333 0.00666 0.0967 0.0194

*taken as the equivalent value

WAS is Weatherad Alberta Sweet mixed blend oil
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Figure 5.18

Evaporation Rate of Pure Compounds
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6. Study of the Evaporation of a Highly-Evaporated ASMB Residue, Combined with
Pure Hydrocarbons - With and Without Wind.

A final set of experiments specifically designed to examine the boundary layer
regulation of oils was conducted using a moderately-weathered Alberta Sweet Mixed
Blend crude oil (34 % weathered by weight) and pure components. The experiment
addresses the possibility of the regulation of oil evaporation by other components in the
oil, a possibility suggested by several workers in the field (weathering regulation by
components). This hypothesis is that certain components in oil form a film at the surface
so that the evaporation of oil is regulated by a barrier that might be similar in effect to
boundary regulation. This would mean that if the compounds evaporate at similar rates
to those measured in the above experiment, the remaining mass of the oil does not affect
the evaporation process. It would also imply that, at least for ASMB oil, the regulation
by waxy or similar components is not a factor. The evaporation rate data was fit best by
square root factors with time. This indicates, as noted in Chapter 4, that between 4 and 7
components are evaporating at once. The resulting data are listed in Table 5.8 and
illustrated in Figure 5.19. A direct comparison of the evaporation rates is shown in Figure

5.20. It shows that the evaporation rates are not strongly affected by the oil matrix.

7. Other Data and Comparisons

An examination of specific evaporation rates of the products used in the previous
experiments was performed. Data from the ASMB-20g loading experiments were taken
for comparison. The instantaneous evaporation rate v.as calculated from the weight loss
at each time point recorded. This rate, with units in g/min., changes constantly over the
oil evaporation period. For those tests with wind higher than 1 m/s, the noise level
increases because of the direct effect of the wind on the balance mechanism. As noted in
the experimental section above, these data were recorded during periodic no-wind breaks.
The instantaneous evaporation rates are inherently noisy. To calculate the instantaneous
evaporation rate for these runs, 4 data points were averaged during the initial 15 minutes

of the run and 14 data points thereafter. This then yields smoothed data that is
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Evaporation Rate g/sq. root min.

Figure 5.19
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Evaporation Rate g/min.

Figure 5.20

Comparison of Evaporation Rates of Pure
'Hydrocarbons, Neat and in an Oil Matrix

3
—&— in oil, no wind
—— in oil, with wind
—&- - neat, no wind
2 —w— neat, with wind
1 -
0 —
'1 | | | [ ]

6 8 10 12 14 16 18
Hydrocarbon Number |

100



representative of the actual evaporation. At | m/s wind this manipulation was not
necessary, because the noise level of the data did not result in negative values. The data
used for this portion of the study are given in Table 5.9, truncated to allow it to fit into
one page. The full data set was, however, used to plot the data in the figures below. The
maximum evaporation rate measured for each series is shown by the shaded value in
Table 5.9 and the value of time and instantaneous evaporation rate after which no value is
greater than 0.075 g/min is underlined. This value is of significance because it is the
level after which boundary-layer regulation is insignificant; it is the evaporation rate of
ASMB without wind. For the no wind situation, the evaporation rate attains the
maximum value of 0.075 g/min at 2 minutes. This then is taken as the boundary-layer
regulated maximum rate. At t m/s the value of 0.075 g/min. is not found beyond 6.2
minutes, for 1.6 m/s wind, not past 1.5 minutes and for the 2.1 m/s wind, not past 4.3
minutes. Thus it appears that ASMB oil is only boundary-layer regulated during the first
6 minutes of evaporation time. This would be the time during which the primary
evaporative loss would come from components more volatile than decane, of which most
light oils contain little and heavier oils, even less. In fact even gasoline, shows similar
evaporative behaviour.

The instantaneous evaporation rates are iltustrated in Figures 5.21 and 5.22.
Figure 5.21 shows the plot of ASMB oil without wind. The evaporation rate at initial
times is boundary-layer reguiated for about 2 minutes, where the evaporation rate does
not exceed 0.075. Figure 5.22 shows the composite evaporation rates for all four runs
with varying winds from 0 to 2.1 m/s. This shows that all the rates of evaporation are
below 0.075 m/s after about 5 minutes of evaporation.

A comparison of the maximum evaporation rates of ASMB oil, water, decane and
heptane is shown in Figure 5.23. The figure shows that heptane has the highest
evaporation rates and highest slopes. As noted above, heptane shows strong boundary-
layer regulation. The maximum rates of ASMB evaporation are also shown and these
show a rate below that of heptane. The water evaporation is then shown and then finally
decane. This again reflects the fact that the high evaporation rates seen at the start of

ASMB evaporation are in the range for boundary-layer regulation, whereas after the first
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Table 5.9 Instantaneous Evaporation Rates of ASMB with Varying Winds

ASMB, Wind 1.6
Time Rate, g/min
0

ASMB, Wind 0 ASMB, Wind 1
Time Rate, g/min i Rate, g/min
0 005
2 oo 6.2 0.115
2. 0.062 122 0.031
2.4 0.033 18.1  0.015
26 0.042 20.5 0
341 0.05 31.7  0.037
34 0.054 358 0.026
4 0.046 437 0.017
4.4 0.047 522 0.013
52 0.052 71 0
5.7 0.042 92.5 0
6.8 0.04 106.3 . 0.005
7.4 0.044 113.2 0.004
9.7 0.041 123.2 0.002
116 0.038 135.8 0.019
127  0.034 1511 0.1
15.3  0.031 167 0.005
16.8 0.029 180.5 0.005
184 0.034 202.9 0.005
20.2 0.03 220.1 0.002
222 0.027 239.9 0.003
24.4 0.03 263.5 0.003
26.8 0.027 290.4 0
284 0025 3186 0.001
323 0025 357.4 0
429 0.022 382.9 0
51.8 0.022 432.2 0.005
57 0.023 462.2 0.002
75.8 0.023 533.5 0.002
834 0.022 558.2 0.002
121.8  0.019 623.3 6E-04
134 0.016 691 B8E-04
178.3  0.007 746.4 1E-04
2157 0.004 8§20 7E-04
286.¢ 0.003 921.4 1E-03
3155 0.003 995.1 6E-04
419.8 0.002 1102.2 0.002
507.8 0.001 11966 0
675.7 0.001 1325.7 0.013
7432 TE-04 1406.2 0.013
9891 7E-04 14064 O
1196.7 8E-04 1406.6 0.012
1316.3 8E-04 1406.8 9E-15
1751.8 5E-04 14079 0
2119.5 4E-04 1408.2 0
3048.3 0 1409 0.025

0.311

0.6 0.311
1.5 0.286
1.8 0.008
7.7 0.087
8.7 0.041
102 0.038
158  0.035
185 0035
18.56  0.032
32.7  0.031
33.5 0.024
43.3 0.018
45.7 0.01
47.2 0.02
576  0.038
583  0.029
80.2  0.029
825 0.028
828 0.014
107.2  0.021
1321 0.006
157  BE-04
181.9 9E-04
203.2 0.008
2075 0.022
229 0.03
256.5 0.001
2743  0.001
3061  0.027
307 0.024
331 0.016
3536 0.026
3806 0.028
4055 0.013
9526 0.008
996.5 0.02
1001.6 0.021
1225.5 0
1250.3 0.008
1274.3 0.004
13042 0.008
13177  0.007
1349.3 0

0

18.1
2438
2.2
37.7
49.5
72.6
98.7
123.2
147.7
i72.2
185.2
221.1
2446
294.8
295
312.3
346
392.8
410.1
417.9
430.8
4425
466.2
491.6
499.3
539.7
567.4
589.5
613.6
625.3
e37.7
§37.8
686.8
711
720.9

ASMB, Wind 2.1
Time Rate, g/min

0.137

0.288

shaded area = maxirum value
line shows last point where evaporation is greater than boundary layer regulation
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Figure 5.21
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Evaporation Rate g/min.

Figure 5.22
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Figure 5.23

Comparison of Maximum
Evaporation Rates at
Different Wind Velocities
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boundary-layer regulated) and thus are not boundary-layer regulated.

Table 5.10 gives a summary of rate comparisons for ASMB, gasoline and FCC
Heavy Cycle. It should be noted that each of these fluids has characteristic evaporation
patterns. ASMB represents a light to medium crude oil and evaporates at rates similar to
many crude oils. It is thus very representative of crude oil evaporation. Gasoline is the
most volatile petroleum product and represents the extreme evaporation rate behaviour.
It is felt that if gasoline is not strictly boundary-layer regulated then no product wil be.
FCC heavy is an unusual and uncommon product that is a refinery intermediate. The
“Heavy” refers not to the weight, but to the number of cycles through the refinery
cracker, A “Heavy” Cycle product is highly refined and lower in density than a “Light”
Cycle product. FCC is unusual in that if recycled many times consists of only a few
components. FCC was included in the wind study to determine how such a product,
perhaps being similar to diesel fuel, would evaporate.

Table 5.10 consists of two parts. The first sub-table shows the peak evaporation
rates, the time after which the BLR or boundary-layer regulation no longer applics and
the percentage of product evaporated after the evaporation rate decreases below the
boundary layer regulation level. This portion of the table illustrates that all three
products, gasoline, ASMB and FCC, show the same behaviour as noted repeatedly above,
that an increase in evaporation rate is only noted for the step from 0-wind to the first
wind level and then not thereafter. All three products, inciuding gasoline, show non-
boundary-regulated behaviour after an initial wind velocity and all three products show
non-boundary regulated behaviour after a short initial time period. Even gasoline, the
most volatile of the common petroleum products, exhibits the same behaviour. Table
5.10 also shows that the time period during which the evaporation rate is above that for
boundary-layer regulation is less than about 5 minutes for ASMB and gasoline. For FCC
Heavy, it can be as long as 46 minutes; however, in the latter case only 1.7% of the
product is evaporated during this time. Only for gasoline is the volume evaporated
during boundary-regulation significant - as much as 44%. Volumes for the other cases are
typically less than 3%.

The second part of Table 5.10 provides another form of comparison of
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The second part of Table 5.10 provides another form of comparison of
evaporation rates, the length of time to evaporate a certain portion of the liquid. This
table shows that after the first vilocity increment (0-wind to 1 m/s), the time to evaporate
the same percentage changes. The times to evaporate the same percentage extent, can be
as much as 5-6 times when there is 0-wind, as opposed to when wind is present.
However, this does not change after the first wind velocity increment, indicating that
only the initial fractions are subject to boundary-layer regulation.

The findings are further strengthened by comparison of the maximum evaporation
rates with no wind, as shown in Table 5.11. This again shows that the rate of evaporation
is not the only governing factor. ASMB has an evaporation rate of 0.075 g/min at no
wind, which is much higher than the no wind rate of water at 0.034, and as shown above,
shows boundary regulation for only a few minutes out of several days of evaporation
time. This table clearly shows that compounds having evaporation rates below about
0.01 g/min., about that of decane, will not show boundary-layer regulation. Above this,
boundary Iayer regulation is also dependant on composition. Multi-component mixtures
typically show boundary layer regulation for only a few minutes. This also shows that
evaporation of a particular compound is relatively independent of the evaporation of
other compounds at the same time.

Another form of comparison is that of saturation concentration, the maximum
concentration soluble in air. Table 5.12 lists the saturation concentrations of water and
several oil components. This table shows that saturation concentration of water is less
than that of many common oil components. The saturation concentration of water is in
fact, about two orders less in magnitude than the saturation concentration of volatile oil
components such as pentane. This further explains why oil has a boundary layer

limitation higher than that of water.
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Table 5.10 Summary of Rate Comparisons

Peak Rates, Times greater than BLR, Percentage Evaporated before BLR reached

Oil Boundary |Wind=0 Wind=1 m/s

Wind=1.6 m/s

Wind=2.1 m/s

Layer Max.Rate| t |% |[Max.Rate t |%

Rate (g/min.) {g/min.) {(min.)Evap.; (gfmin.) |{(min.)|Evap

Max. Rate{ t
{g/min.) |{min.)

