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ABSTRACT

A. van der Baaren, Y. Wu, and C. Hannah. 2018. A Comparison of Oil Weathering Model
Equations and Application to Douglas Channel. Can. Tech. Rep. Hydrogr. Ocean Sci.
316: xi+ 113 p.

The purpose of this work was to develop software tools to provide a basis for
understanding commonly used oil weathering models. We evaluated computational
algorithms that are used by three popular oil weathering models, and similar algorithms
that are used by other researchers, to see how sensitive the algorithms/models were to
variable environmental conditions and to gather information on whether the models
typically produce similar results. We computed the weathering evolution, under constant
and variable environmental conditions, of dispersion, release/spreading, evaporation,
emulsification (water content), oil density, and oil viscosity for a hypothetical spill, and we
compared the results for the different models’ algorithms. We applied the algorithms to a
second hypothetical spill. The second spill was of Cold Lake Bitumen in Douglas Channel.
We found that none of the algorithms produced realistic results when using a time varying
wind speed as input probably because they were developed under conditions of constant
wind speeds. Finally, this work is not a definitive description of the expected evolution of
the properties of diluted bitumen in Douglas Channel.

RESUME

A. van der Baaren, Y. Wu, and C. Hannah. 2018. A Comparison of Oil Weathering
Model Equations and Application to Douglas Channel. Can. Tech. Rep. Hydrogr. Ocean
Sci. 316: xi + 113 p.

Cet ouvrage avait pour objet de mettre au point des outils logiciels pour offrir une base
de compréhension des modeles d’altération des hydrocarbures couramment utilisés.
Nous avons évalué les algorithmes de calcul utilisés par trois modeles populaires
d’altération des hydrocarbures et des algorithmes semblables utilisés par d’autres
chercheurs pour déterminer la sensibilité des algorithmes et des modéles aux conditions
environnementales variables et pour recueillir de I'information afin de déterminer si les
modeles produisent normalement des résultats semblables. Nous avons calculé
I'évolution de I'altération, dans des conditions environnementales constantes et variables,
de la dispersion, du rejet et de 'épandage, de I'évaporation, de '’émulsification (teneur en
eau), de la densité et de la viscosité des hydrocarbures pour un déversement
hypothétique, et avons comparé les résultats pour les algorithmes des différents modeles.
Nous avons appliqué les algorithmes a un deuxieme déversement hypothétique. Le
deuxieme déversement a été celui de Cold Lake Bitumen dans le chenal Douglas. Nous
avons constaté qu’aucun des algorithmes ne produisait de résultats réalistes lorsqu’on
utilisait en entrée une vitesse du vent variable dans le temps, sans doute parce qu’ils ont
été élaborés dans des conditions de vitesse du vent constante. Enfin, ces travaux ne
constituent pas une description définitive de I'évolution prévue des propriétés du bitume
dilué dans le chenal Douglas.

Xi



PREFACE

Oil tanker and pipeline spills appear in the news
almost daily. While most of these occurrences are
quickly cleaned up, some, like the Exxon Valdez
tanker spill in 1989 in Prince William Sound, are
SO catastrophic that they become headline news
for months, and the impact of the spill on habitat
is felt for decades. However, the devastating
effects of an oil spill can be reduced if the oil's
weathering properties are well-understood.

What is Oil Weathering?

at ar

Oil weathering includes the evolution of oll
emulsion viscosity, oil density, oil water content,
evaporation, initial release and spreading,
dispersion, dissolution, oxidation, and sediment-
oil interactions. Knowing how these weathering
properties evolve is essential for accurately

On March 24, 1989, the Exxon
Valdez spilled 11-38 million US
gallons of crude oil into Prince
William Sound. Mechanical cleanup
began almost immediately with
booms, but skimmers were not
available for the first 24 hrs. In the

estimating the time frame allowed for an effective
clean-up response to an oil spill. Under-estimating
the weathering time frame, for example, could
needlessly waste recovery resources that could

end, only 10% of the total oil was
actually cleaned. Immediate impacts
included the death of at least 100000
seabirds. In 2010, research showed
that 23000 US gallons of the crude

remained in Alaskan sand and soil
(sources: NOAA Office of Response
and Restoration
http://response.restoration.noaa.gov
l;
https://en.wikipedia.org/wiki/Exxon_
Valdez_oil_spill)

be deployed elsewhere, and over-estimating the
time could make the spill recovery more difficult
due to the oil’'s sinking or spreading throughout
the spill region. Oil weathering models provide
step-by-step values for each of these weathering
properties for a variety of simulated oil spills.

Oil Weathering Models and Our Application to
Hypothetical Spills

In 2005, R. J. Vos, from the Rijkwaterstaat in The Netherlands, reviewed 5 popular
modules of oil weathering from oil spill models (Vos, 2005) developed by 3 different
agencies: SIMPAR oil module (The Netherlands), MEMW-DREAM (SINTEF, Norway),
OWM (SINTEF, Norway), ADIOS-2 (NOAA), and GNOME (NOAA). These models use
empirically-derived algorithms to describe the weathering properties in time.

Part 1 of our report evaluates the algorithms used by three of the models that Vos
reviewed (SIMPAR, ADIOS-2, and OWM) and similar algorithms used by other
researchers. We computed the weathering evolution of dispersion, release/spreading,
evaporation, emulsification (water content) for a hypothetical spill. We also computed oil
density and oil viscosity. We graphically compare the results for the different models’
algorithms and evaluate the algorithms under constant and variable environmental
conditions. The computing platform that we used was Matlab®.
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Part 2 of our report applies the algorithms to a hypothetical spill in Douglas Channel, on
the west coast of British Columbia, Canada. Douglas Channel has been the current focus
of much study because of proposed development of an oil pipeline terminus at Kitimat,
British Columbia, at the head of the fjord of which Douglas Channel is a part. There is a
proposed oil tanker route from Kitimat, through Douglas Channel, to the Pacific Ocean.
Should a spill occur somewhere along this route, it is imperative that the response team
know where the oil will travel and how much time it has to implement the clean-up before
the oil sinks or washes ashore. Fjords are estuaries with unique oceanographic properties
so that the response for the open ocean might not be appropriate for such a confined
channel. We studied the seasonal differences of oil weathering under various
environmental conditions for a hypothetical spill of Cold Lake Bitumen using the
weathering algorithms from Part 1.

The weathering algorithms that the computer models used were developed in laboratories
under strict constant mean environmental conditions. The problem is that the world
outside the laboratory does not function under constant environmental conditions. Water
conditions change with the tides and with the wind, and wind speeds and air temperatures
can change dramatically within 24 hours. Furthermore, almost as many empirical
methods exist as there are laboratories that study oil weathering. While different methods
have advantages and disadvantages, determining the most appropriate algorithm or
model depends on the type of spill, the type of oil, and, most of all, the environmental
conditions at the time of the spill. In the end, the results from our hypothetical cases
establishes a rough time scale for oil weathering to guide the development of spill
countermeasures in Douglas Channel. Our experiments show how sensitive the three
popular computer models are to variable environmental conditions so that an informed
choice can be made when considering which weathering model or algorithm to employ
for predicting the weathering of oil. This work is presented with the proviso that we are
not providing a definitive description of the expected evolution of the properties of the
diluted bitumen in Douglas Channel.



1 PART 1: EVALUATION OF OIL WEATHERING
MODEL ALGORITHMS USING MATLAB®

1.1 INTRODUCTION

R. J. Vos’s 2005 review of Oil Weathering models (Vos, 2005) described five weathering
modules used in 5 different oil spill models that were developed by the Rijkswaterstaat,
SINTEF of Norway, and NOAA. Although there are many oil weathering modules for oll
spill models available globally (e.g. SRLOSM by S. L. Ross Environmental Research of
Ottawa), Vos selected models based on two criteria:

1. Those that could be coupled to hydrodynamic programs.
2. Those that were readily available to the Rijkswaterstaat and that were user friendly.

Vos chose:
1. SIMPAR oil weathering module developed by the Rijkswaterstaat
2. MEMW-DREAM (“DREAM?, for short) by SINTEF of Norway
3. GNOME by NOAA
4. ADIOS-2 by NOAA
5. OWM by SINTEF of Norway

Points to note about the 5 models:

e Only GNOME and ADIOS-2 are freely downloadable from NOAA’s web site.

e SIMPAR has no oil database

e GNOME’s weathering module is limited (Vos, 2005), but includes 2D transport of
oil spills

e ADIOS-2 has no transport

e DREAM is coupled to both 2D and 3D transport models and the oil weathering
module is the same as OWM (Vos, 2005)

e Vos’s review is 10 years old and some of these models (e.g. ADIOS and GNOME)
have been improved since the review

Vos tested and compared the oil weathering modules for 4 types of oil for 4 weathering
processes only:

1. Initial release/spreading

2. Oil dispersion/entrainment

3. Evaporation of floating oil

4. Emulsification

None of the oil spill models are Open Source so we coded our own weathering programs
using the weathering equations presented in Vos’s review for the 3 weathering modules.
In this part of the report, we describe coding the oil weathering equations for four
weathering processes into the Matlab® programming language. We used the equations
that Vos described in the model review as well as a few variations from other researchers.



To test the programs, we applied the equations using the oil types Ekofisk Exxon, TROLL,
and Arabian Heavy as in Vos’s review to graphically compare our results with those in the
review. Furthermore, we applied the equations to a faux oil spill of Ekofisk Exxon in
Douglas Channel using wind and ocean conditions typically found in Douglas Channel, a
confined channel on the west coast of British Columbia to test the sensitivity of the
algorithms to “real world” conditions.

Testing the validity of our programs required that we use, to the best of our knowledge
and ability, the same inputs that Vos used so that we could compare the results from our
programs to what Vos presented. When Vos neglected to mention the inputs that were
used in the review, we made a best guess from researching the literature.

In this section of our report, we review the tests for each weathering process for:

1. constant inputs (e.g. density and viscosity are constant and not coupled to
evaporation/emulsification/dispersion),

2. variable inputs and coupled oil density and oil viscosity (water properties and wind
vary, and oil density and oil viscosity are coupled to
evaporation/emulsification/dispersion),

3. variable “realistic” inputs from Douglas Channel using real wind and ocean data.

Vos noted that none of the models actually directly coupled evaporation with
emulsification, so we did not test that coupling process.

Our ultimate goal was to develop a weathering program that computed three to five
weathering processes (e.g. % evaporated, water uptake, and emulsification) using the
algorithm that gives the most realistic results for each process.

The version of Matlab® that we used was r2012a.

1.1 SET-UP OF OUR TESTS

Vos set up test simulations using the following crude oils:

Oll types:
e Troll Crude Oil (Troll in OWM, but not in ADIOS-2)
e Ekofisk Exxon (Ekofisk Blend in OWM)
e Arabian Heavy (Exxon in ADIOS-2)

We used Troll and Ekofisk Exxon in most of our tests, but mostly we used Ekofisk Exxon.
Figures in Part 1 of this report are results for Ekofisk Exxon unless otherwise noted.

Vos states that GNOME's oil weathering module was too limited to bother testing, and
DREAM and OWM used essentially the same equations. This left only three models for
us to examine so we tested equations from the following models only:

e SIMPAR

e ADIOS-2



e OWM

Constant parameters used by Vos:
e wind speed = 8.0 ms™*
e water temperature = 15°C
e p water = 1030 kgm2 in SIMPAR and ADIOS-2 (~40 psu at 0 dbar, computed
using an online water density calculator
(http://www.csgnetwork.com/water density calculator.html, accessed 14 June
2015)
p water = 1025 kgm3 in OWM
release = 1000 tonnes (metric); instantaneous = 10° kg
volume = 1100 m3
oil temperature = 15°C

Tables 4, 5, 6, and 7 in Vos (2005) contain input parameters for the different oils and
models that Vos used.

Because ADIOS-2 is freely available, we downloaded the model to rerun the tests that
Vos performed for that model. However, additional inputs were needed to run ADIOS-2
so we could not check the results against Vos’s for correctness. We used the following
additional inputs to run ADIOS-2:

e 0 gm=for sediment load
1 ms™ current speed with 0° current direction
0° wind direction for the proposed 8 ms* wind speed
wave height computed from the wind speed

The Oil Database

We used oil parameters from an oil database from the freely available oil spill model,
Medslik 1l (www.medslikii.bo.ingv.it, accessed 16 November 2015; De Dominicis et al.,
2013a, b). We imported the Medslik 1l database into MS Excel, and we added entries for
Troll, Ekofisk Exxon, and Arabian Heavy using Vos'’s values for oil density, oil viscosity,
etc. The MS Excel file is called oilbase.xlsx®. The Matlab® function that we wrote to read
the database is read_oil_data_xIsx.m.

1.2 INITIAL RELEASE/SPREADING

Matlab® function: release.m

The initial release (or spreading) in the models is represented by a length scale. Two
length scales were defined in the models. ADIOS-2 and SIMPAR assume that the spill is

3 The original “Medslik Il + Vos additions” file is oilbase_original.xlsx in which we discovered a few errors
that we had to correct. The corrected file is oilbase.xIsx and this is the file that is read by the Matlab®
routines.
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circular so their release modules computed radii, and OWM/DREAM computes a simple
length scale.

ADIOS-2 and SIMPAR assume an instantaneous release. They use the same formula to
compute the initial release (or spreading) of the oil slick. The formula returns a radius
which presupposes that the slick is circular. The radius is used to compute the
evaporation for these two models. Equation 3.1 in Vos estimates the spreading in
SIMPAR and ADIOS-2:

1/12
R = k_% Vosilg(pw - poil)/pw
ky v

g = 9.80665 ms

p. = density of water = 1030 kgm-3

Poir = density of the oil with units, kgm-3

vw = kinematic viscosity of water in m?s* (computed using the Matlab® seawater
function, sw_Kviscosity.m (CSIRO, accessed 18 November 2015), with constant
water temperature = 15°C and constant salinity = 40)

e k=115

o ko=1.45

e Voil = volume of the oil spill = 1100 m?3

OWM, on the other hand, computes a length scale that is the equilibrium length of the oil
layer. This is the formula for the length scale found in the SINTEF technical manual for
OWM/DREAM; Equation 4 in their manual (SINTEF, 2005, accessed August 10, 2015).
We used this length scale for the evaporation module from the OWM model.

(6211 ]
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OWM/DREAM calls U the spreading velocity that we assumed to be the water current,
Un2o. B is the channel width.
9’ = g(pw — poi)/pw and fi,= VwPw

DREAM/OWM also allows for a slow release of the oil over time so that it can vary with
time, however we did not program this variation because SIMPAR and ADIOS-2,
according to Vos, only allow for instantaneous releases.

Which length scale to use depends on the algorithm being used in the Evaporation
module.

Vos did not present any results for the release of crude oil for the weathering models so
we could not compare any results.



1.3 NATURAL DISPERSION OF OIL/ENTRAINMENT OF OIL
DROPLETS

Matlab® function: dispersion.m

The rate at which oil droplets are taken up by the surrounding sea (dispersed) depends
on the distribution of the droplets and the sea state. Large droplets tend to rejoin the oil
slick and smaller droplets tend to mix with the water column.

Vos notes that oil dispersion is defined slightly differently between SIMPAR and ADIOS-
2 and completely differently in DREAM and OWM. While both base their algorithms on
Delvigne and Sweeney (“D&S”, 1988), the difference lies in how oil droplet size is defined
and used.

The original D&S (1988) equation:

Q(dy) = CoD257d%7 Ad Equation 8 in Delvigne and Sweeney (1988)
where
e Q(do) is the entrained mass of oil droplets
do is the oil droplet diameter in m
Ad is an interval that surrounds do per unit surface area per breaking event
Dra is the dissipative breaking wave energy per unit surface area
Co is a proportionality constant

Vos states that integration over droplet size is used in SIMPAR and ADIOS-2. The
integration of Vos’s Equation 3.4 yields Equation 3.10:

‘;—Z)d = CoDY>" EyeSeopdd” Equation 3.4 in Vos (2005); when the equation is
0
integrated over all droplet classes from minimal to
maximal droplet diameter, Equation 3.4 gives Equation
3.10
1.7
Q= % X CoDP27 FyyeScov Equation 3.10 in Vos

In these formulae, Scov is the sea coverage factor of the oil spill. Vos defines it as 1.0 for
a closed patch. Fuc is the fraction of the sea surface covered by breaking waves (s™).

Equation 3.10 in Vos gives the total entrainment rate Q of the oil per square meter.
Equation 3.10 is similar to the original D&S (1988) equation, but D&S (D&S, 1988)
presented what they described as “a more practical version” for describing oil on the sea
surface using the entire droplet size distribution. This is the algorithm used in
OWM/DREAM. This is Equation 16 in the SINTEF manual (SINTEF, 2005). Delvigne used
this practical variation in a 1993 publication (Delvigne, 1993):

Q(d) = CyD%7d%7 AdS, o, F, . Equations 11 and 2 in D&S (1988) and Delvigne
(1993), respectively



In that algorithm, the number of oil droplets has the mean, do, in the range defined by
do+0.5Ad (D&S, 1988). The droplet size needs to be expressed in metres for the definition
and the D&S formula to be valid. Co is a proportionality constant.

ADIOS-2 and SIMPAR integrate over the droplet size to compute the dispersion. These
two models use a minimum droplet diameter of 0 um and a maximum droplet diameter of
70 um according to Vos. However, Payne et al. (1987) cited two sources for minimum
droplet size values of 50 um (Payne et al. citing Milgram, 1978) and 1 um (Payne et al.
citing Shaw, 1977). We noted that a report on the weathering properties of diluted bitumen
described oil droplets of diluted bitumen having diameters between 30 pum and 70 um
(Government of Canada, 2013). This fact was relevant to our application tests in Douglas
Channel where we felt that it was reasonable, in that case, to have a maximum droplet
diameter as 70 um in the dispersion algorithm.

Vos stated that OWM/DREAM uses the following empirical relation (Vos’s Equation 3.9)
to determine the droplet diameter:

CVO'34

dy ===

Equation 3.9 in Vos

where
e Cis a parameter that varies between 500 and 3400
e vis the oil viscosity
e e is the rate of energy dissipation = 1000 Jm3s

Vos described another relation (Equation 3.8) from which do can be determined although
we do not use it:
N; = N,d;?3 Equation 3.8 in Vos

No is a normalization factor that we set to 1 and Ngq is the number of droplets per diameter,
do. We programmed this equation as an option for finding do for SIMPAR and ADIOS-2.
We did not use this option because we defined dmax=70 pm for those models and did not
compute any droplet sizes for either of the two models.

In either algorithm for computing entrainment rates, C, is an oil dispersion parameter
related to oil viscosity. The relationship between C, and viscosity for ADIOS-2 and
SIMPAR is given in Vos’s Equation 3.11. Viscosity needed to be in cSt (centistoke; 1 cSt
=1 x 10° m?s1). In our Matlab® code, viscosity was in m?s so we converted it within the
function. The relation for Co in DREAM was given in Vos’s Equation 3.12 and defined in
Equation 17 in the SINTEF manual.

1.4 PROGRAMMING AND TESTING THE DISPERSION

We programmed Vos'’s Equation 3.10 (essentially the D&S 1988 Equation 11) to compute
the entrainment rate for all SIMPAR/ADIOS-2:

Matlab®: Q = ((dmax"1.7)/1.7)*C0*Dba”0.57) *Scov*Fwc; % Equation 3.10

and



Equation 16 in the SINTEF manual for DREAM/OWM:
Matlab®: Q = CO* (Dba”0.57)*Scov*Fwc*dmean” (0.7) *deltad;

Dba, the dissipative wave energy, is computed using Equation 3.7 in Vos:

2
e Dy, =0.0034p, g (%) Equation 3.7 in Vos
e Hy,= @ also included in Equation 3.7 in Vos
with

e p, as the density of water in kgm-3
e (g =9.80665ms>
e Uw is the wind speed in ms? (@10 m)

The fraction of the sea surface hit by breaking waves was computed according to
Holthuijsen and Herbers (1986) for SIMPAR and ADIOS-2, as cited by Vos in Equation
3.5:

0.032 max(U,,—5.0;0.0)
Tw

Eye = Equation 3.5 in Vos

where
e Fucis per unit time
e Ty is the wave period

In DREAM/OWM, however, Fuc, is computed with Equation 3.6, which is from Monahan
and O’Muircheartaigh (1980) and cited by Vos:

E,.= 3x107°U3° Equation 3.6 in Vos

In the original publication by Monahan and O’Muircheartaigh, the relation is F,,. = 2.95 %
107 U3>2. We used Vos’s equation. Uy, is the wind speed measured at 10 m above the
sea surface.

We differentiated the models in the Matlab® code by how Fwc was calculated. The wind
speed, Uy, is constant. It is easy to see that when the wind speed varies, so too will the
energy of the wave breaking in the both algorithms.

The models also compute the proportionality constant, Co, differently. DREAM/OWM
used Co = 4450v %4 (Equation 3.12 in Vos). For SIMPAR, Vos cited Delvigne and Hulsen
(1994) as the source for Co values:

For v< 125: Co = 1827v0:04658 gnd if v> 125; Co = 1827v1-1951 where v is in ¢St

We used the SIMPAR algorithm for both SIMPAR and ADIOS-2. OWM and DREAM use
essentially the same algorithms. We computed the proportionality constant, C,, and
compared the result from the dispersion.m function (Figure 1) with what VVos’s Figure 3.1.
Vos used viscosities directly in cSt within the computation and included 125 cSt, but we
used a vector of viscosities in m?s for 1e-6 to 1 and converted the input viscosities to
¢St within dispersion.m. Vos does not say what Co should be if v= 125 cSt.



The following figure is our figure of Co vs viscosity:
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Figure 1 Our version of Vos's Figure 3.1, viscosity vs. the constant of
proportionality that we used to compute oil entrainment rates.

SIMPAR and ADIOS-2 defined the droplet diameters as dmin= 0 and dmax=70 pum (70x10
®m). Lehr (2001) stated that the maximum droplet size that would not be expected to
refloat is 50-70 um so defining dmax=70 pm for the SIMPAR and ADIOS-2 algorithms
seems reasonable.

For the DREAM/OWM algorithm, we computed the mean droplet diameter using Vos'’s
Equation 3.9 where we arbitrarily defined C=1000, and we assigned the computed
maximum of do to be dmax. We defined the half-range of the droplet size, Ad in SINTEF
Equation 16, as 50 um. Figure 2 shows the maximum droplet sizes, dmax, as a function
of different viscosities.

One thing that was not clear from Vos’s text for the DREAM/OWM algorithm was if
Equation 3.9 required the viscosity to be in ¢St or m?s™t. We converted viscosity to cSt
using the assumption that D&S worked in cSt for their 1988 paper.

Droplet diameter needed to be converted to metres from microns. We noted that this
somewhat arbitrary method for determining the droplet diameter would vary with the oil
viscosity, and not in a good way. If viscosity increased, then the size would increase. In
addition, Vos noted that having a fixed energy dissipation rate, e, is not correct for non-
turbulent environments so Vos’s Equation 3.8 (for droplet size distributions), might not
have been correctly applied to reveal Equation 3.9.