%

Evap.

Max. Rate| t

{g/min.} [{min.)

%

Evap.

ASMB 0.075 0.075 2 05 0145 06 0-3 0.515 0.2 14 0.47 0.6
Gasoline 0.24 0.34 31 22 1.03 31 26 1.02 7 44 1.38 47 287
FCC Heavy 0.008 0008 31 04 0088 102 25 0196 237 56 0.356 46
BLR = Boundary Layer Regulation
Time to The Same Evaporation Extent
Qil Evaporation {time in minutes)
Percentage [Wind=0 lWind=1 mis Wind=1.6 m/s Wind=2.1 m/s
ASMB 30 740 230 157 180
Gasoline 75 40"-200" 46 49 68
50 60 10 12 15
FCC Heavy 30 830*-5000 1010 1290 1260
15 1750 360 300 400

*calculated from the best equation with two terms, evaporation not carried out to full extent

experimentally

14

17
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Table 5.11 Comparison of Maximum Evaporation Rates

Date Qil. Maximum Boundary
Type Rate {g/min.) Regulation

Oct 8 Hexadecane 1.65E-05

Oct 6 Tridecane 0.000278

Sept 22b Dodecane 0.001

Sept 24 Undecane 0.00384

Sept 28¢c Decahydronapthalene 0.00707

several FCC Heavy 0.008

Sept 27 Decane 0.0097

Sept 26b Nonane 0.0234 m

Sept 260 p-Xylene 0.0322 Y

several Water 0.034 V

Nnv 14a 2-component 0.04 Y

Sept 28b Octane 0.0448 «/

Sept 28 Heptane 0.0652 y

Nov 15a 3-compoeonent 0.0705 m

several ASMB 0.075

Sept 22a Benzene 0.136 v

several Gasoline 0.34

m=marginally
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Table 5.12 Saturation Concentration of Water and Oil Components

Substance Saturation Concentration *
in g/m® at 25°C

water 20
n-pentane 1689
hexane 564
cyclohexane 357
benzene 319
n-heptane 196
methylcyclohexane 192
toluene 110
ethybenzene 40
p-xylene 38
m-xylene 35
o-xylene 29

*Values taken from Ullman's Encyclopedia
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5.5 Conclusions

Oil evaporation does not appear to be strictly boundary-layer regulated to any
significant degree. The results of the following experimental series have shown the lack
of boundary-layer regulation: 1) A study of the evaporation rate of several oils with
increasing wind speed shows that the evaporation rate does not change significantly
except for the initial step over 0-level wind. Water, known to be boundary-layer
regulated, does show a significant increase with wind speed, U (U*, where x varies from
0.5 to 0,78, depending on the turbulence level). 2) Increasing area does not significantly
change the oil evaporation rate. This is directly contrary to the prediction resulting from
boundary-layer regulation.

3) Decreasing thickness does not increase 0il evaporation rate. This is a corollary to 2
above. 4) The volume or mass of oil evaporating correlates with the evaporation rate.
This is a strong indicator of the lack of boundary-layer regulation because with water,
volume (rather than area) and rate do not correlate. 5) Evaporation of pure hydrocarbons
with and without wind (turbulence) shows that compounds larger than nonane and decane
are not boundary-layer regulated. Most oil and hydrocarbon products consist of
compounds larger than these two and thus would not be expected to be boundary-layer
regulated. 6) Evaporation of pure hydrocarbons with a highly-weathered oil residue, with
and without wind, shows that the evaporative behaviour is not boundary-layer regulated.
This shows that the effect is not simply an artifact of certain oil compositions.

Having concluded that boundary-layer regulation is not applicable to oil
evaporation, it remains to explain why this is so. The reason is twofold: oil evaporation,
especially after an initial time period, is relatively slow compared to the threshold where
it is boundary-layer regulated; and the threshold to boundary-layer regulation for oil
evaporation is much higher than that for water. These two factors were highlighted by
three comparisons using the experimental data:

1) A comparison of the length of time that oils exceed the boundary-layer limit, taken as
the maximum evaporation rate in the absence of wind, shows that the length of time

during which the evaporation rate in the presence of wind exceeds the boundary-layer
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limit, can be as short as 2 minutes to a maximum of 46 minutes. This represents a very
small fraction of the required time to significantly evaporate oil (in these experiments,
typically 2000 to 8000 minutes). For most of the time the evaporation is far below the
boundary-layer regulated rate. 2) A comparison of the maximum rates of evaporation for
some oils, gasoline and water, in the absence of wind, shows that some oil rates exceed
that for water by as much as an order of magnitude (water=.034 g/min, ASMB=0.075
g/min., and Gasoline=.34 g/min.; all under the specific conditions noted), and 3) The
saturation concentration of several hydrocarbons in air reveals that some hydrocarbon
saturation concentrations in air can be greater than that of water by as much as two
orders-of-magnitude.

The explanation of oil evaporation can be illustrated by a diagram such as Figure
5.24. This illustrates evaporation of a volatile oil such as ASMB. If evaporation occurs
in a turbulent atmosphere, the time that the evaporation rate exceeds the boundary-layer
limited rate is very short. If no turbulence is present, evaporation will proceed at the
limitation rate iaen drop off to a similar, but higher rate than the turbulent rate. The arca
under the two curves would be the same. The difference in time is a matter of minutes, as
explained above and the end result will not be noticeable to an observer. Thus, it is
stated that oil and petroleum evaporation is not strictly boundary-layer regulated.

The fact that oil evaporation is not strictly boundary-layer regulated implies a
simplistic evaporation equation will suffice to describe the process. The following
factors do not require consideration: wind velocity, turbulence level, area, thickness, and

scale size. The factors important to evaporation are time and temperature.
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Chapter 6 The Relationship between Evaporation Rate and Temperature
6.1 Abstract

The relationship between oil evaporation and temperature was investigated. It was
found that the evaporation rate is linear with temperature change. Although each oil or
petroleum product yields a unique relationship for temperature and evaporation rate,
these can be predicted using the evaporation rate at 15 °C alone or using distillation data.
The slope of the distillation curve at 140 °C correlates well with the slope and intercept of
the temperature curve determined empirically. These correlations were used to develop a

prediction scheme for the effects of temperature on evaporation rate.

6.2 Introduction

The effect of temperature on the evaporation has been a matter of discussion. The
most-accepted point of view is that extracted from the Mackay equation (Stiver and
Mackay, 1984):

N =kAP/(RT) (6.1)
where N is the evaporative molar flux (mol/s), k is the mass transfer coefficient under the
prevailing wind (m/s), A is the area (m?), P is the vapour pressure of the bulk liquid, and
T is temperature (K).

Most interpretations of this equation are that evaporation rate is related to
temperature by logT/T. This interpretation derives from the view that P (vapour
pressure) is related to temperature as log T. Work by Lehr (1992, 1994} assumes that
this estimation is approximately correct and thus that the equations are highly sensitive to
temperature. In fact, Lehr (1992) states that the change of evaporation rate with
temperature is greater than linear and may be even as much as T

Examination of some other theoretical material appears to indicate that the
relationship of evaporation rate to temperature may be linear. Experimental work,
described later in this chapter, shows that, in fact, the evaporation rate is linearly related
to temperature. In Chapter 1 some thermodynamic relationships were reviewed and these

showed that the evaporation rate may be linear.
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The Clausius-Clapeyron equation, Maxwell’s equations and the ideal gas equation
show that the volume change and thus the evaporation rate is directly and linearly related
to the temperature. This theoretical information will be tested experimentally and the

results presented in this chapter.

6.3 Experimental

Details of the experimental method are given in Chapter 3. Evaporation rate was
measured by weight loss using an electronic balance as previously described.

Experiments were conducted in a constant temperature chamber (room), a
Constant Temperature model constructed in 1993. It can maintain temperatures from -
40°C to +60°C within £1°C. The chamber also controls relative humidity. At relative
humidities of 40 to 70%, the unit maintains set humidities within 2%, at other levels this
precision decreases. The relative humidity was maintained at 40% when relative
humidity was not a parameter of concern. Temperatures were confirmed using a Keithley
871 digital thermometer with a thermocouple supplied by the same firm. Temperatures
were taken manually at the beginning and the end of a given experimental run to confirm
the functioning of the temperature controller. A data recorder also monitored
temperatures in the chamber.

A tared petri dish (Corning 139 mm diameter, ID) was loaded with a measured
amount of oil. Data acquisition was started and continued until the desired time (varying
from a few hours for a volatile substance to several days for a less-volatile oil). At the
end of the experiment, the weathered oil was saved for chemical analysis. Vessels were
cleaned and rinsed with Dichloromethane and a new experiment started.

The properties of the oils used in the tests are listed in Table 6.1 and the

experiments conducted are listed in Table 6.2
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Table 6.1 Properties of the Test Liquids
Name Description Density Viscosity
g/mL mPa.s at 15°C

ASMB Alberta Sweet Mixed Blend - A common crude 0.839 9
oil in Canada

Gullfaks A common Norwegian oil - sometimes exported 0.882 13
to Canada

Brent A common British, North Sea oil, sometimes 0.833 6
exported to Canada

Arabian Light A common blend of Saudi Arabian oil exported 0.867 14
around the world

Terra Nova One of the cils from the Hibernia field off 0.864 17
Newfoundland

Statfjord A common Norwegian oil - sometimes exported 0.834 7
to Canada

Bunker C Light A variation on Bunker C, a refinery residual 0.969 10000
product, with some diesel-like diluent