When it came time to test the dispersion equation itself (computing the entrainment rate
of the oil droplets, Q), we called dispersion.m with constant wind and a constant oil
viscosity. For now, we defined the oil viscosity as 1x10 regardless of the type of oil. We
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defined the density of sea water as 1030 kgm= and 1025 kgm3, for SIMPAR/ADIOS-2
and DREAM/OWM, respectively. These were the same values that Vos used. The wave
period was defined as 1, but Vos did not specify a value for Tw in the review. We also
arbitrarily defined Scov = 1, so that the spill was an enclosed patch. Vos’s review did not
say what Scov Was used.
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Figure 2 dmax as a function of different viscosities
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Figure 3 Entrainment rate, Q, as a function of different viscosities

Figure 3 shows the different entrainment rates computed using different viscosities for
SIMPAR/ADIOS-2 and DREAM/OWM. Vos does not plot viscosity vs entrainment, but
D&S (1988) do. From their Figure 13 (D&S, 1988), entrainment decreases with increasing
viscosity as would be expected (larger droplets refloat according to D&S).
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1.5 EVAPORATION

Matlab® function: evaporation.m

Evaporation theory for oil weathering has been reviewed several times by Fingas (1995,
2011, and 2013). Vos described three implementations of oil evaporation theory:
1. first order decay with a fixed constant
2. using a single fraction model of oil composition following MacKay and Matsugu
(1983) or Stiver and MacKay’s (1984) semi-empirical distillation theory
3. using a multi-fraction (a.k.a. as a pseudo-component) model of oil composition
based on Reijnhardt and Rose (1982) and Jones (1997)

Vos presented the single and multi-fraction (pseudo-component) models for SIMPAR
(both) and OWM/DREAM (multi-fraction model only). This produced the SIMPAR and
OWM/DREAM results depicted in Vos’s Figures 3.2 and 3.3. The essential difference
between the SIMPAR and OWM/DREAM multi-component algorithms is the definition of
the mass transfer coefficient. In SIMPAR, the mass transfer coefficient follows MacKay
and Matsugu (1973). However, OWM/DREAM uses a definition with a drag coefficient.
The SINTEF manual also states specifically that the evaporation algorithm used in
OWM/DREAM is based on a distillation curve presented by Reijnhart and Rose. For
ADIOS-1, Vos presented evaporation computed by the semi-distillation theory based on
Stiver and MacKay (1984, hereafter called “S&M”). However, the more recent ADIOS-2
model uses the pseudo-component model based on Jones (1997) (Lehr, 2002).

Fingas (2011, 2013) stated that Bobra (1992) found that the S&M algorithm could reliably
predict evaporation for the first 8 hours, but that it overestimated the evaporative loss
after 24 hours. In his reviews of oil evaporation, Fingas (2011, 2013) presented
evaporation equations that were derived from distillation data.

The evaporation module that we developed was difficult to test because Vos did not
provide all the test values that were needed to replicate the results in the review paper,
nor did we have the evaporation algorithms for all the models. We first tried to recreate
Vos’s Figures 3.2 and 3.3, but without certain input values, we could only guess what they
should be. We tested the SIMPAR, ADIOS-2, and OWM evaporation equations described
in Vos for Ekofisk Exxon and Troll crudes, but we only present results for Ekofisk Exxon.

To compute evaporation, we first ran release.m to obtain:
1. the radius of an assumed round spill used by SIMPAR and ADIOS-2
2. the equilibrium length used by OWM’s

We used the output from release.m as input for our evaporation function.
We tried computing evaporation with the algorithms provided in Vos’s review, but we
eventually computed evaporation using algorithms that we found in the literature:

1. We used a version of the single fraction model that we found in Fingas (1995;
2011; and 2013).

12



2. We used versions of S&M given in Fingas (2013) for the ADIOS-2 inputs, and in
Short (2013) for the SIMPAR and OWM inputs.

3. For all the models, we used a version of S&M found in Buchanan and Hurford
(1988)

4. For all the models, we used the empirical equation found in Fingas (2013) in Table
2 for Ekofisk (as representative of Ekofisk Exxon in our test)

We compared the original model algorithms and the ones from outside literature using
plots of the percent evaporated of Ekofisk Exxon over 24 hours presented in Figure 4
and Figure 5.

These are the inputs that we used, some of which are what Vos used:

® T oil = 15; % oil temperature in deg C
®¢ Tair = 15; % air temperature in deg C
¢ B = 1000; % channel width in metres
® U H20 = 0.01; % current speed in m/s
® Uw = 8; % constant wind speed in m/s
® V oil = 1100; % initial volume of the spill m"3
® Area = V_oil/thickness; % area of o0il slick in m*m
® thickness = 0.001; % 1 mm release thickness
® hours = 0:24; % time in hours for which to track the spill
visc H20 = SW Kviscosity(15,'C',40, 'ppt'); % compute the water velocity in m*m/s

using water temperature = 15 deg C and salinity = 40 ppt

The function, SW_Kuviscosity.m (CSIRO, accessed 18 November 2015), computes the
sea water kinematic viscosity. It is from the Matlab® sea water toolbox package written
at CSIRO and IS readily downloadable
(www.cmar.csiro.au/datacentre/ext_docs/seawater.htm).

Oll viscosities were 6.9 and 27.0 cSt, respectively, for Ekofisk Exxon and Troll at 15°C.
Evaporation requires the computation of the oil spill length scale so we had to call our
initial release module, release.m. The initial release length scale computation uses the
density of the oil at release. The code reads the Ekofisk-Exxon and Troll values from the
oil database.

The next few sections briefly describe the algorithms that compute evaporation in the
three models and those that other researchers used, and the algorithms that we
eventually used with the length scales computed by the release algorithms associated
with each model. Each model also had different equations for various parameters (vapour
pressure, mass transfer coefficient, and drag coefficient) which we used when we could.

1.5.1 MacKay and Matsugu (1973)

Vos presents Equations 3.14 and 3.15 for the mass rate of evaporation derived by
MacKay and Matsugu for a single fraction first order decay.
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% = — }I:’;—’ﬁ]@mpr Equation 3.14 in Vos

A is the surface area of the oil slick (A = spill volume/slick thickness) and My is the
molecular weight of the oil in g mol. R is the ideal gas constant = 8.206x10° atm m* mol-
K (from Vos) or 8.31451 Jmol1K
(http:chemistry.about.com/od/chemistryglossary/a/gasconstantdef.ntm, accessed 18
November 2015). fevap is the fraction of oil that’s been evaporated. ms is the mass of the
slick in grams.

Pvp, the vapour pressure

Values for the vapour pressure, Pyp, can be looked up in the literature. Many values are
in the oil database that we used, in which Py is given in units of bars so we converted the
value to Pa when we extract Pyp. Py can also be computed by knowing the carbon
number, N, of the oil compound: Pvp = e(10-94=1.06N) (Equation 11 in Fingas, 2011). Vos
used Py = 2.0e-4 atm in the computation of evaporation using the single fraction
algorithm when testing Ekofisk Exxon for SIMPAR. We used Vos'’s Pyp for the SIMPAR
test using Ekofisk Exxon.

For ADIOS-2, Vos states that Pyp is probably computed according to Stiver and MacKay
(1984), but we used the database value for ADIOS-2 and OWM: 0.524. However, later
we abandoned the algorithms that used Pyp.

Toil, the oil temperature

In Vos’s equation, Toiwas actually presented as T and Vos was not clear whether this
was the temperature of the oil or air temperature. The fraction, Pyp/RToi is derived from
Henry’s constant which is the ratio of the equilibrium concentration of a substance in its
vapour state to its liquid state. Because we are talking about oil here, we assumed that T
from the definition of Henry’s constant would be the temperature of the oil. In the absence
of an oil temperature value, Lehr (2001) suggested using sea surface temperature.

1.5.1.1 K, the mass transfer coefficient

K is the mass transfer coefficient. Its computation, as defined by MacKay and Matsugu,
was presented by Vos in Equation 3.15, and is how K is computed in SIMPAR.

K = 0.029(3600U,,)%78p~0-1150.067 /% Equation 3.15 in Vos and Equation 60 in
Fingas (1995)

D is the diameter of the slick in metres, and we used the radius length scale computed
by our Matlab® function, release.m. S¢ is the Schmidt number, and it is equal to 2.7. Wind
speeds were in metres per hours, and we converted the wind speeds to metres per
seconds, as in Vos.

Determining the molecular weight of hydrocarbons is not easy and data are not readily
available (Schneider, 1998). The value can be found in tables produced by the American
Petroleum Institute or by searching through the literature. For our test of Ekofisk-Exxon
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and Troll, Vos provided values for Myw. For Ekofisk-Exxon, we used 139 g mol* and for
Troll we used 114 g molt. We converted these values to kg mol* by dividing by 1000.

However, because molecular weight is not always available for all oil types, we used the
definition for the mass transfer coefficient found in Fingas (1995), also based on MacKay
and Matsugu, rather than the SIMPAR or OWM algorithms:

K =0.029(U,,)%78p~01150.067 Equation 4 in Fingas (1995)
Equation 4 in Fingas (19995) is essentially the same as Vos'’s equation based on MacKay

and Matsugu except Equation 4 ignores the molecular weight. Wind speeds are in ms*
in the Fingas algorithm.

The SINTEF manual defined K as varying with time:
K(t) = CqUw(t) Equation 13 in SINTEF (2005)

The SINTEF manual says that its definition of K is according to Amorocho and DeVries

* 2
(1980). The wind over oil drag coefficient, Cq, is Cy = (UU“(”t)) (Equation 14 in SINTEF,

2005). Equation 15 in the SINTEF manual defines the special parameter, Uy".

cu,(t) for U,(t) <u

Uw(t) —U
Uy — Uy

DU(t) for U,(t) > u,

U‘; = Cu1 + (Duz - Cul) fOT u1 S Uw(t) S uz

C =0.0323
D=0.0474
ur=7mst?
uz =20 mst

Zanier et al. (2014) defined the drag coefficient at 10 m above mean sea level as Cio =
(0.8 + 0.065Uw) x 10-3. Although we did not use the SINTEF formula for evaporation
(SINTEF Equation 12), we did use their definition of K and Cgqin the evaporation module
for OWM model.

Fingas (2013) described another formula for determining K (Equation 31) that he
attributed to Hamoda et al. (1989). This is an empirical formula that describes how API,
water temperature, and water salinity influence K.

K = 1.68 x 10754P[1253T71.8050.1441 Equation 31 in Fingas (2013)

APl is the gravity-a unit of density defined by the American Petroleum Institute (Fingas
2013).

ADIOS-2 used a simpler formula as stated in Janeiro et al. (2008), and the authors cited
the formula to be from Buchanan and Hurford (1988):
K =25x%x1073(U,)°%"8
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1.5.2 Single Fraction Theory (Fingas, 1995)

While programming and testing the single fraction evaporation algorithm from Vos'’s
Equation 3.14, above, we discovered that replicating Vos'’s figures would be difficult
because of its reliance on molecular weight and decided not to use this algorithm. Fingas
(1995, 2011) provided a simpler single-fraction method for determining the percentage
evaporated:

xi = e(=KtPvp/xo) Equation 6 in Fingas (1995); Equation 10 in Fingas (2011);
0
Equation 8 in Fingas (2013)

x is the amount of crude at time, t

Xo is the original amount of crude when weathering begins

t is time in seconds

Pvp is the vapour pressure

K is what Fingas calls an “empirical rate coefficient” that we could only assume is the
same as the Vos'’s “mass transfer coefficient”

As mentioned before, Pyp can be computed using the carbon number of the oil:
Pvp = (10.94-1.06N)

Another way of computing Pyp is by using an effective vapour pressure that depends on
the amount of substance that has evaporated. This formula is Stiver and MacKay’s
evaporation for semi-empirical distillation theory where the evaporative exposure term is
now replaced by the definition of vapour pressure.

Pvp = %exp <A - Ti (T, + nggvap)> Equation 3.18 in Vos
oil

X/Xo is the fraction that remains after weathering (Equation 6; Fingas, 1995). We computed
K from Equation 4 in Fingas (1995; also Equation 6 in Fingas, 2013), and we described it
in the previous section.

Matlab®: weathering fraction = exp ((-K*t*Pvp)/x0);
x = 100* (1 - weathering fraction);

We computed x/xo for input from SIMPAR, ADIOS-2, and OWM.

1.5.3 Stiver and MacKay (1984): Semi-Empirical Distillation Theory for
a Single Component

Vos said that ADIOS-1, an earlier version of ADIOS-2, computes evaporation using semi-
empirical distillation theory following the work of S&M.

df;_lzav = exp <A - % (T, + Tgfevap)>% Equation 3.16 in Vos

Mackay et al. (1983) suggested A = 6.3 and B = 10.3, which is what ADIOS-1 uses (Vos,
2005).
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To and Ty are the initial boiling point (at fevap=0) and a temperature parameter that is
related to the gradient of the distillation curve. Both are in degrees Kelvin, as is the oll

temperature, Toi. © is called the evaporative exposure. 6 = KA;ea t where Vo is the initial

spill volume. t is in seconds. Because Area = Vy/h, © = Kt/h where h is the slick
thickness.

Several researchers have used different variations of the original S&M algorithm. These
researchers include Buchanan and Hurford (1988), Bobra (1992) as described by Fingas
(2011, 2013), Janeiro et al. (2008), and Short (2013). We briefly describe these variations
in chronological order.
1.5.3.1 Buchanan and Hurford (1988)
Buchanan and Hurford used the following algorithm:

15 CzUV?;'78t

fevap = —lIn
C, | 6000h

Cy
exp (16.6 - E) +1

tis in seconds. h is the slick thickness in metres. C1 and C: are distillation constants. We
used C; =10.3and C> =6.3.

1.5.3.2 Bobra (1992) described in Fingas (2011, 2013) Review: Equation 32
Equation 32 in Fingas (2011, 2013) is a version of S&M that Bobra (1992) used:

T a-p(-L01 , Tou
ﬁavap = ln[l + B (m) Oe (Totl)] (BTG)

When we used this formula, we used A = 4.8 and B = 10.3 because Fingas did not give
values for these constants. © is the evaporative exposure related to K where
©=K*Area*t/Vo (Equations A.2 in Vos) as defined in Section 1.6.3.

Fingas stated that it was Bobra who found that S&M’s equation predicts oil evaporation
well until about 8 hours and that it overestimates the rate. The overestimate can be as
much as 10% at 24 hours (Fingas, 2011).

1.5.3.3 Janeiro et al. (2008)

Vos does not give values for To and Tg for computing evaporation so we used formulae
that we found in Janeiro et al. (2008):

e To=532.98 — 3.1295 x API (in °K)

e Tg=985.62—13.597 x API (in °K)

Janeiro et al. (2008) describe NOAA algorithms from ADIOS-2 that they used to compute
oil weathering in their oil spill model. The mass transfer coefficient that they used was:

K =2.5x10-3U,0-78
This equation was from Buchanan and Hurford (1988).

The variation of S&M that Janeiro et al. (2008) used was actually:

Afevap _ KArea

B .
o = exp(A — — (To + Ty fovap)) Janeiro et al. (2008)
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We did not use this algorithm because it is so similar to the Bobra algorithm that Fingas
described. The algorithm used by Janeiro et al. was also used by Mishra and Kumar
(2015) in their oil weathering study.

1.5.3.4 Short (2013)

Short described the weathering of diluted bitumen from the Alberta tar sands. Short used
MacKay et al.’s (1983) algorithm to compute the evaporation (based on S&M):

fovap = ln[l + (22 6™ <52mz)]/(““’l) Equation 7 from Short (2013)

Toit

Short defines the evaporative exposure, 6 = — £ with xo as the slick thickness and K =

0.0015U,°%78, This is the option that we used for SIMPAR to compute evaporation when
we did not have a molecular weight and used Short’s equation to compute the fraction
lost with inputs from SIMPAR and OWM.

1.5.4 Empirical Equations (Fingas, 2011 and 2013)

Fingas described generic empirical evaporation equations using distillation data. The
empirical equations have several advantages:
1. Users do not need to know geometric dimensions of the spill which are not always
available.
2. The empirical equations can handle “diesel-like evaporation”.
3. The empirical equations can predict long-term evaporation more accurately than
the semi-empirical equations.
4. The empirical equations avoid producing unrealistic evaporation rates common
with algorithms that use wind velocities.

His 2011 review gave the logarithmic relation that was empirically developed at 15°C air
temperature:

fevap = [B + 0.045(T — 15)]In(t)
where tis time in minutes, and Ris an equation parameter that is determined empirically.
Fingas also stated that some oils follow a square root relation rather than a logarithmic
one. He listed a large number of empirically derived evaporation relations in a table, and

we used the relation given for our Ekofisk Exxon test, and, later, we used the relation for
Cold Lake Bitumen for our experiments that we present in Part 2 of this report.

The relation for Ekofisk is
fevap = [4.92 + 0.045T]In(t)

1.5.5 Computing Evaporation

Computing evaporation using Vos’s algorithm with molecular weight was not feasible
without a database of molecular weights. We decided to try several of the other equations
that we found in the literature.

We computed evaporation the following ways for a hypothetical Ekofisk Exxon spill with
a constant wind = 8 ms™*:
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1. single fraction theory: x/xo as reviewed by Fingas (1995) for all models (note that Vos
states that only SIMPAR actually uses the single fraction theory)
o using K computed by Equation 3.15 from Vos for SIMPAR; K=C4Uy for OWM; and
K computed using the Janeiro et al. (2008) equation for ADIOS-2
o Pvp from the oil database for all models (0.524 bar = 52400 Pa)
2. semi-empirical distillation theory: fevap
o fevap by Short (2013) for SIMPAR and OWM (K from Short and SINTEF (2005),
respectively), and fevap for ADIOS-2 using the Bobra equation, Equation 32 in
Fingas (2011, 2013), with K by Hamoda (1989) as given in Fingas (2013)
o fevap by Buchanan and Hurford for all models with K from Janeiro et al. (2008)
o fevap cOmputed using the empirical equation

Figure 4 and Figure 5 show how Ekofisk Exxon evaporated under the constant wind (8
ms1) using the three weathering models with evaporation computed as described above.

The results for the upper panel of Figure 4 were computed using Fingas’s x/Xo single
fraction formula. “Fingas1995” in the legend means that we used Equation 6 from
Fingas’s 1995 review. All three models have the oil evaporating 100% within two hours.
The different ways of computing K didn’t make a difference. The different length scales
that were used did not seem to have an effect either. The evaporation rate seemed
unrealistic; i.e. too fast.

The results for the lower panel of Figure 4 were computed using the empirical equation
for Ekofisk. All the models produced the same results because the same air temperature
and time were used for each model.

100

—— ADIOS-2/Fingas1995
SIMPAR/Fingas1995
OWM/Fingas1895

80

60

40

% Evaporated

20+

single fraction theory

100

—l— ADIOS-2/Fingas2013
SIMPAR/Fingas2013
OWM/Fingas2013

80+

60

40

% Evaporated

20

empirically derived

o} T T T T
Time (hour)

Figure 4 Percent evaporated computed using single fraction theory (Equation 6 in
Fingas, 1995) in the top panel for all models and using the empirically derived
relation for Ekofisk oil for the 3 models in the bottom panel (Fingas, 2011 and 2013)
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For ADIOS-2 inputs using Janeiro et al.’s (2008) S&M equation, and using Short’s
equation (Short, 2013) for the SIMPAR and OWM weathering model inputs, we used
Short’s equation for K for SIMPAR, and we used the SINTEF equation for K for OWM.
The different mass transfer coefficients for SIMPAR and OWM did not make a big
difference. The evaporation rates represented in the lower panel were much more realistic
than those from the upper panel.

The top panel of Figure 5 shows the % evaporated computations using the three
weathering models’ inputs, but using the Bobra variation of S&M reviewed in Fingas 2011
and 2013 (Equation 32) for ADIOS-2 with Hamoda’s mass transfer coefficient (Fingas
2013), and the variation of S&M from Short (2013) for SIMPAR and OWM, with the length
scales and mass transfer coefficients associated with the respective models. The top
panel shows the difference between using the Bobra algorithm and the one from Short
where the Bobra algorithm appears to be optimistic regarding the % evaporated
compared to the bottom panel from Figure 4.

The bottom panel of Figure 5 shows the % evaporated which is computed using the
variation of the S&M algorithm outlined in Buchanan and Hurford (B&H, 1988). The results
using the B&H algorithm were similar to those that from the empirical equation in Figure
4’s bottom panel. B&H presented results in their Fig. 3 where the apparent predicted
maximum % evaporated was approximately 45% after 6-8 hours for a constant wind
speed of 7.5 ms? using Ekofisk Exxon crude. B&H’s algorithm, however, overestimated
the actual data points in their study. The curve for % Evaporated as computed by our
ADIOS-2 model algorithm (combined Bobra and Janeiro et al.) for Ekofisk Exxon predicts
a far greater loss of volume than Mishra and Kumar predicted for a similar light oil,
Statfjord crude, over 24 hours. Their model observed just over 50% evaporated whereas
ours produced over 80% loss.
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Figure 5 Percent evaporated computed using Bobra's equation (Equation 32 in
Fingas, 2011 and 2013) in the top panel for all models, and the algorithm from

Buchanan and Hurford (1988) in the bottom panel

1.5.6 Actually Running NOAA’s ADIOS-2
Out of interest, we ran NOAA’s ADIOS-2 model with the following inputs:

Oil type = Ekofisk Exxon

APl =40.1

Oil density @ 15°C = 0.832 g/cc

Oil viscosity @ 15°C = 11.8 cSt

Uw =8 m/s @ 0 deg wind direction

Wave height = computed from wind speed
Water temperature = 15°C

Salinity = 40 ppt

Sediment Load = Ogm™

Water current = 1 ms*

Amount spilled = 1000 metric tons
You cannot enter values <1 into the ADIOS-2 model (e.g. wind speed = 0.5 ms or water
current = 0.01 ms™).

The graph that ADIOS-2 produced for evaporation is shown in Figure 6. The evaporation
is given as a % evaporated. After 24 hours, ADIOS-2 predicted that about 43% of the oill
would be evaporated. This is very different from what we produced with the equations
that we programmed. Vos admitted that the differential equations for ADIOS-2 were not
available, but speculated that they are based on Jones (1997) and that vapour pressure
is computed following S&M (semi-empirical distillation theory). In the absence of the
actual ADIOS-2 equations, we substituted the Bobra evaporation algorithm and the
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Hamoda definition of mass transfer coefficient. We expect that our choices created the
difference between our results and those produced by actually running the ADIOS-2
model.

% ADIOS2 - [Evaporation] - a
File Edit Spill Removal Qutput Help

Soive || Densiy |viscosity| Water |Benzene| Budget | Evap Disperse | Remain | Bum | Skim | Beach |

3 Oil Type Oil Evaporated [percent]
EKOFISK, EXXON
Location = NORWAY sl
Synonyms = none listed
Product Type = crude
API = 401
Pour Point = -6 deg C
Flash Paint = unknown
Density = 0832 g/cc at 15 deg C
Viscosity = 11.8 St at 15 deg C
Adhesion = unknown

Aromatics = unknown
=) Emulsification

Mousse begins to farm when 20% of the oil has evaporated.
(5 Wind and Wave Conditions

Wind Speed = 8 m/s from 0 degrees

Wave Height = computed from wind speed, unlimited fetch (defaul
[5) Water Properties

Temperature = 15 deg C

Salinity = 40 ppt

Sediment Load = 0 g/m3

1ty

Current = 1.0 m/s towards 0 degrees
[ Release Information
[ Instantaneous Release
Time of Release = June 14, 1800 hours
Ameunt Spilled = 1000 metric tons

5 | | I I I | |

I I I
T T T T T T T T T T
anan 1200 0000 1200 0000 1200 aoon 1200 0000 1200
Jun15 Jun 1% Jun 18 Jun 16 dun 17 Jun1? Jun 13 Jun 18 Jun 13 Jun19

Click the right mouse button to change output graph units NUM

Figure 6 Evaporation rate computed by ADIOS-2 for Ekofisk Exxon
1.5.7 A Brief Comment about Evaporation

None of our tests using the single fraction theory or the semi-empirical distillation theory
had evaporation reach ~40 to 50%, which was what Vos’s example figures showed after
24 hours for the models. In the end, we think that the empirically derived formulae might
be the most practical for our study, but only because we are using oils that are listed in
Fingas’s tables. Of all the formulae that we used that are based on S&M, Short’s variation
might give the most realistic results even though they seem underestimated in our test.
An advantage of the empirical equations and the S&M formulae is that they do not use
the vapour pressure, which is difficult to pin down; we had two very different values of
Pvp from two different sources. For K, either a formula that used the wind or the water
temperature and salinity could be used. We do not have an opinion as to which would be
better, but would recommend one that did not need molecular weight.