Diesel Standard automotive/truck diesel fuel 0.809 2

Gasoline Standard automotive non-leaded gasoline 0.708 0.6
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Table 6.2 Experiments Conducted to Test the Temperature Effect
Date Qil Days Talal Pan {cm) Initial tnliiat (e} End % Temp Wiad R Best pest Singte
Seres Type Length Time (h) Area  Welghif{g) Thickness W.  Evap C m/s Equalion Eaualion Pargmeder
8} April 22k ASMB 1 26 151 20 1.58 14 30 10 0 099 In 387
April 23 ASMB 2 47 151 20 1.58 14 30 5 0 0987 In 3.48
April 25 ASMB 1 24 i51 20 1.58 14 32 15 0 0995 In 422
Aprit 26 ASMB 1 25 15] 20 1.58 13 33 20 0 0997 In 4,28
April 27 ASMB 1 24 151 20 1.58 13 34 25 © 0598 In 4.45
April 28 ASMB 1 24 151 20 1.58 13 3 30 O 0995 in 4,88
April 29 ASMB 1 23 151 20 1.58 13 38 35 0 099 In 5.13
Aprit 30 ASMB 2 48 15 20 1.58 15 24 0 0 0984 In 2.74
May 2 ASMB 2 45 15¢ 20 1.58 16 22 -5 0 0894 In 1.81
May 4  ASMB 3 &i 151 20 1.58 15 24 -5 0 0938 In 2,44
Moy & ASMB 3 52 151 20 1.58 16 18 10 0O 0826 In 1.33
May 13 ASMB 6 143 151 20 1.58 14 18 -15 O 0.673 In 1.06
May 28a ASMB 0.5 5 151 20 1.58 13 33 40 € 0994 n 5.49
May 28b ASMB 1 21 151 20 1.58 i 4 5 0 0754 In 0.536
May 29 ASMB 3.5 72 151 20 1.58 17 15 20 0 0.659 In 0.916
18] Febb 20 Gulfaks 4 26 151 20 1.5 15 24 10 0 0959 In 2.53
Fel 24 Guifaks 8 188 15 20 1.5 15 25 5 0 0975 In 2.54
Mar4  Gulfaks 6 144 151 20 1.5 15 23 0 o 0977 In 219
Mar 10 Guliaks 3 72 151 20 1.5 15 26 15 © 0984 In 2.81
Mar 13 Gulfaks 3 72 151 20 1.5 15 26 20 O 0997 In 3
Mar 16 Gulfaks 2 48 15 20 1.5 1§ 26 25 0 0997 In 3.01
Mar 18 Gulfaks 2 44 151 20 1.5 15 27 3 0 0972 In 3.24
Mar 20 Gulfaks 2 42 151 20 1.5 14 29 35 O 0985 In 3.54
19| Mar22 Arabianlt 5 101 i51 20 1.53 14 28 15 O 0993 In 31
Mar2é BunkerClt 4 88 151 20 1.37 ¢ 3 i5 0 097 sqgurh. 00422
Mar 30a Gasoline 0.5 3 151 211 127 31 85 15 © 095 In 16
Mar 30b Gasoline 0.5 3 15 20.4 191 31 85 18 0 0955 In 158
| Mar 30c Diesel 4 89 15} 20.3 1.66 13 38 15 0 0991 sqg.rt. 0.538
April 3a Gasoline 0.5 4 151 20 187 55 73 -5 0 0.99 In 12
April 3b  Gasoline 0.5 3 151 216 202 646 70 -5 0 0944 In 12.2
April 3c Diesel 3 126 151 20.2 1.65 15 24 -5 0 0997 sq.r. 0.274
Aprité  BunkerClIt 3 19 51 20.2 138 20 1 -5 0 0407 sg.rt. 0.003
April 13 Arcbian Lt. 2.5 95 151 20 1.53 16 22 -5 0 0992 In 2.37
April 17 Siatfjord 5 117 181 2005 1.59 18 10 -5 0 0747 In 2
April22 Brent 5 121 151 20 1.59 14 30 -5 0 09%5% In 3.08
[April27 TeraNova 6 137 151 2186 1.73 9 11 -5 0 0818 In 0.955
Moy 3o Gasoline 0.5 1 151 2003 187 W1 94 35 0 0943 In 21.5
May 3b Gasoline 0.5 1 151 20 187 1.2 94 35 0 0954 In 22.3
May 3c Diesel 2 41 151 20 1.64 1M 47 35 0 0984 sq.n 0988
May 5 Brent 1.5 32 151 20 1.5¢ 12 38 35 0 0988 In 5,07
May &  Bunker Lt 3 70 151 20 1.37 19 7 35 0 099 sq.rt. 0.105
May? Arabianlt. 3 73 151 20 1.53 14 32 35 0 0997 In 3.78
May 12 TeraNova 3.5 as 151 20 1.58 14 30 35 0 091 In 3.26
_iMay 146 Statfiord 2 46 151 20 1.59 12 3% 35 0 0993 In 4.49
May 19 BunkerCLt. ¢ 216 151 2002 137 20 O 5 0 085 sg.rt. 0.0031
May 28 Arab Light 2 49 13 20 1.53 16 22 5§ 0 0998 In 2.61
May 30 Statfjord 2.5 66 151 20 1.58 4 29 5 0 0979 In 3.3
June 2a Gasoline 0.5 4 151 20 1.87 2 % 5 o 0.597 In 14.8
June 2b Gasoline 0.5 2 151 20 187 43 79 5 0 0w In 15.6
June 2c Diesel 3 73 151 20 1.64 15 26 5 0 0998 squrt. 0.389
June 05 Brent 2.5 63 151 20 1.59 i4 32 5§ 0 0994 In 3.67
June 23c Gasoline 0.5 2 151 20 187 0% 95 25 0 0979 In 1469
June 23t Gasoline 0.5 2 151 20 187 0% 95 25 0 0978 In 149
June 23c Diesel 3 70 151 20 1,44 12 3% 25 0 099 squrh. 0.623
June 26 TeraNova 3 50 151 1.7 092 B7 25 25 0 099 In 3
June 28 BunkerCLt. 12 283 151 20 1.37 18 8 25 0 0999 sq.rt. 0.061
July 10 Statfjord 9 220 131 20 1.59 12 3% 25 0 099 In 4.1
July 19 Brent 3 48 151 20 1.5¢9 13 37 25 O 0599 In 4.44
July 22 Arab light 2 51 151 20 1.53 4 28 25 O 0997 In 3.5
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6.4 Results and Discussion

Figure 6.1 shows the composite of all evaporation rates versus the temperature.
The evaporation rates are the coefficients of the logarithmic equation except for diesel
and Bunker C light, where they are the coefficients of the square root equation. Figure
6.1 shows that the evaporation rates (used here interchangeably with equation constant)
are linear with respect to temperature. This confirms the theoretical approaches
discussed in the introduction above. Figure 6.2 shows an expanded correlation of
gvaporation rates versus temperature, this expansion is achieved by eliminating the
gasoline curve which has very high evaporation rates. The small amount of noise seen in
these graphs, is possibly due to error in fitting the logarithmic or square curves. These
figures indicate that most of the curves are parallel. This phenomenon is further
examined in Figure 6.3 and Figure 6.4. These show the evaporation rates, with and
without gasoline, with curves fit with linear regression. The curves for the light crudes,
ASMB, Brent, Arabian Light, Statfjord and Gullfaks appear to be parallel. The curves
for gasoline, Terra Nova crude, diesel, and Bunker C light have different slopes than
those for crude oils and may be due to the unique properties of these liquids. Gasoline
evaporates at a rapid rate and is composed of only lighter crude components. Terra Nova
is a heavier crude with a large wax component. Diesel is a refined cut with medium to
heavy components remaining. Bunker C light is a refined residual with a small amount
of diesel as a diluent. The evaporation rates of the latter two products are best fit with
square root equations rather than logarithmic equations.

Further examination of the temperature behaviour of oil evaporation was
conducted by determining the equations by which the evaporation rates, or equation
parameters, change with temperature. A series of correlations was performed, between
the evaporation rates, by both percentage and weight loss, using a linear equation. The
evaporation rates or equation parameters used to perform the correlations are listed in
Table 6.1. Figures 6.5 to 6.13 show the correlations for ASMB, Gullfaks, Brent, Arabian
Light, gasoline, Terra Nova, Statfjord, diesel and Bunker C light. Each figure shows the

rank of the linear equation out of the simple equations available in the TableCurve
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Figure 6.1

The Variation of Evaporation
Rates with Temperature

—@— ASMB
—— Gulfaks
—a&—- Brent
—w—- Arab Lt.
-4 Terra Nova
—@-- Statfjord
—@— Diesel

® Gasoline

—i— Bunker C Lt.

25

20 -

10 -

Evaporation Rate %f/In or sq. rt. min.

Temperature (Celsius)

40

119



Figure 6.2
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Figure 6.3

The Variation of Evaporation
Rates with Temperature -
Linear Regression
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Figure 6.4

The Variation of Evaporation
Rates with Temperature -
Without Gasoline - Linear
Regression
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Figure 6.5 Correlation of ASMB Evaporalion and Temperaiure
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Figure 6.7

Correlation of Brent Evaporation and Temperature
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Figure 6.9  Correlation of Gasoline Evaporation and Temperature
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Figure 6.11 Correlation of Statfjord Evaporation and Temperature
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program used to fit the equations. The regression coefficient (%), the standard error of fit
and the F statistic are given and then a and b, the equation constants. Figure 6.14 shows
the same plot for the weight loss equation form of ASMB evaporation. These figures
show the high correlation of the single-factor equation parameter (evaporation rate) with
temperature using a linear equation. Regression coefficients range from a low 0f 0.90 to a
typical 0.98. Table 6.4 lists the equations obtained performing these correlations. It is
noted that the slopes obtained for the various equations, although slightly similar, are
different enough to conclude that a unique equation is required for each oil.

The result that unique equations may be needed for each oil is of significant
disadvantage to practical end use, and a way to accurately predict evaporation using other
readily-available data is necessary. Two means to predict the evaporation were
developed. The first data type is to use the value of the slope (fitted with one parameter)
at 15°C as a basis for correlation. The assumption here is that the slopes of the
temperature parameters are similar, so that they can be used as a predictor. It has already
been noted that only light and medium crude oils display similar slopes. However, it will
be fruitful to test such a hypothesis. The other observation noted is that the slope of the
equation appears to correlate with the magnitude of the evaporation rate at 15°C. The
second type of data used to study evaporation are distillation data. Distillation data are
very common and often are the only data used to characterize oils. This is because the
data is crucial in operating refineries. Crudes may even be priced on the basis of their
distillation data. New procedures to measure distillation data are very simple, fast and
repeatable (Jokuty and Fingas, 1994). Two separate ways of using the distillation data
will be tried, first a portion of the curve, and second, the entire distillation curve slope.

The first method involves correlating the empirically-measured parameters at
15°C with both the slopes and the intercepts of the temperature equations. The latter data
are given in Table 6.4. The equation base parameters (single-factor equation constant
determined at 15 °C) used for the correlation are listed in Table 6.3. The regressions for
the percentage equations are shown in Figures 6.15 (slope) and 6.16 (intercept). The
regressions for the weight equations are shown in Figures 6.17 (slope) and 6.18

(intercept). These figures display fit information and the plot itself, The rank (in terms of
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Table 6.3 Evaporation Rates or Single-Factor Equation Parameters

Temp -°C ASMB Gullfaks Brent Arab Lt. Gasoline TerraNova Statfjord Diesel BunkerCLt

Weight Percent Parameters

-5
5
15
25
35

Temp -°C ASMB Gullfaks Brent

294 209 308 237 12.1
348 254 367 261 15.2
422 281 423 3N 15.9
445 3.01 444 3.5 16.8
513 354 507 3.78 21.9

Absclute Weight Parameters

1.43 2.69
not done 3.3
2.39 3.65

3 4.1
3.26 4.69

0.276
0.389
0.538
0.623
1.05

0.003
0.003
0.042
0.061
0.1056

Arab Lt. Gasoline Terra Nova Statfjord Diesel BunkerCLt.

-5 0.487 0407 0615 0475 252
5 0.697 0.509 0.735 0.523 3.13
15 0.844 0562 0.846 0.621 3.29
25 0.891 0.601 0.888 0.699 3.39
35 1.03 0715 1.01 0.757 4,39

0.313 0.44¢9
notdone  0.66
0.351 0.73
0.482 0.82
0.651 0.938

0.054
0.078
0.109
0.125
0.198

0.0006

0.006
0.008
0.012
0.021

Table 6.4 Equations Relating Evaporation Rate and Temperature
[Equation Parameters - % |Equation Paramefters - Wt.]Parameter at15°C
Qil Intercept Slope Intercept Slope Percent Weight
Arab Lt. 2.52 0.0371 0.504 0.0074 N 0.621
ASMB 3.24 0.0535 0.598 0.0128 4.22 0.844
Brent 3.39 0.0475 0.677 0.00943 4.23 0.846
Bunker C Lt.*  0.0035 0.00262 0.0025 0.00468 0.042 0.008
Diesel* 0.308 0.0178 0.0626 0.00335 0.538 0.109
Gasoline 13.2 0.213 2.74 0.04 15.9 3.29
Gulfaks 229 0.0337 0.453 0.00708 2.81 0.562
Statfjord 2.67 0.06 0.499 0.0134 3.65 0.73
Terra Nova 1.36 0.0595 0.235 0.0108 2.38 0.351

* fitted with square root equations
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regression coefficient, r*) of the linear equation used for the regressions appears directly
below the captions. Then the regression coefficient, fit standard error and the F statistic
are given. Finally, the equation constants are given. The regression coefficients, r*, are
.86, .99, .76, and .99 for the four linear regressions. This indicates a very high correlation
of the data and consequently, the fact that the temperature equations are relatively
parallel. This is remarkable, especially since diesel and Bunker C light are best fit with
square root curves rather than logarithmic ones. Gasoline was not included in this
analysis because of the high rates involved (evaporation rates are an order of magnitude
higher) and this skews the results, despite the increased regression coefficients with
gasoline in the data set. The equations resulting from the regressions illustrated in
Figures 6.15 to 6.18 were used to calculate rates. The empirical and calculated values are
shown in Table 6.5. It can be seen that the calculated equation parameters are reasonable
and are well within 5% of the empirical ones. This scheme could be used to estimate
evaporation equations using only the rate at 15°C. The recalculation of the base
equations is given in Table 6.6. The equations, in this case, were calculated using a direct
linear factor in a spread sheet. The total difference squared between the calculated and
the actual values was minimized. In the case of the percentage equation, the best
relationship found, was 0.45 times the temperature and for the weight equation, the best
relationship was 0.01 times the temperature difference plus the base found at 15°C.
These might then also be described as formulae:

percentage equation factor = (B + 0.045(T-15)) (6.2)
and  weight equation factor = (B + 0.01(T-15)) (6.3}
where B is the equation parameter at 15°C and T is temperature in Celsius.

This technique produces satisfactory results for all of the oils except for diesel
and Bunker C light. These oils, as noted several times above, follow a square root
equation rather than a logarithmic equation, so it is expected that correlation of
logarithmic equations would not yield satisfactory resuits for these oils.

The second correlation noted was that of the distillation data and the equation
parameters. The distillation data are taken from a standard reference work on oil

(Whiticar et al., 1994). The form of the data used here is the percentage evaporated at a
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Figure 6.17

Correlation of Weight Temperalure Equation Slope and Busc Parameter

Rank8 Eqn 1 y=a+bx
°=0.764 FilStdEr=0,00164 Fstal=19.4

a=0.00367
b=0.00849
0.015
0.0125 -
0.01-
[1}] /,,// »
(=N -
3 -
0.0075 .
0.005-,
0.0025 : : , [ . ; e
0 0.2 0.4 0.6 0.8
Wt. Base

Figure 6,18 Correlation of Weight Temperature Equation Intercepl and Base Parameler
Rank 10 Eqn 1 y=a+hx
P=0.985 Fit$tdEm=0.0328 Fstat=395
a=0,00476

b=0.765
0.8 T

intercept

0 0.2 0.4 0.6 0.8
Wt. Base 132



Table 6.5 Experimental and Calculated Temperature Equations

|:Equation Parameters - % *1 Equation Parameters - Wt.ﬂ Single-Parameter **

Oil Intercept  Slope Intercept Slope % Base Wi, Base
ASMB 3.24 0.0535 0.598 0.0128 4.22 0.844
Gulfaks 2.29 0.0337 0.453 0.00708 2.81 0.562
Brent 3.39 0.0475 0.677 0.00843 4,23 0.846
Arab Lt. 2.52 0.0371 0.504 0.0074 3.11 0.621
Terra Nova 1.69 0.0473 0.308 0.0081 2.39 0.351
Statfjord 297 0.048 0.548 0.0111 3.65 0.73
Diesel 0.308 0.0178 0.0626 0.00335 0.538 0.108
BunkerCLt.  0.0035 0.00262 0.0025 0.00468 0.042 0.008
* The equation parameters consist of a slope and intercept ** regular single
which when combined yield a regular single-parmeter equation parameter equations
at the given temperature at15°C

Calculated Values from Regression Equations

Equation Parameters - %  Equation Parameters - Wt.

Qil Intercept  Slope Intercept  Slope
ASMB 3.52 0.052 0.65 0.011
Gulfaks 2,37 0.038 0.435 0.008
Brent 353 0.053 0.652 0.011
Arab Lt. 2.62 0.041 0.48 0.009
Terra Nova 2.03 0.034 0.273 0.007
Statfjord 3.06 0.047 0.563 0.01
Diesel 0.52 0.014 0.088 0.005
Bunker C Lt. 0.12 0.009 0.011 0.004

Equations used to Calculate the Values
| =.00853 + .814*base
S =.00894 + .0103*base
| =.00476 + .765*base
S = 00367 + .00849*base

I =intercept S = slope
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Table 6.6 Evaporation Rates or Single-Factor Equation Parameters

- Prediction Using Base Equations

Percent Parameters
Temp -°C ASMB Gullfaks Brent Arab Lt. Gasoline TerraNova Statfjord Diesel

Bunker C Lt.
-5 294 209 3.08 2.37 12.1 1.43 269 0.276 0.003
5 348 254 3.67 2.61 15.2  notdone 33 0.389  0.003
15 422 281 423 3N 158 2.39 365 0538 0.042
25 445 3.01 444 35 16.9 3 4.1 0.623  0.061
35 513 354 507 3.78 21.9 3.26 4.69 1.05 0.105
Base 422 281 4.23 31 15.9 2.39 365 0538 0.042
Calculated Percent Parameters
Temp -°C ASMB Gullfaks Brent Arab Lt. Gasoline TerraNova Statfjord Diesel Bunker C Lt.
-5 332 191 333 221 15 1.49 275 -0.36 -0.86
5 377 236 378 266 15.45 1.94 3.2 0.09 -0.41
15 422 281 423 311 16.9 2.39 3.65 0.54 0.04
25 467 326 468 356 16.35 2.84 4.1 0.99 0.49
35 512 3.M 513  4.01 16.8 3.29 4.55 1.44 0.94
" calcuiated using the equation value = base + .045 {T-15)
Absolute Weight Parameters
Temp -°C ASMB Gullfaks Brent Arab Lt. Gasoline TerraNova Statfjord Diesel BunkerC'Lt.
-5 0487 0407 0.615 0.475 252 0.313 0449 0.054 0.0006
5 0.697 0.509 0.735 0.523 313 notdene 0.66 0.078 0.008
15 0.844 0562 0.846 0.621 3.29 0.351 0.73 0109 0.008
25 0.891 0601 0.888 0.699 3.39 0.482 082 0125 0012
35 1.03 0715 1.01 0.757 439 0.651 0.938 0.198  0.021
Base 0.844 0562 0.846 0.621 3.29 0.385 073 0.109  0.008

Calculated Weight Parameters

Temp -°C ASMB Gulifaks Brent Arab Lt. Gasoline TerraNova Statfjord Diesel BunkerC Lt

-5
5
15
25
35

0.64
0.74
0.84
0.94
1.04

0.36
0.46
0.56
0.66
0.76

0.65
0.75
0.85
0.95
1.05

0.42
0.52
0.62
0.72
0.82

3.09
3.19
3.29
3.39
3.49

0.19
0.29
0.39
0.49
0.59

calcutated using the equation value = base + .01 (T-15)

0.53
0.63
0.73
0.83
0.93

-0.09
0.01
0.1
0.21
0.3

-0.19
-0.08
0.01
0.11
0.21
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given temperature (the alternative form is the temperature at which a fixed distillation
percentage is given). Distillation data are common and are one of the few pieces of
information that are routinely available for most oils because distillation data are used to
rate petroleum products and feed-stock oils. The slopes of both the percentage and
weight evaporation curves were correlated with the percentages of the product that
distills at given temperatures. The resulting regression coefficient (r*) was plotted versus
the temperature at which it was taken. Figures 6.19 and 6.20 show the results of these
calculations. The plot of regression coefficients versus the temperatures at which the
distillation data was obtained, was used in TableCurve to optimize the value at which the
regression coefficient is highest. In each of Figures 6.19 and 6.20, the first ranked
equation used to perform this optimization is given, then the regression coefficient of this
optimization equation, the corrected regression coefficient, corrected for the degrees of
freedom for this particular case, the standard error of fit, and the F statistic (all rounded to
3 significant figures). Finally the parameters of the optimization equation itself are
given. Both figures show that the regression coefficient is maximum when distillation
data of approximately 140 °C are used.

The distillation data at 140 °C was then correlated with the slopes and intercepts
of the temperature-dependent equations to yield predictor values. The correlations are
shown in Figures 6.21 to 6.24. These figures were created using TableCurve and
include: the equation chosen (always a one-parameter linear one here), the regression
coefficient (), the corrected regression coefficient, the standard error of fit, the F
statistic, and finally, the value of the linear equation parameter, a (Y=ax). The regression
coefficient in all four cases (Figures 6.21 to 6.24, slopes and intercepts of both the
percentage and weight equations) ranges from a low of 0.91 to a high of .96, indicating
strong correlation. This belies the fact, however, that there is a wide-gap between the
values for the crude oils and that for gasoline. When gasoline is removed, the remaining
data show significant noise.

The vatues from this correlation were used to estimate the values of the single-
parameter temperature equations. The results are given in Table 6.7. The best {it

equations are:
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Figure 6.19 Optimization of Distillation and Temperature Slope
- Percent Equation
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Figure 6.20 Optimization of Distillation and Temperature Slope
- Weight Equation
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Slope of Percent Equation

Intercept of Percent Equation

: Correlation of Slope of Percent Equation and
Flgu re 6.21 the Percent Distilled at a Given Temperature

Rank 1 Egn 8001 y=linear()
£=0.949 DF Adj¢=0.939 FiStdEm=0.0144 Fstat=+ INF
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: Correlation of Intercept of Percent Equation and
Flgure 6.22 the Percent Distilled at a Given Temperature
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a=0.161
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Slope of Weight Equation

Intercept of Weight Equation

Ficure 6.23 Correlation of Slope of Weight Equation and
gu the Percent Distilled a1 a Given Temperature
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percentage equation factor =0.161 D + 0.00262 TD (6.4)
and  weight equation factor = 0.329 D + 0.00502 TD 6.5)
where D is the percent distilled at 140 °C.

Table 6.7 shows that, the results of this correlation are very good for ASMB and
gasoline, but poorer for the other oils. The method could not be applied to Diesel and
Bunker C light because there is no distillation data for 140 °C, however, a trial run at 160
°C, where there are data, shows that this calculation method was not successful. This is
probably due to the difference in equations for these two oils (square root versus
logarithmic) and a separate procedure would be needed to perform this calculation.
Despite the variability in the fit qualities, the prediction of the temperature-equations
using only distillation data implies that the evaporation and distillation data are indesd
strongly related. In practical terms, this also implies that evaporation for oils where no
evaporation data exist, can be predicted, with accuracy better than 50%, using only

distillation data. No other alternatives are available at the moment.

6.5 Conclusions

Some researchers state that the relation of evaporation rate and temperature may
be 1ogT/T or T* (Stiver and Mackay, 1984). An examination of thermodynamics
indicates that the relationship may be linear. Experimental evidence confirms that the
relationship between evaporation rate and temperature is linear.

The rate of evaporation change with temperature is similar for the crude oils
tested. Diesel fuel and Bunker C light, were fitted with square root equations, and show
similar behaviour to the other test oils, all of which were best fit with logarithmic
equations. Prediction methods for diesel fuel and Bunker C light would require separate
analysis.

The change of evaporation rate (both as percentage and as absolute weight) can
be predicted using two entirely different methods. First, the rate of temperature change
correlates with the values of the evaporation rate at 15 °C. Equations deriving from this
correlation yield predictions that are within about 10% of their empirical counterparts.

The best fit equations are:
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Tabie 6.7 Evaporation Rates or Single-Factor Equation Parameters

- Prediction By Use of Distillation Data

Percent Parameters

Temp -°C_ASMB Gullfaks Brent Arab Lt. Gasoline Terra Nova Statfjord Diesel BunkerC Lt.

-5 294 209 308 237 12.1 1.43 2.69

5 348 254 387 261 152 notdene 3.3

15 422 281 423 3.1 15.9 2.39 3.65

25 445 301 444 3.5 16.9 3 4.1

35 513 354 507 3.78 218 3.26 4.69
Distilled 20.6 6.6 13.5 11.9 84.7 11.4 12.2
at 140 °C

Calculated Percent Parameters

Temp -°C ASMB Gullfaks Brent Arab Lt. Gasoline Terra Nova Statfjord Diesel BunkerCLt.