1.6 EMULSIFICATION

Matlab® function: emulsification.m

Figure 3.4 in Vos displayed the water content vs time over 336 hours for SIMPAR, OWM,
and ADIOS-2 for no wind and with a wind speed = 10 ms™. The water content of the oil
is the amount of water uptake. In all the model algorithms, water content was independent
of evaporation and only relied on the wind speed.
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Vos stated that, in ADIOS-2 and SIMPAR, the emulsification was modeled according to
Eley (1988) where water content was defined as a function of the ratio of interfacial
surface area to oil volume.

1.6.1 SIMPAR

For SIMPAR, Vos presented the following three equations that make up Equation 3.26 in
the review:

P

Y= G Variation of Equation 3.25 in Vos
X = Xpax (1 — e7kst) Equation 3.26 in Vos
_ 6Ymax H H
Xmax = G2, Equation 3.26 in Vos

Vos defined the emulsification rate, ks, in Equation 3.28, but we called it ky to be consistent
with the ADIOS-2 formula. It describes the wind dependency of emulsification.

ky, = ﬁ(uw +1)2 Equation 3.28 in Vos

ymax=1 means maximum water uptake = 100% of the water is gone. ymax is the “stable
water content of the emulsion” and it is typically 0.7-0.8 (Zanier et al., 2014). Vos set
ymax=0.7. ks is the emulsification rate in s and ko is the rate for ymax=1 and zero wind.
Reed (1989), cited by Vos, used ko=2x10°¢ s, and Zanier et al. (2014) used 2x10°s™.

To compute emulsification for the SIMPAR weathering model, we programmed the four
equations above (Vos 3.26 and 3.28) to give a value for y, the amount of water uptake
with ymax=0.7, as in Vos:

k s = (kO/y max) * (Uw+l)"2; % k s is the emulsification rate (1/s);
Equation 3.28 in Vos
X max = (6*y_max)/(l—y_max); % Equation 3.26
x = x _max* (l-exp(-k _s*t)); % Equation 3.26
y = x/(6+x); $ Equation 3.25 in Vos (solve for x)
1.6.2 ADIOS-2

Vos does not know the wind dependency of the emulsifying algorithm used by ADIOS-2,
but described an algorithm by MacKay et al. (1980) that is analogous to the Eley algorithm
that SIMPAR uses.

Y = Ymax (1— e7Fh) Equation 3.27 in Vos
ky = yk" (U, + 1)2 Equation 3.27 in Vos

In this case, ky is the emulsification rate in s™. ko is defined as for SIMPAR. Janeiro et al.
(2008), however, used ko=1x10°% s, These researchers based their weathering
algorithms on the work by NOAA (i.e. ADIOS-1 and ADIOS-2), so we used both 2.0x106
and 1.0x10°® for ko to see what difference it made.

We programmed the MacKay et al. (1980) algorithm to represent the one used by ADIOS-
2.

k y = (k0O/y max) * (Uw+l)"2; % k y is the emulsification rate
(1/s); Equation 3.27 in Vos
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y = y max * (l-exp(-k y*t)); % Equation 3.27

1.6.3 OWM

Vos’s description of the algorithm that OWM uses to compute emulsification was
ambiguous. We decided to program emulsification according to the SINTEF manual
(SINTEF, 2005) rather than follow Vos’s description. We programmed Equations 21, 22,
and 23 from SINTEF. These equations are duplicated in Vos as Equations 3.31 and 3.32.
The algorithm used in OWM uses water content as a function of time so that one can
integrate the water content over time (unlike in SIMPAR and ADIOS-2). The one problem
with these equations is that one value relies on average half-time values that were found
in the laboratory and that were not given in Vos nor in the SINTEF manual. Another issue
is that Vos does not give a value of “C” to use. Therefore, we could not test these
equations.

Matlab®:
Uref = 10; % m/s
t ref = C*t lab; % Equation 22 in SINTEF and are empirically
% determined

t half = ((1+Uref) /14U0w) ) "2 *t ref; % Equation 3.32 in Vos

y(t+dt) = y max(t) - (y max(t) - y(t)) * O.5A(dt/t_half); % Equation
% 3.31 in
% Vos

However, Vos states that the SINTEF approach is based on the MacKay et al. (1980)
model displayed in Equations 3.29 and 3.27. Therefore, without the SINTEF lab results
to use, we simply changed the code:

kO = 1.0e-6;

k y = (k0/y max) * (Uwt+l)"2;
if Uw==0,
t half = 2.43e5;
else
t half = log(2)/k_y; % Equation 3.29
end
y(t+dt) = y max(t) - (y max(t) - y(t)) * 0.5°(dt/t_half);

y_max is a constant as far as we can see from Vos’s explanation for Figure 3.4. Vos’s
Equation 3.29 describes the half saturation times in rate constants (Vos, 2005, p. 26). It
may or may not have anything to do with the half saturation time defined in OWM, but,
because we lacked the OWM values, we used Equation 3.29 for our algorithm: k = In2/thai
to define thar. That is, thar = In2/ky where we defined ky as the emulsification rate defined
by MacKay et al. (1980), as for ADIOS-2. When there is no wind, thar = 2.43x10° (from
Vos'’s Figure 3.4 inputs).

1.6.4 Zaneiro et al. (2014)
Zaneiro et al. (2014) also based their emulsification algorithm on MacKay et al. (1980):

0

y(t) = Ymax |1 —exp( 1+ Uvzvt)]

max

It is slightly different than what Vos described in that in Zaneiro et al.’s formula, only the
wind speed is squared, not the binomial sum of wind speed and “1”. Also, the negative
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sign in front of ko is not in Vos’s equations. We programmed Zaneiro et al.’s algorithm to
see what the difference in water content would be.

1.6.5 Computing Emulsification

In this subsection, we present figures of the water content computed by the four
emulsification algorithms. The SIMPAR model computation used the Eley formula
described in Vos, and it is represented by “Eley/SIMPAR”. The ADIOS-2 algorithm is
represented in the legend by “MacKay/Vos”. We computed water content for the OWM
model according to the SINTEF manual and Eley, and the results are represented in the
legend by “OWM?”. The last blue line is water content that we computed as described in
Zaneiro et al. (2014) following MacKay (“MacKay/Zaneiro et al.”)

1.6.5.1 No Wind

For the first figure, we used ko=2x10° st (Figure 7) and ko=1x10°% s1 (Figure 8) under
conditions of no wind. The curves have shapes similar to Vos’s Figure 3.4 except ours
appear more linear. The different values of ko had little effect.

Eley/SIMPAR
MacKay/Vos

—— OWM

—— MacKay/Zaneiro et al
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Water Content
o o o [=] (=] o o
N w B o » ~ =g
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Figure 7 Water content computed using 4 different algorithms with ko=2x10° and
no wind: Uy=0 ms™?
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Figure 8 Water content computed using 4 different algorithms with ko=1x10® and
no wind: Ux=0 ms

1.6.5.2 With Wind
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Figure 9 and

Figure 10 show the water content computed by the four algorithms under conditions of
Uw=10 ms? for ko=2x10% s1 (Figure 9) and ko=1x10% s! (Figure 10). Buchanan and
Hurford (“B&H”,1988) used the MacKay et al. (1980) algorithm that we programmed as
the ADIOS-2 algorithm; however, they used ko=-4.5x106 s1. The B&H curve for water
content of surface Statfjord crude in their Fig. 8 showed that water uptake occurred much
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more rapidly than what we are showing for Ekofisk Exxon. However, B&H’s model results
did overestimate the water content when compared to real data.

1¢
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Figure 9 Water content computed using 4 different algorithms with ko=2x10° and
Uw=10 ms-
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Figure 10 Water content computed using 4 different algorithms with ko=1x10% and
Uw=10 ms-
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1.7 OIL WEATHERING WITH VARIABLE WIND SPEED

To this point, we explored oil weathering algorithms under no wind or constant wind
conditions. In this section, we present the results with randomly generated and variable
Uw. We redrew the graphs for those modules where wind was a factor. We used a 5 hour
and a 25 hour sample of random data. Vos did not test any weathering processes for
variable wind so we cannot compare our graphs with those in the review, but we can
compare our results with the NOAA ADIOS-2 model results for Evaporation using a
variable wind in NOAA'S ADIOS-2. Also, we noted that none of the theory that we
explored has tested weathering for continually varying wind speeds. Most literature only
reports results at different constant wind speeds.

The five hours of variable wind data were, for speed and direction (The actual NOAA
ADIOS-2 model asks for wind direction data.):

hour 1 =2 m/s ; 10 deg
hour 2 =2 m/s ; 10 deg
hour 3=1m/s ; 19 deg
hour 4 =3 m/s ; 4 deg

hour 5=5m/s ; 12 deg

Figure 11 is a simple plot of the test variable wind speeds for 5 hrs and 25 hrs.
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Figure 11 Random variable wind speed (ms™) used for testing oil weathering
algorithms models
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1.7.1 Dispersion with Variable Wind

Figure 12 to Figure 15 are plots for Ho, the dissipative wave energy (Dya), the fraction of
the sea surface affected by breaking waves (Fuc), and the entrainment rate as a function
of time, modeled for the three weathering models under 5 hours of variable wind. The

droplet diameter is not a function of wind speed so we did not plot it.

5 hours of variable wind data
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Figure 12 Hoas a function of time with variable wind for 5 hours
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Figure 13 Dissipative wave energy as a function of time with variable wind for 5
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Figure 14 Fuwc as a function of time with variable wind for 5 hours
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Figure 15 Entrainment rate as a function of time with variable wind for 5 hours

25 hours of variable wind data

Figure 12 to Figure 19 are plots of Ho, the dissipative wave energy (Dya), the fraction of
the sea surface affected by breaking waves (Fwc), and the entrainment rate as a function
of time, modeled for the three weathering models under 25 hours of variable wind. In
these figures, the lines for SIMPAR are hidden by the lines that represent ADIOS-2.
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Figure 16 Hoas a function of time with variable wind for 25 hours
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Figure 17 Dissipative wave energy as a function of time with variable wind for 25
hours
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Figure 18 Fwc as a function of time with variable wind for 25 hours
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Figure 19 Entrainment rate as a function of time with variable wind for 25 hours

1.7.2 Evaporation with Variable Wind

We tested the Evaporation algorithms with the variable wind data, for 5 hours and 25
hours. For these figures, we used a computed Py, for the Fingas (1995) algorithm. The
results are in Figure 20 and Figure 21 for the computation under 5 hours of variable

wind. The results are in Figure 23 and Figure 24 for the computation under 25 hours of
variable wind.

Figure 22 shows the % evaporated computed by ADIOS-2 directly. The algorithms for
evaporation were all developed empirically under conditions of constant wind. That's why
we see evaporation decrease when the wind decreases; this behaviour is despite the fact
that the computation is iterative, depending on the value of the previous time step. The
Buchanan and Hurford algorithm was least affected by the variable wind, but this
algorithm also produced the fastest evaporation.