0.276
0.389
0.538
0.623
1.06
0

0.003

0.003

0.042

0.061

0.105
0

-5 3.05 098 2 1.76 12.533 1.69 1.8
5 358 115 235 207 14.75 1.98 212
15 413 1.32 27 2.38 16.97 2.28 244
25 467 149 3.06 2.7 18.18 2.58 2.76
35 5.21 1.67 341 3.01 214 2.88 3.08
calculated using the equation value = . 161 Distill + 00262 T Distill

Absolute Weight Parameters
Temp -°C ASMB Guilfaks Brent Arab Lt. Gasoline TerraNova Statfjord

0

o o o o

Diesel BunkerC Lt

0

o o o O

-5 0.487 0407 08615 0475 2.52 0.313 0.449
5 0.697 0509 0735 0.523 313 notdone 0.66
15 0.844 0.562 0.846 0.621 3.29 0.351 0.73

25 0.881 0601 0.888 0.699 3.39 0.482 0.82

35 1.03 0715 1.01 0.757 4.39 0.651 0.938
Distilled 20.6 6.1 13.5 11.9 84.7 11.4 11
at 140 °C

Calculated Weight Parameters

Temp -°C ASMB Gullfaks Brent Arab Lt. Gasoline Terra Nova Statfjord Diesel Bunker C Lt.

0.054

0.078

0.109

0.125

0.198
0

0.0006
0.006
0.008
0.012
0.021

0

-5 0.63 0.2 0.41 0.36 2.57 0.35 0.37
5 073 023 048 0.42 3 04 0.43
15 0.83 027 055 0.48 3.42 0.46 0.49
25 0.94 0.3 0.61 0.54 3.85 0.52 0.55
35 1.04 033 0868 0.6 4.27 0.58 0.62
calculated using the equation value = .0329 Distill +.000502 T Distill

0

0
0
0
0

0

o O o O
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percentage equation factor = (B + 0.045(T-15)) {(6.2)
and  weight equation factor = (B + 0.01(T-15)) (6.3)
where B is the equation parameter at 15°C and T is temperature in Celsius.

Second, the slopes and intercepts of the temperature equations correlate strongly
with oil distillation data. These correlations yield predictions of the temperature-
dependant evaporation equations that show good agreement with their empirical
counterparts. The variability ranges from a high of about 50% for Gullfaks oil to a low
of about 3% variance for ASMB. The equations based on distillation data are:

Percentage equation factor = 0.161 D + 0.00262 TD 6.4)
and  weight equation factor = 0.329 D + 0.00502 TD (6.5)
where D is the percent distilled at 140 °C.

The correlations with distillation data indicate that evaporation is a similar or
related process to distillation. The correlation with the evaporation data itself at 15 °C
shows that the temperature effect is somewhat similar for most oils. This also indicates

that the evaporation rate itself is correlated with the variance with temperature.
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Chapter 7 Field Confirmation of Laboratory Methodology
7.1 Abstract

Three experiments were performed outdoors to confirm that laboratory conditions
were representative of real conditions. The ASMB oil was evaporated from the same
laboratory pans in two experiments and from a larger square pan in another case. The
results are consistent with those from laboratory experiments. The field results can also
be predictc? using the equations where only the temperature and time are variables. Wind
is not a determinant in results from outdoor experiments. This is again indicative that oil
is not strictly boundary-layer regulated and that temperature and time are primary
variables. These experiments were confirmation that the [aboratory tests were

representative of the real world.

7.2 Introduction

The previous chapters presented results that showed the evaporation rates of oils
and petroleum products are largely governed by temperature and time. The boundary-
layer regulation as evidenced for water is not a governing factor for oil. As shown in
laboratory experiments as described in Chapter 5, only during the first 5 minutes of
exposure does the evaporation rate of ASM2, a typical volatile, light crude oil, exceed
the rate at which the boundary layer effect is important. The experiments described in all
the above work were conducted in the laboratory. It remains to be shown that similar, if
not identical results could be achieved in the field. This chapter presents the results of

three experiments run outdoors to verify the laboratory findings.

7.3 Experimental

Experimental methodology largely followed the details described in Chapter 3.
The weight loss dish for the first two outdoor experiments was a standard 139 mm
diameter (ID) dish (Corning). This was the most frequently used test vessel in laboratory
experiments. In the third outdoors experiment, a square metal pan was used with

dimensions 212 X 212 mm with a depth of 48 mm. This was to demonstrate that pan

143



dimensions were not a factor in the experiments. Dimensions were measured using a
Mitutoyo digital vernier caliper. Measurements were conducted in the following fashion.
The tared pan was loaded with a measured amount of oil. Data acquisition was started
and continued during the day. At the end of the day’s experiment, the vessel was cleaned
and rinsed with Dichloromethane.

Measurements were taken in a field 30 m north of the Environment Canada
laboratory building. The balance and pan were sunk into the ground to ensure that the
wind flow over the grass was level with the top of the pan. The predominant wind was
from the northwest. There was 50 metres fetch of mowed grass, a single row of trees and
another open field behind that. Behind the test plot, on both the south and east directions
were the Environment Canada laboratory building at distances of 30 m. The computer
and power supply were placed in plastic wraps offset one metre crosswind of the balance
and weight pan.

Temperatures were measured using a Keithley 871 digital thermometer with a
thermocouple supplied by the same firm. Temperatures were taken at the beginning and
the end of a given experimental run, and were measured in the middle of runs at
approximately 3-hour intervals. Air temperatures were taken,

Wind velocities were measured using a Taylor vane anemometer (no model
number on the unit) and a Tadi, ‘Digital Pocket Anemometer’. The wind velocities were
measured at the same times as were the temperatures.

The experiments conducted are summarized in Table 7.1 and the measured

environmental parameters in Table 7.2.

7.4 Results and Discussion

Figure 7.1 shows the fit of the October 3 data to a logarithmic curve. This figure
(and the five subsequent figures) provides additional statistical data, including the rank of
the particular equation chosen compared to the other 72 chosen to fit out of
approximately 150 possible equations. The next value given is the regression coefficient
(%), which here is 0.92, the fit standard error, the F statistic and the parameters of the

equation, ‘a’ and ‘b’. The correspondence of the logarithmic curve to the data is good
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Tabl27.1  Summary of Outdoor Confirmation Experiments
Date Oil Days Total Pan Initial Initial (mm) Qil End
Type Length Time (k) Area (cm?) Loading {(g) Thickness Type Wi.
Oct 3 ASMB 0.5 8 151 24.4 1.93 ASMB 17.8
Oct4  ASMB 0.5 6 151 25.45 2.01  ASMB 19.67
Oct5 ASMB 0.5 5 449 67.95 1.8 ASMB 49.52
Date Oil End %  Temp Wind R® Best Best Single
Type Wt Evap °c mis Equation Equation Parameter
Oct3 ASMB 17.6 27 7.4 0.46 0.926 In 39
Oct4 ASMB 19,67 23 9.1 0.29 0.821 In 2.89
Oct5 ASMB 49.52 27 7.1 0.53 0.834 in 3.92
Table 7.2 Temperature and Wind for Qutdoars Experiments
Experiment Time Temperature Wind Velocity
°C m/s
3-Oct 9:30 53 0.65
11:45 6.5 0.58
14:45 8.7 0.14
17:17 8.2 0.25
Time Weighted Average 7.4 0.46
4-Oct B:54 6.8 0.35
11:00 9.7 0.25
14:45 9.4 0.28
14:48 9.4 0.28
Time Weighted Average 9.1 0.29
5-Oct 9:08 5.6 0.03
11:45 8 1.01
13:30 72 1.63
13:56 7.2 1.63
Time Weighted Average 7.1 0.53




considering the noise caused by wind on the scale. It can be seen from Figure 7.1 that the
logarithmic curve over-predicts the evaporation rate at the start and then under-predicts
slightly at the end of the evaporation period. This is not typical of the results presented
in the thesis and may be a result of changing temperatures throughout the experiment,
Figure 7.2 shows the fit of a single-parameter logarithmic equation to the data. This
figure shows that the fit is degraded somewhat from the standard two-parameter equation
and that the curve fits poorly at the start and end of the process.

Figure 7.3 shows the fit of the logarithmic curve to the October 4 data. The
logarithmic curve has an acceptable regression coefficient (r* = .82) but the trend of not
fitting the start and end of the curve is more exaggerated here. Figure 7.4 shows the
application of another curve from the top-ranking equations. The curve chosen here is
that of the square root curve, which in this rare case fits the data better than does the
Jogarithmic one. The regression coefficient is very high (0.98), but the upward trend at
the end of the time data would yield less reliable results for long-term weathering.

Figure 7.5 shows the fit of a logarithmic curve to the October 5 data. The
regression curve is similar to the October 4 case and similar trends are seen for the curve,
over-predicting at the start and under-predicting at the end. Another curve of the fit set
was used to correlate the data. This is illustrated in FFigure 7.6. The curve is a modified
logarithmic curve (y = a + b (Inx)?), which fits the data with an approximate regression
coefficient of 0.99. This indicates the basic form of the equation is logarithmic.

All three days’ data show that the logarithmic curve fits the ASMB evaporation
data acceptably, however, not as well as in the laboratory. Possible explanations for this
include: 1. The slow temperature change during the day gradually increased the
evaporation rate and thus a single predictive method will not fit as well. 2. The noise of

“wind on the electronic balance degrades the ultimate fit. 3. The lower temperatures
meant that fewer components were evaporating than usual and thus the curve should
actually be a square root equation or something between this and the logarithmic
equation. 4, Different physics are operative in the field than in the laboratory. It will be
shown here that the results are, in fact, that close to the laboratory findings that

hypothesis 4 can be discarded and 1 is the primary effect. To re-emphasise, the outdoors
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Figure 7.1 Log Curve Fit of October 3 Data
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Figure 7.2 Single-Factor L.og Curve Fit of October 3 Data
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Figure 7.3

Log Curve Fit of October 4 Data
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Figure 7.5 Log Curve Fit of October 5 Data
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Figure 7.6 Modifled Log Curve Fit of October 5 Data
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experiments yield results that compare in overall magnitude to those found indoors and
the poorer data fits from the outdoors experiments will be shown to be largely due to
outdoor temperature variations.

During the outdoors experiments, temperatures were measured with an air probe,
and it was noted that the substrate (eg. pan) temperatures were less than that of the air -
especially in the early morning when each experiment was started. Table 7.2 shows that
the air temperatures typically started at 5 °C and then rose to about 10 °C at noon and
then fell to about 7 °C by the experiment’s end at the close of the day. This rate increase
could account for a changing evaporation rate throughout the day and thus the poorer
logarithmic curve fit.

The major purpose in conducting the outdoors experiments was to test the
hypothesis that the factors of influence noted during the indoor experiments are also
operative outdoors. In particular, it was a test of the numerous findings in the laboratory
such as the finding that oil evaporation is not strictly boundary layer regulated and thus
the wind can be ignored. Furthermore, a test of the temperature equations found in
Chapter 6 above is in order.

Figures 7.7 to 7.9 present the results of fitting the prediction equations to the data
from October 3, 4 and 5. A “standard calculation” is presented which uses the one-term
logarithmic equation calculated from the predictive equation for ASMB calculated in
Chapter 6 above (from Table 6.5) where the equation for ASMB oil is given as: (3.52 +
0.052 X temperature) X In(t). The temperature taken in each case is the average
calculated in Table 7.2. A “cumulative calculation” was also done to examine the effects
of a different form of calculation where the temperature at the time was used rather than
the average. The temperature was calculated to be a linear variation between
measurements. The evaporation between each time interval was calculated using the
same basic equation as for the standard calculation, fraction evaporated = (3.52 +.052 X
temperature) X (In(t) - In(t-1)). This calculation was performed to see if the effect of
averaging the temperature data is significant. As can be seen from Figures 7.7 to 7.9,
both types of calculations predict the end point (at the end of the time period) very well

and that the cumulative calculation generally yields a slightly better result. The curves of
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Figure 7.9

Prediction of October 5 Results
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the actual data in these figures rise slower than predicted at the start, especially for the
October data. This is most likely a result of a cold evaporation pan at the start of the
experiment.

The ability of the predicted evaporation curves to fit the outdoor data suggests
that the wind is not a prime factor in the evaporation of the oil and that the laboratory
conditions adequately simulate the conditions in the outdoors. This is true for the
conditions prevalent in the laboratory and outdoor experiments. Furthermore, the use of a
larger, square pan for the October 5 experiments and that fact that the results from these
tests werz compatible to other resuits, reinforces the previous statement.

In the outdoors experiments, the wind profiles would be governed by the
upstream surface roughness, ie. grass. The internal boundary layers produced by a
discontinuity in air flow between grass-covered ground and an aerodynamically smooth

oil surface might be different.

7.5 Conclusions

The results from the outdoors experiments are not dissimilar to those achieved
under laboratory conditions. This confirms that the methods and conditions in the
laboratory are consistent with those outdoors. The outdoors results can be predicted
using equations developed in the laboratory with only temperature and time as variables.
Wind in the outdoors experiment does not change the evaporation rate. This also

confirms that the oil evaporation is not strictly boundary-regulated.
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Chapter 8 - Development of Evaporation Prediction Equations
8.1 Abstract

A study of the evaporative characteristics of 19 different crude oils and petroleum
products was conducted. Best-fit equation parameters were determined for both
percentage loss by time and absolute weight loss. All oils except for three (diesel fuel,
FCC Heavy Cycle and Bunker C light) were found to fit logarithmic curves. The
exceptions noted, fit square root curves with time. The equation constants were
correlated with oil distiilation data. The equation constants correlated highly with the
percentage distilled at 180 °C (r* ranged from 0.98 to 0.74). Using this correlation,
equations were developed by which the oil evaporation can be predicted using the

distillation data alone.

8.2 Introduction

The previous chapters presented results that showed the evaporation rates of oils
and petroleum products are largely governed by temperature and time. Equations were
derived which correlated the temperature changes to the equations with both, the
empirical findings themselves and with distillation data. This work still left the basic
parameter of the evaporation rate at 15 °C to be determined empirically. The experiments
to determine these empirical parameters involve experiments lasting several days.
Obviously, means to predict these equations would be convenient for users of the data.
Furthermore, it is necessary for full understanding of the evaporation process to
determine if there are relationships between the evaporation parameters and other

properties of oil.

8.3 Experimental

Details of experimental methodology are given in Chapter 3. Experiments were
conducted both in a fume hood at laboratory temperatures or in a constant temperature
chamber. These were also described in Chapter 3.

The experiments conducted are summarized in Table 8.1 The properties of the test
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liquids are given in Table 8.2.
Distillation data are used for correlations. All Data are taken from an oil

properties collection by Environment Canada (Whiticar et al., 1993). Data used in this

study are summarized in Table 8.3.

8.4 Results and Discussion

Distillation data were directly correlated to the evaporation rates determined by
experimentation. Empirical rates, given as a percentage evaporated, are listed in 'T'able
8.1. In addition, evaporation rates as absolute weight (in grams) were also calculated and
used in these studies. The latter data are generally not available in as accurate form as the
former and to interpret them, total mass of the oil evaporating must be divided by the
amount used in the experiment, typically 20 g. Thus, the more accurate form is used
here. The distiliation data are available in two forms, percent evaporated at a given
temperature value (as used here) and as temperature at which a fixed amount of material
is lost. The distillation curves are illustrated in Figure 8.1. Several trends are evident.
Gasoline, the most volatile of the petroleum products, shows this volatility as a distinct
curve on the left of the other curves. Diesel and FCC Heavy Cycle show a narrow
boiling point range between about 160 and 260 degrees. It is interesting that these two
products, of all those listed here, show best-fit evaporation equations with the square root
of time, rather than the logarithm. This was shown in Chapter 4 to be the result of the
number of components evaporating. This conclusion is confirmed by the distillation
curve, which indicates that the products in question consist of a few components over a
narrow boiling point range. Figure 8.1 shows that most crude oil distillation curves are
similar. Two curves which are slightly different than the others and pass through the
bulk of the other curves are: Amauligak and Issungnak, both waxy, but light, Beaufort
Sea crude oils. Bunker C and Bunker C light show the typical expected behaviour of
heavy residual products.

The percentage distilled at each temperature was correlated with the equation
parameter (sometimes referred to here as the evaporation rate). An example of such a

correlation is shown in Figure 8.2. This figure shows the correlation of the percentage
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Table 8.1 Summary Table of Experiments Involving Different Oils

Date Qil Days Telal  pon(em) Initiot  Intal (mm) End % Temp Wind K Best Best single
Series-year-93 Type tength Time{hr) Aeo  loodig) Micknen Wl Evap C m/s Equation Equation Parameter
2| july 2 ASMB 1 15 1517 202 159 14 30 224 0 0.937 In 4,05
3| Sept22 ASMB 3 71 151 248 196 36 37 231 0 0876 In 4.49
4|[Nov1 ASMB 2 51 151 205 142 1a 32 209 O 05%4 In 4.28
51Dec8 ASMB 2 46 157 195 15 13 35 17 0 0998 In 4,37

Dec 10 ASMB 25 65 151 215 169 14 34 202 0 0967 In 4.28
6| Dec 24 Bunker 4 99 151 252 1713 250 1 118 0O 0.687 I 0.048
Dec 2%b Gosoline 0.5 2 151 20 .81 23 82 195 O 0889 In 15.9
Dec 29c Bunker 3 72 151 200 137 19 &6 1946 0O Q875 In 0.473
Prudhoe 2 49 E51 20 149 17 15 215 0 0.593 In 1.65
Prudhoe 3 71 151 20 142 16 19 Z1.3 0 0997 In 217
Jan 10 Brent 1 27 151 20 1.59 12 38 216 0 0991 In 4.0
Jan 12 Brent 3 &7 151 30 238 20 35 195 0 059t In 4.03
Jen 15 Brent 3 74 I5t 50 397 33 33 181 0O 0.98% In 3.97
Jan 18 Endicolt 2 42 151 50 3462 46 9 20 0 0972 In 0.924
Jan 20c Issungnak 2 47 151 20 1.56 16 22 19 0 0947 In 223
len 22 TeraNova 2 43 157 20 154 17 17 188 0 0987 Ir 1.93
Jan 28b Prudhoe oy 8 190 158 30 223 23 24 112 0 (0986 [fa} 2.36
Feb5 SantgClara 2 48 151 20 144 16 18 241 0 0.847 In 2.3
8l April 14 FCC heavy 2 46 151 20 146 16 18 24 © 0986 sa.rt. 031
April 25 ASMB 1 24 i51 20 158 14 32 15 0 0995 In 4,22
| 14 Dec 23 Komineft 5 121 it 129 102 88 32 233 0 0995 Ha! 3.4
%‘% Jan3 Federcted 4 25 51 20 158 13 34 15 0 0985 In 3.99
Jan 11 Avalon 3 70 151 20 15 18 9 15 O 096 In 2.08
Jan 14 Gulfaks 4 89 13 20 1.61 15 26 15 0 0983 In 2.89
Jan 18 Brent 3 79 151 20 158 13 36 15 0 0995 In 423
Jan2l Amauligak 5 120 181 200 15 15 24 15 0 0952 In 2.3
17/ Jan 26 TemaNova 4 $6 151 20 154 15 23 13 0 0927 In 2.39
Feb 15 Statfjord 5 e 151 20 1.5 13 33 15 O 0983 In 3.65
18| Mar 10 Gulfaks 3 72 151 20 1.5 15 26 15 0 0984 In 2.8]
19} Mar 22 Arabian Lt 5 101 151 20 153 14 28 15 0 0993 tn 3.1
Mar 26 BunkerClt 4 88 151 20 137 19 3 15 0 099 sq.rh. 0.0422
Mar 30a Gasoline 0.5 3 151 21,y 197 31 85 15 0 095 In F-S
Mar 30b Gascline 05 3 131 204 191 31 8 15 0 0%55 In 15.8
Mar 30c Diesel 4 89 151 203 1.46 13 38 15 O 0991 sq.rit. 0538
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Table 8.2 Properties of the Test Liquids
Name Description Density Viscosity
g/mL at15°c _mPa.s at 15°C

Amauligak A light crude oil from Canada's Beaufort Sea 0.871 14

Arabian Light A common blend of Saudi Arabian oil exported 0.867 14
around the world

Avalon One of the test crude oils from Newfoundland's 0.871 15
Hibernia field

ASMB Alberta Sweet Mixed Blend - A common crude 0.839 9
oil in Canada

Brent A common British, North Sea oil, sometimes 0.833 6
exported to Canada

Bunker C A heavy residual fuel containing distillation 0.98 48000
residuals

Bunker C Light A variation on Bunker C, a refinery residual 0.969 10000
product, with some diesel-like diluent

Diesel Standard automotive/truck diesel fuel 0.809 2

Endicott Qil from one of the smaller fields on Alaska's 0.915 B4
North Slope

Federated A light. sweet Alberta crude that forms the 0.826 5
primary feed of Edmonton's refineries

FCC Heavy A light refinery intermediate product, the "heavy” 0.908 3
refers to the number of times the product is re-cycled

Gasoline Standard automotive non-leaded gasoline 0.709 0.6

Gullfaks A common Norwegian oil - sometimes exported 0.882 13
to Canada

Issungnak Qi from the Canadian Beaufort Sea, a very 0.849 4
light oil

Komineft Crude oil from the Russian Komi republic 0.85 14

Prudhoe Bay Oil from the largest field on Alaska's North 0.905 26
slope

Santa Clara A heavy crude oit from Southern California 0.82 300

Statfjord A common Norwegian oil - sometimes exported 0.834 7
to Canada

Terra Nova One of the oils from the Hibernia field off 0.864 17

Newfoundland
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Tabie 8.3 Distillation Data on Oil Used in Study
(data are percentages hoiled off at the specified temperature)
Temp Amauligak Arab Lt. ASMB  Avalon Brent Bunker Bunker C LDiesel Endicolt Federated FCC heavy Gasoline Gullfaks Issungnak Komineft Prudhoe Santa Clara Statfjerd Terra Nova

40 21 380 1.00 28 060 262 090 190 1.40
50 22 420 100 3.2 0.70 28.2 1.00 210 1.50
60 23 470 07 110 38 080 296 1.10  2.30 1.70
70 3.8 660 13 25 200 59 090 356 06 160 26 250 320 19 280
80 43 B840 2 36 330 74 110 444 06 460 75 470 550 27 540
90 1 54 1030 27 41 08 440 94 130 679 1 580 105 6.00 850 31 640
100 1.8 7 1270 39 46 09 490 12 140 7v04 12 700 134 700 770 34 760
110 24 78 1420 45 72 0.9 590 141 180 732 2 850 143 840 920 51 920
120 3.7 92 1630 55 8.9 13 670 164 240 841 3 970 154 950 1020 66 1060
130 44 106 1820 6.5 119 19 700 183 250 845 46 1040 167 1000 1060 9.1 11.00
140 58 119 2060 74 135 34 710 206 250 847 61 1060 168 1020 10.80 11 11.40
150 71 131 2230 84 148 04 61 710 223 250 847 69 1080 168 1030 1080 122 11.60
160 89 154 2480 10 175 060 11 7.80 252 3.30 883 9 12.30 181 1130 1180 146 1290
170 109 169 2700 111 19 1.00 17 850 276 440 925 105 1380 193 1240 1270 183 1440