5 hours of varying wind
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the empirically derived relation for Ekofisk oil for the 3 models in the bottom panel
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Figure 21 Percent evaporated computed with 5 hours of variable wind and using
Bobra's equation (Equation 32 in Fingas, 2011 and 2013) in the top panel for all
models, and the algorithm from Buchanan and Hurford (1988) in the bottom panel

Figure 22 is the graph for Evaporation that NOAA’s ADIOS-2 produced with five hours of
variable wind for Ekofisk Exxon oil. We manually entered each wind datum into the model.
This is why we only used five hours of wind. The graph does not resemble our graphs at
all (Figure 20 and Figure 21). The Bobra/Janeiro algorithm that we used to represent the
ADIOS-2 model algorithm seems to overestimate the actual computed NOAA ADIOS-2
evaporation. It is interesting to see that Evaporation is affected by the decrease in wind
with NOAA'’s ADIOS-2 model. The variation in evaporation will directly affect viscosity due
to the oil emulsification that depends on the evaporated fraction of the oil.
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Figure 22 Percent evaporated computed with 5 hours of variable wind produced
by NOAA’s ADIO-2 weathering model

25 hours of varying wind
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100~

80+~
3 —{ll— ADIOS-2/Bobra/Janeiro
T 60- —3— SIMPAR/Short
8 —— OwM/short
@ 40-
°

20 H

Stiver&MacKay (1984)
I I |

5 10 15 20 25

—8— ADIOS-2/B&H
s —¥— SIMPAR/B&H
—ah— OWM/B&H

% Evaporated

variation of Stiver&MacKay (1984)

0 T T 1
0 5 10 15 20 25
Time (hour)
Figure 24 Percent evaporated computed with 25 hours of variable wind and using
Bobra's equation (Equation 32 in Fingas, 2011 and 2013) in the top panel for all
models, and the algorithm from Buchanan and Hurford (1988) in the bottom panel
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1.7.3 Emulsification with Variable Wind

The test of the emulsification algorithms using a variable wind produced the results that
are plotted below for the five hours of wind data and the 25 hours of wind data. Similar to
evaporation, the emulsification algorithms were developed empirically under conditions
of constant wind and the behaviour of the models with the changing wind conditions
reflects that.

k y = (kO/y max) * (Uw+l)"2

One solution would be to only allow the function to run until a maximum water content
were reached; e.g. ymax = 0.7, which is what we did.

For these computations, we used ko=2.0x10% s1 following Reed (1989), as suggested by
Vos. The algorithms that we used were the same four that we used for the constant wind
computations of emulsification.

Figure 25 shows the results for five hours of variable wind data, and the Figure 26 shows
the results for 25 hours of variable wind data. Only OWM produced results that were
physically realistic.
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Figure 25 Water content computed under conditions of 5 hours of variable wind for
4 different algorithms
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Figure 26 Water content computed under conditions of 25 hours of variable wind
for 4 different algorithms

1.8 COMPUTING VARIABLE OIL DENSITY AND OIL
VISCOSITY

The computation of oil emulsion viscosity, oil density, evaporation, and water content is
a coupled process. None of the properties can be computed without knowledge of the
other three; therefore, all four properties are computed simultaneously. The key to predict
when or if oil will sink, or how it will spread, is to know the oil's density and viscosity. If the
oil becomes heavier than the seawater, it will sink. If the oil thickens too much, then its
tendency to spread reduces, and it might readily sink because the density generally
increases with viscosity.

1.8.1 Oil Density
Matlab® routine: oil_density.m

Vos defined the computation of oil density according to the algorithm used by ADIOS-2
(Vos’'s Equation 3.20). The algorithm demonstrates density dependence on water
content, temperature, and evaporative effects.

poil(yr Toil) =Ypw t+ (1 - )’)Po(o: Tref)[1 - Cl(Toil - Tref)(l + Czﬁevap)]

y is water content. Toil iS 0il temperature in either °C or °K. Trr iS a reference oil
temperature in either °C or °K. c1 and c2 are oil dependent constants. All three models
used this algorithm, but Vos admitted that, due to lack of information, he/she used c1 = 0,
c2=0 for Tref = 20°C. In Janeiro et al. (2008), c1 and c2 were renamed Cprt and Cog,
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respectively. Janeiro et al. stated that Cpe = 0.18 and Cpr = 8x10* according to NOAA
(cited by Janeiro et al. as NOAA, 1994). We used the Janeiro et al. values for ADIOS-2
(C1 = 8x10“%and C2 = 0.18). We assumed that oil temperature was the sea surface
temperature (Lehr, 2001).

fevap and y are the fraction of evaporated oil and water content, respectively. The
emulsification module provides the water content, and fevap iS computed in the evaporation
module. However, if the oil dependent constants, c1 and cz, were both 0, then oil density
would depend only on water content. po is a reference oil density (at time = 0 with the
reference To and water content at time = O; that is, the time of the spill). Water density
(ow) was constant in both SIMPAR and DREAM/OWM and was 1025 kgm= and 1030
kgm3, respectively, according to Vos’s tests. In ADIOS-2, the water density is dependent
on water temperature and salinity so we defined the these as 15°C and 25, respectively,
and we computed water density using the equation of state.

We tested the density algorithm, coupled to emulsification and evaporation, for the three
weathering models (using constant water density and variable water density) for constant
wind and the variable wind data for five hours and 25 hours (as before). We held the
viscosity constant at 1 x 10°%. We did not have any results from Vos with which to compare
our test results. We used Ekofisk Exxon as our test oil blend. Our computations of
evaporation and emulsification were for constant water parameters and oil viscosity.

The computation of evaporation for SIMPAR and OWM had no effect because c1=0 and
c2=0 for these models, whereas we used the Janeiro et al. values for the constants for
ADIOS-2. fevap for ADIOS-2 was computed using the S&M variation initially reported by
Bobra (1992) and described by Fingas (2011, 2013). We used Short’s (2013) algorithm
to compute fevap for SIMPAR and OWM.

We used Eley (1988), as reported by Vos, to compute water content for SIMPAR, Vos’s
version of MacKay (1980) to compute water content for ADIOS-2, and Vos'’s version of
the SINTEF algorithm, combined with MacKay (1980) to compute water content for OWM.

1.8.1.1 Oil Density with No Wind
In the case of no wind, the two models, ADIOS-2 and OWM, have similar rates of

increasing density, and density computed with the SIMPAR algorithm increased the
fastest (Figure 27).
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Figure 27 Oil density was computed using 3 model algorithms with no wind effects.
Emulsion was computed using Eley (1988) for SIMPAR, MacKay (1980) for ADIOS-
2 (Vos, 2005), and a combination of SINTEF (2005) and MacKay (1980) for OWM.

1.8.1.2 Oil Density with Constant Wind = 8 ms™!

A plot of oil density for constant wind is shown in Figure 28. In Figure 28, all the models
show density increasing similarly. The density that we computed with the ADIOS-2
algorithms did not achieve the maxima of the other two models.
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Figure 28 Computed oil density using constant wind =8 ms™

1.8.1.3 Oil Density with Variable Wind, Constant Water Parameters

Below is a plot of oil density for the variable wind speed for 5 and 25 hours. The wind
influence on the water content affects the oil density more than the evaporation rate of
the oil slick. Only the OWM algorithms produced a physically realistic oil density.
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Figure 29 Computed oil density using variable wind for 5 hours using 3 model
algorithms
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Figure 30 Computed oil density using variable wind for 25 hrs

1.8.1.4 Oil Density with No Wind, Constant Wind, and Variable Wind using
empirical equation from Fingas (2013) for evaporation

For this section, we computed the oil density using the empirically derived evaporation
equation for Ekofisk described by Fingas (2013). All the models used the same
evaporation value computed with this equation, and therefore the results highlight the
difference that the emulsion algorithms make to the commonly computed density. The
only difference between the model computations of density were the two water densities
that we used for SIMPAR/ADIOS-2 and OWM (1025 kgm-2and 1030 kgm, respectively).
The resulting oil density time series are shown in Figure 30 to Figure 33 for computations
with no wind, a constant wind speed, and 25 hrs of variable wind speed. The most
noticeable difference between these results and the earlier ones is that now the density
provided by the ADIOS-2 model algorithm for water content is more in line with SIMPAR.
In addition, we can see that using a variable wind speed as input into any of the models
is felt most by the emulsification algorithm.
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Figure 31 Computed oil density using no wind, but using the empirical equation for
Ekofisk described in Fingas (2013) for the evaporation computations
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Figure 32 Computed oil density using constant wind speed = 8 ms™, but using the
empirical equation for Ekofisk described in Fingas (2013) for the evaporation
computations
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Figure 33 Computed oil density using variable wind speed for 25 hours, but using
the empirical equation for Ekofisk described in Fingas (2013) for the evaporation
computations

1.8.2 Oil Kinematic Viscosity
Matlab® routine: oil_viscosity.m

Vos described the computation of kinematic viscosity of oil as the combination of
evaporative effects, water content, and temperature effects. We computed oil viscosity
using four different algorithms for each of the three weathering models. The first algorithm
only considers the effects of emulsification on viscosity (Mooney, 1951), and the second
algorithm considers emulsification and evaporation (Guo and Wang, 2009). The last two
algorithms consider emulsification, oil temperature, and evaporation (Janeiro et al., 2008;
Vos, 2005). Vos presented relations based on Mooney, and those used in OWM, plus
another found in Perry’s Chemical Engineering Handbook (1973).

1.8.2.1 Mooney (1951)

We used Mooney’s algorithm to compute the oil emulsion viscosity. This algorithm is
defined as Equation 3.21 in Vos and Equation 6 in Lehr (2001):

for
a=2.5
b=0.654
ay(t)

v(t) = v, exp(m) Equation 3.21 in Vos
y is the water content

Vv, IS the reference/initial oil viscosity.
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We used the oil viscosity given by our oil database for v,.

1.8.2.2 Guo and Wang (2009)
Guo and Wang coupled the oil emulsion viscosity with evaporative exposure.

ay(®)
1-by ()
Kc is an oil dependent constant that is between 1 and 10 (Guo and Wang, 2009). Guo
and Wang used K¢=1, which they based on MacKay et al. (1980); however, Wang et al.
(2005) had Kc=1x104. We used K:=4 because it gave a more realistic result than Guo and
Wang's and Wang et al.’s different values.

1.8.2.3 Vos

Vos gave two different algorithms for computing oil viscosity with time. SIMPAR and
ADIOS-2 used the same algorithm and OWM used the second algorithm.

v(t) = voexp(Kcfevap) exp( ) Guo and Wang, Equation 26

According to Vos, SIMPAR and ADIOS-2 used a combination of Mooney to give the water
content component, MacKay et al. (1983) for evaporative effects, and Perry’s handbook
for temperature effects:

with cp=5,
® .
v(£) = Voexp(Cy fevap (0) = fevap (1)) eXPG-Slexp(—— D) Equations 3.21,
3.22, and 3.24 in
Vos

We defined the coefficient, cT = 5, and we used the same a and b as in the original
Mooney equation (a=2.5; b = 0.654).

OWM'’s algorithm was similar to the one for SIMPAR and ADIOS-2, but the effects of
water content on viscosity were computed slightly differently, and the evaporative effects
are dependent on empirical constants. For OWM, we programmed a combination of the
Mooney algorithm defined in the SINTEF manual (Equation 29 from the manual) and the
MacKay et al. (1983) algorithm for evaporative effects defined by Vos in Equation 3.23 of
the review. Vos stated that in OWM the effects of temperature on oil viscosity were
ignored.

ay(t)

100 + by(t))

v(t) = voexp(a, + bvfevap(t))) exp(

However, from the SINTEF manual, we used a=5 and b=0.9, and we used av = Cbfevap(0)
and b,= -c» because ay and by are regression factors that were not given in either Vos or
the SINTEF manual. We let cp=5 as for SIMPAR and ADIOS-2. The SINTEF manual
actually cited Mooney to compute the emulsion viscosity, but Vos says that DREAM/OWM
used Mooney and evaporative exposure to compute oil viscosity, so we used a
combination algorithm for OWM, but used SINTEF’s version of Mooney to describe the
effects of emulsification. The SINTEF manual also stated that, from least squares
regressions, a ranged from -10 to 5, and b ranged from -2 and 0.9. We arbitrarily chose
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a=5 and b=-2 for our test of Ekofisk Exxon, but we tried the entire range and saw that the
results did not differ regardless of the values that we chose for a and b.

In Vos’s review, Vos stated that OWM used the same Mooney algorithm as SIMPAR and
ADIOS-2, but in the SINTEF manual, the Mooney algorithm is slightly different. The
different versions of Mooney are highlighted by grey boxes in the above viscosity
equations. Later, we noted that the algorithm given in the SINTEF manual gave viscosity
values for OWM that were inconsistent with the other models.