180 127 188 2920 126 208 140 04 23 9.30 30 540 946 118 1600 215 1370 1370 18 16.10
190 147 204 3090 137 226 180 07 28 1000 316 710 962 137 1760 224 1480 1450 199 17.50
200 167 222 3310 151 25 240 1 34 1080 341 1110 97.7 157 1990 247 16.20 1540 222 19.30
210 191 237 3480 164 281 29 15 40 1170 357 1860 984 187 2200 257 1740 1630 253 2080
220 217 257 3720 17.9 305 330 23 46 1270 382 2530 989 212 2490 279 18980 1740 278 2270
230 248 272 39.10 194 321 400 34 53 1400 401 3990 993 23 2760 292 2050 1840 295 2440
240 2841 29 4120 209 339 450 47 59 1520 424 4650 995 246 31.20 314 2210 1950 312 26.30

250 31.7 306 4320 225 354 520 66 65 16.60 444 5940 26.7 3450 329 2380 2050 329 2810
260 357 325 4530 241 372 560 87 7t 1790 464 6740 284 3890 351 2560 2160 348 30.20
270 398 341 4750 257 388 620 111 77 1940 487 76.80 304 4270 367 27.30 2270 364 31.80
280 432 36 4940 274 405 680 136 83 2090 508 84.80 322 46.70 388 2910 23.80 382 3410
290 462 379 5150 292 422 750 164 88 2250 528 90.30 339 5050 408 31.00 2480 40 36.10
300 499 395 5340 30.7 437 81 194 91 2400 547 9480 358 53.80 424 3270 2610 415 3790
310 539 415 5580 328 457 880 235 94 2600 572 97.50 379 5830 45 3480 27.70 436 4020
320 57.2 435 5820 34.8 476 970 272 97 2790 595 9890 388 6200 472 3690 2930 455 4250
330 601 451 60.30 364 489 1060 303 98 2950 612 9950 416 64.70 487 3860 3040 47 4420
340 628 469 6190 38 504 1150 339 99 3140 63.1 43.2 67.90 506 4050 3160 486 46.20
350 653 48.8 6390 397 51.9 1260 376 33.30 651 449 70.80 523 4240 32.80 502 48.10
360 677 50.6 6580 414 53.4 13.80 413 3520 ©66.9 466 7350 539 4430 3410 518 50.00
370 70 523 6760 43.1 54.9 1530 448 37.20 ©8.8 48.2 7800 556 46.10 3540 533 52.00
380 722 539 6940 447 56.2 16.70 48 38.00 70.4 498 7810 571 4780 3670 548 5370
390 742 555 71.00 462 575 1830 6512 4090 72 51.3 8030 586 4960 37.80 56.2 55.50
400 76 572 7260 479 58.9 19.80 539 4300 73.7 529 8230 603 5140 3920 577 5740
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equation factor versus the distillation percentage at 150, 180 and 200°C. As can be seen
by the regression line, the correlation is high. This same correlation was repeated for
both the percentage and weight equation factors and for several different temperatures.
The regressions were also repeated without gasoline, which has a higher evaporation rate
than the other values and could possible skew the results. The data are referred to in
figures and tables as “full set” when gasoline is included and “partial set” when gasoline
is not. The regression coefficients (r*) are listed in Table 8.4. This table shows that
regression is highest when the distillation data are near 200 °C. This is illustrated by a
plot of the regression coefficients versus temperature as shown in Figure 8.3. This figure
shows that the regression coefficient peaks when the distillation temperature is about 180
°C, irrespective of whether the data is for the percentage or weight equations or whether
gasoline is included or not. The optimal point, or point at which the regression
coefficient is maximum, was found to be 180 °C by using peak functions. These
functions were also applied using the program, TableCurve. The results are shown in
Figures 8.4 to 8.7. These figures include the rank of the peak equation selected by the
program based on the highest regression coefficient, the regression coefficient (), the
standard error of fit, the F statistic and the constants for the equation.

The percent mass distilled at 180 degrees was used to calculate the relationship
between the distillation values and the equation parameters. The equations used were
derived from correlations of the data. Figures 8.6 to 8.9 show the correlations for the
distillation data (percent distilled) at 180 °C. These figures include the rank of the linear
equation selected for this exercise, the regression coefficient (), the corrected regression
coefficient for the current degrees of freedom, the standard error of fit, the F statistic and
the constants for the equation.

The data from those oils which were better fitted with square root equations,
diesel, Bunker C light and FCC Heavy Cycle, w~r2 separated and calculated separately.
Since there are only three data points, the reliability and accuracy are lower than for the
other set. Table 8.5 shows the equation parameters detertnined experimentally and those
calculated using the function obtained from the regression. Table 8.6 shows the same data

for the square-root equation products.
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Figure 8.3
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Table 8.4 Correlation Between Distillation Data and Evaporation
Percentage Weight

Boiling r* Percent r* Percent r Percent r* Percent

Temperature |Full Set Partial Set Full Set Partial Set
150 0.9796 0.7958 0.9626 0.6605
160 0.9839 0.8414 0.9668 0.7043
170 0.984 0.8448 0.9662 0.7037
180 0.9838 0.8665 0.9652 0.7352
190 0.9847 0.8805 0.9659 0.7477
200 0.9828 0.8803 0.9628 0.7413
210 0.9792 0.8684 0.9588 0.7309
220 0.9678 0.825 0.9456 0.6845
230 0.8327 0.6565 0.9089 0.5309
240 0.9085 0.5894 0.8829 0.4673
250 0.4432 0.4432 0.3398 0.3398
300 0.2011 0.2011 0.1332 0.1332
350 0.6194 0.6194 0.4815 0.4615
400 0.5158 0.5158 0.3732 0.3732
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Figure 8.8
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. The equations derived from the regressions (parameters from Figures 8.6 to 8.9)

are as follows;

For oils that follow a logarithmic equation:

Percentage evaporated = 0.165(%D) In(t) (8.1)
Weight evaporated = 0.0341(%D) In(t) (8.2)
For oils that follow a square root equation:

Percentage evaporated = 0.0254(%D)1/— t (8.3)
Weight evaporated = 0.00514(%DW t (8.4)

where the weight evaporated is in grams per 20 grams evaporated and %D is the
percentage (by weight) distilled at 180°C.

These equations can be combined with the equations generated in Chapter 6 to
account for the temperature variations:

For oils that follow a logarithmic equation:

Percentage evaporated = [.165(%D) + .045(T-15)]In(t) (8.5)

For oils that follow a square root equation:

. Percentage evaporated = [.0254(%D) + .Ol(T-lS)]\f t (8.6)
where %D is the percentage (by weight) distilled at 180°C.,

The distillation data correlates well with the evaporation rate equations except for
one or two select oils. The data shown in Table 8.5 and 8.6 show an average variance of
calculated equations parameters (or evaporation rates) from the experimental values of
3% for the percent equations and 1.5% for the weight equations. The maximum value is
66% for the percent equation for Endicott oil. Some variance like this is expected by
examination of the distillation curves in Figure 8.1. It can be seen here that the slopes of
the distillation curves are not constant and furthermore contain some anomalies due to
unique blends of constituents. Despite this, most oil evaporation can be predicted much
more accurately using this method than by the methods noted in the literature search
covered in Chapter 2. The prediction scheme historically used only the slope of a
nonstandard boiling curve and historically resulted in errors as large as several hundred

percent.

. 168



Table 8.5 Experimental and Calculated Evaporation Rates

Date Oil Single %  Single Wt Distillation Calculated Rates

Type Parameter  Parameter  180°C  Percentage % variation Weight % Variglion
Jan 21  Amauligak 2.3 0.464 12,7 2.4 ? 0.43 7
Mar 22  Arabian Lt 3.1 0.621 18.8 3.1 0 0.64 -3
July2  ASMB 405 0.818  29.20 482 -19 1 -22
Sept 22 ASMB 4,49 1.11 29.20 4.82 -7 1 10
Nov1  ASMB 4.28 0.898  29.20 4.82 -13 ] -1
Dec8 ASMB 437 0.85 29.20 482 -10 1 -18
Dec 10 ASMB 428 0912  29.20 4.82 -13 1 -10
April 25 ASMB 4.22 0.844  29.20 4.82 -14 1 -18
Jan 11 Avglon 2.08 0.414 12.6 2.08 0 0.43 -3
Jan 10 Brent 4.06 0.812 20.8 3.44 15 0.71 13
Jan 12 Brent 403 1.1 20.8 3.44 15 0.71 36
Jan 15 Brent 3.97 0.99 20.8 3.44 13 0.7 28
Jan 18 Brent 423 0.846 208 3.44 19 0.71 16
Dec 24 Bunker 0.28 0.12 1.40 0.231 18 0.05 58
Dec 29¢ Bunker 0.23 0.095 1.40 0.23 0 0.05 47
Jan 18 Endicott 0.926 0.4463 9.30 1.54 -66 0.32 31
Jan3  Federated 3.99 0.797 30 496 -24 1.02 -28
Dec 29b Gasoline 15.9 3.18 ?4.6 15.63 2 3.23 -2
Mar 30a Gasoline 16 3.36 94.6 15.63 2 3.23
Mar 30b Gasoline 15.8 3.22 94.6 15.63 1 3.23
Jan 14 Gulfaks 2.89 0.58 11.8 1.95 33 0.4 3t
Mar 10 Gulfaks 2.81 0.562 11.8 1.95 31 0.4 29
Jan 20c Issungnak 2.23 0.448  16.00 2.64 -18 0.55 -23
Dec 23 Komineft 3.4 0.438 21.5 3.55 -4 0.73 -67
Jan1  Prudhoe 1.65 0.33 13.70 226 -37 0.47 -42
Jan3  Prudhoe 2.17 0.434 13.70 2.26 -4 0.47 -8
Jan 28b Prudhoe Bay 2.34 0.707 13.70 2.26 4 0.47 34
Feb5 SantaClara 2.3 0.461 13.70 2.26 2 0.47 -2
Feb 15 Statfjord 3.65 0.73 18 2.97 19 0.61 16
Jan22  Terra Nova 1.93 0.385 16.10 2.66 -38 0.55 -43
Jan 26 Temra Nova 2.39 0.482 16.10 2.66 -1 0.55 -14
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Table 8.6 Experimental and Calculated Rates For Narrow-Cut Products
Date Qil Single % Single Wt.  Distillation

Type Parameter Parameter 180°C
March 26 Bunker C Light 0.0422 £.008 0.4
March 30c Diesel 0.538 0.109 22.8
April 14 FCC heavy 0.31 0.062 5.40
Date Qil Calculated Rates

Type Percentage % Variation Weight % Variation
March 26 Bunker C Light 0.01 76 0 100
March 30c Diesel 0.58 -8 0.12 -10
April 14 FCC heavy 0.14 55 0.03 52
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The high correlation of distillation data and evaporation data suggest a strong
relationship between the processes. Distillation does not involve the influence of
environmental relationships such as boundary-layer regulation. This is suggestive that
the evaporation of oil follows similar processes and that the evaporation process is
fargely (if not exclusively) governed by oil properties rather than environmental
properties.

The utility of the calculation scheme is illustrated by taking two sets of data at
random (chosen were ASMB and gasoline, taken respectively on December 8, 1993, and
March 20, 1995). The actual data, the best curve fit, using a single logarithmic equation
and the predicted data using the distillation values were plotted as shown in Figures 8.10
and 8.11. Figure 8.10 shows the gasoline data, which were recent data and where the test
run was performed in a constant temperature chamber. The actual data, curve fit and the

predicted values are very close. Figure 8.11 shows the ASMB data. The fit is also good.

8.5 Conclusions

The equation parameters found experimentally for the evaporation of oils can be
related to commonly-available distillation data for the oil. Specifically, it has been found
that the distillation percentage at 180 °C correlates well with the equation parameters.
Regression coefficients (r*) range from 0.74 to 0.98, depending on the type of equation
and the selection of data. Relationships enabling calculation of evaporation equations

directiy from distillation data have been developed:

For oils that follow a logarithmic equation:

Percentage evaporated = 0.165(%D) In(t) 8.1
Weight evaporated = 0.0341(%D) In(t) (8.2)
For oils that follow a square root equation:

Percentage evaporated = 0.0254(%D)V t (8.3)
Weight evaporated = 0.00514(%D)Wt (8.4)

where the weight evaporated is in grams per 20 grams evaporated and %D is the
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Figure 8.10
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Figure 8.11
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. percentage (by weight) distilled at 180°C.