1.8.2.4 Janeiro et al. (2008)

Janeiro et al. used a slightly different algorithm that included a variation of Mackay et al.’s
(1980) empirical constant.

If vy > 38, then ce=10. Otherwise, ce = -0.0059v,%+ 0.4461v, + 1.413 where v, is the oil
viscosity at 15°C. This empirical constant is used as a multiplier for the evaporative effects
on the viscosity.

ay(t) Cr

V(t) - Voexp(cefevap(t)) eXp( —b (t)) ( . T_O)

We tested the four viscosity algorithms by computing the changing kinematic viscosity
of each with no wind effects, a constant wind speed, and variable wind speed.

1.8.2.5 Computing Oil Viscosity with No Wind

Figure 34 to Figure 37 present the oil viscosities that we computed using the inputs that
Vos used associated with each of the three weathering models, but computed using the
four different viscosity algorithms that we have outlined. Each model used different inputs
according to previous computations and empirical constants of water content, evaporated
fraction, and oil density and the different water densities, but viscosity was computed four
times with the same algorithms for each model. If all weathering algorithms were the same
and all models used the same inputs, then all the viscosities should be identical
regardless of the model.

In this subsection, we used zero wind speed to compute the kinematic viscosity. In the
computation, we simultaneously had to compute density, emulsification, and evaporation
because water content, the fraction evaporated, and oil density were needed as inputs
into the viscosity module. Evaporation was computed using the two variations of the S&M
algorithm: Bobra (1992) presented in Fingas (2011, 2013) and Short (2013). The
viscosities are shown in Figure 34 and Figure 35. Then we recomputed viscosity with
evaporation computed using the empirical equation for Ekofisk in Fingas (2013). These
viscosities are shown in Figure 36 and Figure 37.

Figure 34 shows that the evaporative effects from Bobra’s algorithm (Fingas, 2011 &
2013) used for ADIOS-2 were very different from those from Short's S&M variation used
for SIMPAR and OWM, and the G&W algorithm for computing viscosity was very sensitive
to the evaporation algorithm being used. When only emulsification effects were
considered in the computation of the viscosity (Mooney’s algorithm for emulsion
viscosity), all the models produced the expected similar viscosity magnitudes.
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Figure 35 reveals that there was definitely a problem interpreting the algorithm for OWM
given by Vos/SINTEF. We discovered that it was the Mooney emulsion viscosity algorithm
that caused the OWM values to depart from the other models’ results. What isn’t visible
is that the Janeiro algorithm for OWM and the Vos algorithm for ADIOS-2 produced the
same result. The thicker black line for ADIOS-2 is covering the thinner red line for OWM.
Figure 35 also reveals that the temperature effects reduced the rate of the kinematic
viscosity increase computed by ADIOS-2 from what was shown in Figure 34 for ADIOS-
2 and the G&W algorithm. However, the algorithms that we used for ADIOS-2 to compute
evaporation, produced a more rapid increase in viscosity with the G&W algorithm than
that algorithm produced for the other two models.

Figure 36 shows once more that the G&W algorithm for computing viscosity is very
sensitive to evaporative effects. This figure was produced using the empirical equation
for Ekofisk for all models to compute the fraction evaporated.

Figure 37 shows that the algorithm for OWM that computes viscosity, described by Vos,
really does not work for that model. The viscosities that OWM produced are so much
smaller than those produced by the other algorithms that the plot appears as a flat line in
Figure 37. The Janeiro et al. algorithm, however, produces reasonable results for all the
models when combined with Fingas’s empirical equation for computing the fraction
evaporated, and the viscosity result computed with the Vos algorithm is similar to those
that are shown in Figure 35. The viscosity algorithms that account for evaporative effects,
water content, and temperature effects are not as sensitive to the evaporation algorithm
as the G&W algorithm that does not use temperature effects.
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Figure 34 Computed oil viscosity with no wind and using algorithms by Mooney
(1951) and Guo and Wang (2009) to compute the viscosity and evaporation
algorithms from Bobra (Fingas, 2011 & 2013) for ADIOS-2 and Short (2013) for
SIMPAR and OWM
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Figure 35 Computed oil viscosity with no wind and using algorithms described in
Vos (2005) and Janeiro et al. (2008) to compute viscosity and evaporation

algorithms from Bobra (Fingas, 2011 & 2013) for ADIOS-2 and Short (2013) for
SIMPAR and OWM
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Figure 36 Computed oil viscosity with no wind and using algorithms by Mooney
(1951) and Guo and Wang (2009) and evaporation computed with the empirical
equation for Ekofisk described in Fingas (2013)
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Figure 37 Computed oil viscosity with no wind and using algorithms by Vos (2005)
and Janeiro et al. (2008) and evaporation computed with the empirical equation for
Ekofisk described in Fingas (2013)

1.8.2.6 Computing Oil Viscosity with a Constant Wind

Figure 38 to Figure 41 present the oil viscosities that we computed using the inputs that
Vos used for the three weathering models and a constant wind speed of 8 ms™. We
computed the viscosities using the four different viscosity algorithms that we have
outlined.

Figure 38 presents the viscosities computed using a constant wind and Mooney’s and
G&W'’s algorithms for viscosity and variations of the S&M algorithm for evaporation: Short
(2013) for SIMPAR and OWM and Bobra’s algorithm (Fingas, 2013) for ADIOS-2. With
the constant wind speed, the G&W algorithm produces the expected larger viscosities via
the evaporative effects with the constant wind speed than without it. However, it is clear
that the Bobra algorithm that we used for ADIOS-2 is producing evaporative effects that
are causing the G&W algorithm to produce viscosities that are much greater than what
the other models produced.

Figure 39 reveals, once more, that larger viscosities result when temperature effects are
ignored. This fact is really highlighted in Figure 40 and Figure 41. In Figure 40, the
viscosities produced from the G&W algorithm were much larger when we computed
evaporation with the empirical equation for Ekofisk (Fingas, 2013) than when we used the
S&M algorithms to compute evaporation. Figure 41 shows that when the effect of
temperature on viscosity is included in the algorithm, despite the evaporation that
depends on air temperature, the oil viscosity values decrease and reach more expected
values.
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Figure 38 Computed oil viscosity computed with constant wind (= 8 ms™) using
algorithms by Mooney (1951) and Guo and Wang (2009) for the 3 oil spill weathering
models and evaporation algorithms from Bobra (Fingas, 2011 & 2013) for ADIOS-2
and Short (2013) for SIMPAR and OWM
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Figure 39 Computed oil viscosity computed with constant wind (= 8 ms™) using
algorithms described in Vos (2005) and Janeiro et al. (2008) for the 3 oil spill
weathering models and evaporation algorithms from Bobra (Fingas, 2011 & 2013)
for ADIOS-2 and Short (2013) for SIMPAR and OWM
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Figure 40 Computed oil viscosity computed with constant wind (= 8 ms™) using
algorithms by Mooney (1951) and Guo and Wang (2009) for the 3 oil spill weathering
models and evaporation computed with the empirical equation for Ekofisk
described in Fingas (2013)
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Figure 41 Computed oil viscosity computed with constant wind (= 8 ms™) using
algorithms by Vos (2005) and Janeiro et al. (2008) for the 3 oil spill weathering
models and evaporation computed with the empirical equation for Ekofisk
described in Fingas (2013)
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1.8.2.7 Computing Oil Viscosity with 25 Hours of Variable Wind

In this section, we computed viscosities using 25 hours of variable wind in the
computations.

Figure 42 to Figure 45 show the results of the viscosity computations that we made using
25 hours of variable wind speed. The OWM model appears to be the most insensitive to
having the wind speed change every hour when only water content was considered
(Mooney viscosity algorithm in Figure 42 and Figure 44). The combination of the OWM
model inputs, the Janeiro et al. viscosity algorithm, and Fingas’s empirical equation for
evaporation of Ekofisk was insensitive to the variable wind speed (Figure 43 and Figure
45). Once more, we saw that the OWM algorithm presented in Vos produced viscosities
that were unrealistic compared to the other algorithms (Figure 43 and Figure 45).
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1r : : p i -
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0.9+ : : 3

08+

SIMPAR/Mooney
—a&— ADIOS-2/Mooney
—o— OWM/Mooney

SIMPAR/G&W
------- ADIOS-2/G&W
------ OWM/G&W

o
]
T

o
(o]
T

Viscosity (m25'1)
o
[¢)]
T

Time (hours)

Figure 42 Computed oil viscosity using 25 hours of variable wind and algorithms
by Mooney (1951) and Guo and Wang (2009) for the 3 oil spill weathering models
and evaporation algorithms from Bobra (Fingas, 2011 & 2013) for ADIOS-2 and
Short (2013) for SIMPAR and OWM
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Figure 43 Computed oil viscosity using 25 hours of variable wind and algorithms
described in Vos (2005) and Janeiro et al. (2008) for the 3 oil spill weathering
models and evaporation algorithms from Bobra (Fingas, 2011 & 2013) for ADIOS-2
and Short (2013) for SIMPAR and OWM
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Figure 44 Computed oil viscosity using 25 hours of variable winds and algorithms
by Mooney (1951) and Guo and Wang (2009) for the 3 oil spill weathering models
and evaporation computed with the empirical equation for Ekofisk described in
Fingas (2013)
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Figure 45 Computed oil viscosity using 25 hours of variable wind and algorithms
described in Vos (2005) and Janeiro et al. (2008) for the 3 oil spill weathering
models and evaporation computed with the empirical equation for Ekofisk
described in Fingas (2013)

1.9 SUMMARY OF PART 1

In Part 1 of this study, we explored oil weathering algorithms that were presented by Vos
(2005) in a review of popular oil weathering models. We found that three models
described by Vos were sensitive to the inputs used to compute the various weathering
process parameters. This was especially true for evaporation, oil emulsification, and for
the oil viscosity. Then, when looking through the literature, we noticed that different
researchers used algorithms, with slight variations, based on the same theory; for
example, evaporation and the work of Stiver and Mackay was a popular form of
evaporation theory, yet some researchers had equations that were variations of the theory
that were specific to their problems. Applying these variations to our testing, gave different
results for each of the inputs associated with the three models described by Vos. Having
so many choices for algorithms made it difficult for us to decide on a single algorithm to
test so we continued to use several formulae in Part 2 of our study.

We found that all the algorithms that used wind speed to compute the weathering
properties were very sensitive to a varying wind. This was likely because these algorithms
were developed in laboratory experiments under conditions of constant wind speed. The
algorithm that was most insensitive to a time varying wind speed was the one used by
OWM for computing oil viscosity over time.
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For the rest of the summary of Part 1, we describe the Matlab® functions that we wrote
to compute the weathering process parameters described in Vos and elsewhere: initial
release/spreading, dispersion (entrainment), evaporation (evaporated fraction),
emulsification (water content), oil density, and oil viscosity. There is a summary table of
all the equations that we explored in the Appendix at the end of the report.

1.9.1 The Oil Database
Before running any of the modules, it was necessary to read the oil database.

1.9.1.1 Matlab® call
oildata = read oil data xlsx

1.9.2 Release/Initial Spreading
There are two equations that we used to compute the initial spill release.
1. SIMPAR and ADIOS-2 (based on Fay and Hoult, 1971)

1/12
p = 12 (Vougow = poi)/pw
k4 v
2. OWM/DREAM (based on Reed, 2001)
2
3 VouPoird'|® -1 =3
X= [E OllB—zl (Pwhtw) 5 UHSZO

1.9.2.1 Matlab® call

[RI X, V] =
release (which model,h,V oil,rho oil,rho H20,visc H20,B,U H20,xmin, xmax)

1.9.2.2 Inputs

e which model: ‘simpar’,’adios’, or ‘owm’

e rho oil: por density of the oil (kgm™3)

e V oil: Ves total mass of the spill or the volume of the spill

e rho H20: pw density of water (kgm=3)

e visc H20: vw kinematic viscosity of water (m?s7!)

e xmin: time minimum for integral; used for OWM/DREAM model only
e xmax: time maximum for integral; used for OWM/DREAM model only
[ )

h: oil film thickness (m)

1.9.2.3 Outputs

e R radius (m) of the spill (Equation 3.1 for SIMPAR & ADIOS)
e X length scale (m) of the o0il slick (Equation 3.2 for OWM/DREAM)

e V = volume (m?®) of the oil slick approximated by uniform thickness,
Vos p. 14 footnote

V is equal to the input oil volume of the spill for SIMPAR and ADIOS-2, but V is computed
by OWM using the oil thickness and the length scale, X. Itis an iterative process in OWM,
but we only computed the one iteration because the release only occurs once.
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1.9.2.4 Defined parameters:
e g = 9.80665 in ms™?
e ki =1.15
e kz = 1.45

1.9.3 Dispersion

The dispersion module uses the oil viscosity in its computation so that it is connected to
evaporation. The computation uses wind speed and wave energy.