These equations were combined with the equations generated to account for the
temperature variations:

For oils that follow a logarithmic equation:

Percentage evaporated = [.165(%D) + .045(T-15)]In(t) (8.5)

For oils that follow a square root equation:

Percentage evaporated = [.0254(%D) + .01(T-15)Vt (5.6)

The high correlation of distillation data and evaporation data suggests that the two
processes are analogous and that evaporation, like distillation, is largely governed by
intrinsic oil properties rather than environmental properties such as boundary-layer

factors.
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Chapter 9 Overall Conclusions

Overall Conclusions

An examination of thermodynamic literature shows that the volume change and
thus the evaporation rate is directly related to the temperature and the vapour pressure,
and inversely to saturation vapour pressure,

Literature on the physics and mathematical modelling of oil spill evaporation has
been reviewed (Fingas, 1995). Two basic approaches to the mechanism of evaporation
are proposed in the literature, first-order decay and boundary-layer limited. Some
workers propose a first-order decay process which yields a logaritiimic decrease in
evaporation with time. Most workers use boundary-{ayer equations adapted from water
evaporation work. These equations predict a constant evaporative mass-transfer rate
dependent on scale size and wind turbulence levels.

The most common approach in the literature is the use of the Mackay equations
(Mackay and Matsugu, 1973; Stiver and Mackay, 1984) derived from carlier water
evaporation work by Sutton (Sutton, 1934):

K, =0.0292 U®® X1 g " (9.1)
where K, is the mass transfer coefficient in units of mass per unit time, U is wind speed,
Sc is the Schmidt number and X is the scale size of evaporating area.

Mackay and Matsugu noted that for hydrocarbon mixtures the evaporation
process is more complex, being dependent on the liquid diffusion characteristics, a liquid
phase diffusion resistance being present. The mass transfer rate shown in (9.1) above is
used in the following to calculate the molar evaporative flux:

N = KAP/(RT) (9.2)
where N is the evaporative molar flux, A is the area, K is the mass transler cocllicient
under the prevailing wind, P is the vapour pressure of the bulk liquid, R is the universal
gas constant and T is the temperature (K).
This equation is not used frequently in actual practice, and a logarithmic equation

was proposed to have the same form as (9.2) above:
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F,=(T/K,j In (1 + K,0/T) exp(K, - K;/T) (9.3)
where F, is the fraction evaporated, 8 is the evaporative exposure or Kat/V and K, ,; are
cmpirical constants.

Variations of all the above equations have been used extensively by many other
experimenters and for model application. Tests of this equation show deviations from
empirical results, however, explanations for such deviations vary. The equations
developed by Mackay and co-workers can be implemented in a variety of ways. No
extensive empirical studies of oil evaporation are published in the literature.

Extensive experimentation was conducted on oil evaporation ia this study.
Results show that pure compounds evaporate in a lingar manner. Most crude oils
evaporate in a logarithmic manner, that is the loss of mass is logarithmic with time. The
study of the nature of the evaporative curve shows that ‘best’ fit largely depends on the
number of components evaporating simultaneously. Pure compounds evaporate in a
direct linear fashion, as has been known, Mixtures of components between about 3 and 7
evaporate as a square root with time. Logarithmic equations result when approximately
10 or more components evaporate simultaneously.

The results of the experiments described below, show that oil is not strictly
boundary-layer regulated:

1) A study of the evaporation rate of several oils with increasing wind speed shows that,
unlike water, the evaporation rate does not change significantly except for the initial step
over 0-level wind.

2) Increasing area does not significantly change oil evaporation rate. This is directly
contrary to the prediction resulting from boundary-layer regulation.

3) Decreasing thickness does not increase oil evaporation rate.

4) The volume or mass of oil evaporating correlates with the evaporation rate. This is a
strong indicator of the lack of boundary-layer regulation because with water, volume and
rate do not correlate.

5) Evaporation of pure hydrocarbons with and without wind (turbulence) shows that
compounds larger than nonane and decane are not boundary-layer regulated. Most oil

and hydrocarbon products consist of compounds larger than these two and thus would not
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be expected to be boundary-layer regulated.

6) Evaporation of pure hydrocarbons with a highly-weathered oil residue, with and
without wind, shows that the evaporative behaviour is not boundary-laver repulated.
This shows that the effect is not simply an artifact of 0il composition.

Having concluded that boundary-layer regulation is not applicable to oil
gvapoi ation, it remains to explain why this is so. The reason is twofold: oil evaporation,
especially after an initial time period, is relatively slow compared to the threshold where
it is boundary-layer regulated; and the threshold to boundary-layer regulation for oil
evaporation is much higher than that for water. These two factors were highlighted by
three comparisons using the experimental data:

1)} A comparison of the length of time that oils exceeds the boundary-layer limit, taken as
the maximum evaporation rate when there is no wind, shows that the length of time
during which evaporation rate in the presence of wind exceeds the boundary-layer limit,
can be as short as 2 minutes to a maximum of 46 minutes. This represents a very small
fraction of time to significantly evaporate an oil (in these experiments, typically 2000 to
8000 minutes). For most of the time, the evaporation rate is below the boundary-layer
regulated rate.

2) A comparison of the maximum rates of evaporation for some oils, gasoline and water,
in the absence of wind, shows that the oil rates exceed that for water by as much as an
order of magnitude (water=.034 g/min, ASMB=0.75 g/min., and gasoline=.34 g/min.; all
under the specific conditions noted), and

3) The saturation concentration of several hydrocarbons in air reveals that some
hydrocarbon saturation concentrations in air can be greater than that of water by as much
as two orders-of-magnitude.

Oil evaporation can be explained as follows: If evaporation occurs in a turbulent
atmosphere, the time that the evaporation rate exceeds the boundary-layer limited rate is
very short. In the absence of turbulence, evaporation will proceed at the limitation rate
then drop off to a similar, but higher rate than the turbulent rate. The difference in time is
a matter of minutes, as explained above, and the end result will not be noticeable to an

observer. Thus, it is stated that oil and petroleum evaporation is not strictly boundary-
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layer regulated.

The fact that oil evaporation is not strictly boundary-layer regulated implies a
simplistic evaporation equation will suffice to describe the process. The following
processes do not require consideration: wind velocity, turbulence level, area, thickness,
and scale size. The factors important to evaporation are time and temperature.

Literature indicates that the relation of evaporation rate and temperature to be
logT/T or possibly T¢ (Stiver and Mackay, 1984). An examination of thermodynamics
reveals that the relationship may be linear. Experimental evidence confirms that the
relationship between evaporation rate and temperature is linear.

The rate of evaporation change with temperature is similar for the crude oils
tested. Data from Diesel fuel and Bunker C light were fitted with square root equations,
and show similar behaviour than the other test oils, all of which were best fit with
logarithmic equations. Prediction 1aethods for diesel fuel and Bunker C light would
require separate analysis.

The change of evaporation rate (both as percentage and as absolute weight) can
be predicted using two entirely different methods. First, the rate of temperature change
correlates with the values of the evaporation rate at 15 °C., Equations derived from this
correlation yield predictions that are within about 10% of their empirical counterparts.
The best fit equations are:

percentage equation factor = (B + 0.045(T-15)) (9.4)
and  weight equation factor = (B + 0.01(T-15)) (9.5)
where B is the equation parameter at 15°C and T is temperature in Celsius.

Second, the slopes and intercepts of the temperature equations correlate strongly
with oil distillation data. These correlations yield predictions of the temperature-
dependant evaporation equations that show good agreement with their empirical
counterparts. The variability of agreement ranges from a high of about 50% for Gullfaks
oil to a low of about 3% variance for ASMB. The equations derived from this correlation
are:

percentage equation factor = 0.161 D + 0.00262 TD (9.6)
and  weight equation factor = 0.329 D + 0.00502 TD (9.7)
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where D is the percent distilled at 140 °C.

The correlations with distillation data indicate that evaporation is a similar or
related process to distillation. The correlation with the evaporation data itself at 15 °C
shows that the temperature effect is somewhat similar for most oils. This also indicates
that the evaporation rate itself is correlated with the variance with temperature, that is,
the higher the evaporation rate, the higher the change with temperature.

Experiments were conducted outdoors to test the laboratory simulation. The
results from the outdoors experiments are very close to those achieved under laboratory
conditions. This confirms that the methods and conditions in the laboratory are
consistent with those outdoors. The outdoors results can be predicted using equations
developed in the laboratory with only temperature and time as variables. Wind in the
outdoors experiment does not significantly change the evaporation rate. This also
confirms that the oil evaporation is not strictly boundary-regulated.

The equation parameters found experimentally for the evaporation of oils can be
related to commonly-available distillation data for the oil. Specifically, it has been found
that the distillation percentage at 180 °C correlates well with the equation parameters.
Regression coefficients (r*) range from 0.74 to .98, depending on the type of equation and
the selection of data. Relationships enabling calculation of evaporation equations
directly from distillation data have been developed:

For oils that follow a logarithmic equation:

Percentage evaporated = 0.165(%D) In(t) (9.8)

Weight evaporated = 0.0341(%D) In(t) 9.9)
For oils that follow a square root equation:

Percentage evaporated = 0.0254(%D)\f t 9.10)

Weight evaporated = 0.00514(%D)\f t 9.11)

where the weight evaporated is in grams per 20 grams evaporated, %D is the percentage
(by weight) distilled at 180°C and t is the time in minutes.
These equations were combined with the equations generated to account for the

temperature variations:
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For oils that follow a logarithmic equation:
Percentage evaporated = [0.165(%D) + 0.045(T-15)]In(t) (9.12)

For oils that follow a square root equation:

Percentage evaporated = [0.0254(%D) + 0.0l(T-lS)]\f t (9.13)

The high correlation of distillation data and evaporation data suggests that the two
processes are analogous and that evaporation, like distillation, is largely governed by
intrinsic oil properties rather than environmental properties such as boundary-layer
factors.

The results have practical application in oil spill prediction and modelling. The
simple equaticis presented here can be applied using readily-available data such as sea
temperature and time. Old equations required oil vapour pressure, specialized distillation
data, spill area, wind speed and mass transfer coefficients, all of which are difficult to

obtain.
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Recommendations for Further Research

Specific recommendations for further research include:
1. Studies into boundary layer regulation

a) it was concluded that oil was not strictly boundary-layer regulated. However,
there should oe a thickness at which boundary-layer regulation becomes important.
Studies on what this thickness is for varying types of oii and how this relates to oil
properties, might be interesting. Such research would not specifically useful for oil
prediction but would be informative from a physics point of view.

b) The thesis showed that the saturation concentration of substances in air was not
exclusive. It is not known if the overall saturation concentration is additive or not. This
information would be useful in understanding the evaporation of multi-component
liquids.

¢) The boundary-layer regulated limits of oil and petroleum change with cach
component mixture, as illustrated by the very different saturation concentrations ol the
pure components. Further work on this aspect, including modelling of the specific
boundary-layer regulation level past the initial evaporation phase, could shed light on the

processes involved.

2. Studies into oil evaporation in general

a) A study of long-term evaporation can be done to ascertain how components
evaporate on the very long term. Several experiments were conducted with evaporation
times of 5 to 9 days, however, it would be instructive to see if times greater than 30 days
affect the curvature of the evaporation rate or if the curves deviate from logarithmic or
square root functions.

b) Studies of the application of the thesis findings to oil spill models, might be
instructive. Although, the data has already been used by Environment Canada to predict
the behaviour of actual spills, extensive use would yield insight about applying equations

in real time.
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