1.9.3.1 SIMPAR and ADIOS-2
Q="

1.7
X CoD257F,,.Sq0, Equation 3.10 in Vos

where
e Q is the entrainment rate of the of oil droplets
dmax is the maximum oil droplet diameter in m, and we defined dmax=70 pum
Dra is the dissipative breaking wave energy per unit surface area
Co is a proportionality constant
Scov IS the fraction of the sea surface covered by oil (=1.0 for closed patches)

Dba, the dissipative wave energy, is defined using Equation 3.7 in Vos:

2
Dy, = 0.0034p,, g (%) Equation 3.7 in Vos
2
Hy = @ also included in Equation 3.7 in Vos (significant

wave height)
with
e p, as the density of water
e (¢ =09.80665ms>
e Uw is the wind speed in ms™? (@10 m)

We computed the fraction of the sea surface hit by breaking waves according to
Holthuijsen and Herbers (1986) for SIMPAR and ADIOS-2, as cited by Vos in Equation
3.5:

0.032 max(U,,—5.0;0.0)

 —
wc T

Equation 3.5 in Vos

where
e Fucis per unit time
e Twis the wave period in s

For v< 125; Co = 1827v0:04658 gnd if v> 125; Co = 1827v 11951 where v is in cSt

1.9.3.2 OWM/DREAM

Q(d) = CoD257dS7 AdS,yyFye Equation 11 and 2 in D&S (1988) and Delvigne (1993),
respectively (also in the SINTEF manual)

d, = Equation 3.9 in Vos
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e Cis a parameter that varies between 500 and 3400; we used C=1000.
e vis the oil viscosity

e e is the rate of energy dissipation = 1000 Jm-3s

e Ad is a particle diameter interval in m

e (, is an empirically derived entrainment coefficient

DREAM/OWM, however, computes Fwc with Equation 3.6, which is from Monahan and
O’Muircheartaigh (1980) and cited by Vos:

E, .= 3x107°U3> Equation 3.6 in Vos
Co = 4450v04 Equation 3.12 in Vos

1.9.3.3 Matlab® call

[C0,Q,HO, Dba,dmax, Fwc] =
dispersion(which model,NO,Nd,visc, Scov,Uw, rho water, Tw)

1.9.3.4 Inputs
e which model: ‘simpar’,’adios’, or ‘owm’
e Scov: sea coverage factor of oil (=1.0); if not enclosed then

sea coverage must be decreased

e NO normalization factor for determining oil droplet diameter (m); never
actually used but defined = 1

e Nd # droplets per diameter (d0); never actually used but defined =1
e Uw: wind speed (m/s)

e rho water: density of water (computed)

e visc: viscosity of oil (computed; please note the units (m2s-1))

e C = parameter varying from 500-3400 (=1000)

e Tw = wave period (s"-1) (=1)

1.9.3.5 Outputs

e Co: proportionality constant

e (Q: entrainment rate of oil droplets per unit surface area (kg/s/m"2)
e Hy: significant wave height

e Dy.: dissipative wave energy

®  dpax: maximum diameter of oil droplets (=70um for SIMPAR and ADIOS;
computed for OWM)

e F,: fraction of the sea surface hit by the waves (computed)
1.9.3.6 Defined Parameters
e g = 9.80665 in ms™2

1.9.4 Evaporation

We computed evaporation several ways. Some algorithms are what Vos had in the model
review and a few were found in the literature. We started with the single fraction theory
described in Fingas (1995) and continued with four variations of Stiver and MacKay’s
(1984) semi-empirical distillation theory that accounts for temperature effects on the
evaporation process.
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1.9.4.1 Single Fraction Theory

In the end, we abandoned using this formula for single fraction theory, but we left it in
the code as an option.

;‘_0 — o(-KtPvp/x0)

x is the amount of crude at time, t.

Xo is the original amount of crude when weathering begins.
t is time in seconds.

Pvp is the vapour pressure.

K is the mass transfer coefficient.

K =0.029(U,,)%78p~01150.067 Equation 4 in Fingas (1995)
e D s the slick diameter in m.
e S¢is the Schmidt number.

1.9.4.2 Semi-empirical Distillation Theory
Stiver and MacKay (1984) is the basis of the four evaporation algorithms that we used.

For SIMPAR and OWM: Short (2013)

12191

12191 5239
)968.2 ol

fmp=1n[1+( ]/(

oil
where

Area
6 =K

with

o

K =0.0015U°78  for SIMPAR
K(t) = CaUu(t) for OWM (note that Uw is meant to vary with time)

cu,(t) for U, <u

* 2
where C; = (U;]V(”t)) and U;, = {Cuy + (Du, — Cul)% foru, <U,((t) <u,
DU(t) for U,(t) >u,
e C=0.0323
e D=0.0474
e uUi=7ms?
e uU2=20ms*

For ADIOS-2: Bobra (1992) and Hamoda (1989) as described by Fingas (2011,
2013)

i )eeA B(Ti‘iz)] (TO”)

o 1en(
Jevap =In| 14 B\7 BT,

e Tois the initial boiling point.
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e Tgis the distillation curve gradient.

where

5 = KAreat
- Vo

with

K =1.68 x 10754p[1253T71.8050.1441 Hamoda (Equation 31 in Fingas (2013))
e T is the sea surface temperature.
e S isthe sea surface salinity.

1.9.4.3 Empirical Equations for all models from Fingas (2013)
For Ekofisk (Ekofisk Exxon in our tests):
fevap = [4.92 + 0.045T]In(¢)
For Troll (used in our tests, but results not shown in this report):
fevap = [2.26 + 0.045T]In(¢)
For Cold Lake Bitumen (used later):
fovap = [0.16 + 0.013T] /t

e T is the air temperature.
Buchanan and Hurford (1988)

We tested this equation, but abandoned it. However, we left the code intact.

15 C2U$78t
ﬁwap:: —n

C, 6000h
C1=10.3and C2=6.3

&
exp (16.6 - E) +1

SIMPAR with known molecular weight (Vos, 2005)

We abandoned this formula because we only knew the molecular weight for oils that Vos
used.

K = 0.029(3600U,,,)°78 p~0-1150-067 /—MV,\TN

e D is the diameter of the slick (m); use the radius length scale.

e Scis the Schmidt number of cumene (= 2.7).

e Uy is wind speed in metres per hour, but converted to metres per second with
Vos’s multiplication of 3600.

e My is the molecular weight of the oil.

1.9.4.4 Matlab® call

[ x,Pvp,f evap,Fe ] = evaporation(which model,oil type,Toil,S,API, ...
Tair,Uw,x0,X,V oil,Area,h,oildata,t,visc _oil,f evap old,x old)
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1.9.4.5 Inputs

which model: ‘simpar’,’adios’, or ‘owm’

oil type: type of oil that was spilled; use what is in the oil database
Toil: oil temperature (deg K); use sea surface temperature

Tair: air temperatue (deg K)

S: water salinity in ppt

API: API of the spilled oil (from oil database)

Uw: wind speed in ms-!

x0: amount of a particular component of a crude oil at t=0 (time); for
computing single fraction theory (= V_oil)

X: spill length scale determined from release.m

V_oil: volume of oil spilled in m?

Area: areal size of the o0il spill in m?

h: thickness of the o0il slick in m

oildata: oil database input (read oil data xlsx.m)

t: time in hours (converted to seconds within the function)

visc _oil: viscosity of oil (computed; please note the units (m?s7!))

f evap old: f evap from the previous time step (@ t-1); this is where
we store the S&M semi-empirical distillation theory results

x _old: x old from the previous time step (@ t-1); this is where we
store the single fraction theory result

This function calls several other functions:

f evap = get evaporated fraction(which model,
oil type,Toil,Tair,S,API,Uw,h,t,V0,Area,f evap old,oildata)

— to compute the evaporated fraction using semi-distillation theory (S&M
variations) or empirical equations

Cd = get air sea drag coefficient (which model,Uw) — called from within
get_evaporated fraction.m to compute the drag coefficient (used to compute K for
OWM)

Pvp = find o0il data('Pvp',o0il type,oildata) —10 get the vapour pressure from
the database

1.9.4.6 Outputs

x: amount of oil evaporated from single fraction theory
Pvp: vapour pressure (from the database)

f evap: fraction evaporated computed using the different semi-empirical
distillation theories

Fe: fraction evaporated computed using Buchanan and Hurford

1.9.4.7 Defined Parameters

R = 8.31451 is the ideal gas constant; no longer used, but was used to
compute K

Sc = 2.7 is the Schmidt number used in the single fraction theory
computation
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1.9.5 Emulsification

We computed emulsification three different ways with a maximum water content = 0.7
(Yymax = 0.7). The water content only relied on wind speed, and the process is not
connected to any other weathering process.

1.9.5.1 SIMPAR

Emulsification for SIMPAR is based on Eley (1988).

X

y= variation of Equation 3.25 in Vos

(6+x)
X = Xppgy (1 — e7Fst) Equation 3.26 in Vos
Xmax = (f_yy% Equation 3.26 in Vos
ky, = y:l(;x (U, + 1)? emulsification rate (Equation 3.28 in Vos)

1.9.5.2 ADIOS-2
Emulsification for ADIOS-2 is based on MacKay et al. (1980) .

Y = Ymax (1 — e75%) Equation 3.27 in Vos

ky, = yk" (U, + 1) emulsification rate Equation 3.27 in Vos
ko= 1x10° s

1.9.5.3 OWM

We used a combination of equations from Vos and from SINTEF, and coded the
computation for OWM as follows:

kO = 1.0e-6;

k y = (k0/y max) * (Uw+l)"2;
if Uw==0,
t _half = 2.43e5;
else
t half = log(2)/k y; % Equation 3.29
end
y(t+dt) = y max(t) - (y max(t) - y(t)) * O.5A(dt/t_half);

Uref = 10; % m/s
t ref = C*t lab; Equation 22 in SINTEF and are empirically

% determined
)
)

t half = ((14Uref)/1+4Uw))"2 *t ref; % Equation 3.32 in Vos

y(t+dt) = y max(t) - (y max(t) - y(t)) * O.5A(dt/t_half); % Equation
% 3.31 in
% Vos

1.9.5.4 Matlab® call
y = emulsification(which model,Uw, t,dt,y old)

1.9.5.5 Inputs

e which model: ‘simpar’,’adios’, or ‘owm’
e Uw: wind speed in ms™!
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e +t: time in hours (converted to seconds within the function)
e dt: time step (= 1 hr so dt=1)
e vy old: value of y at the previous time step (t-1)

1.9.5.6 Outputs

y: water content (0<y<I)

1.9.5.7 Defined Parameters

e ymax = 0.7; maximum water content
e k0O = le-6; 1in s!; from Reed (1989)

1.9.6 Oil Density

Oll density is a function of the water content and oil temperature, and it is affected by
evaporation. We computed oil density for all three models with the following equation:

Poit(Vs Toir) = Ypw + (1 —¥)po(0, Tref)[l - Cl(Toil - Tref)(l + szevap)]

Toil is oil temperature in either °C or °K.

Tref iS a reference oil temperature in either °C or °K.
c1 and c2 are oil dependent constants.

po is a reference oil density (at time = 0)

1.9.6.1 Matlab® call
rho oil = o0il density(y,rho H20,rho ref,TO,T,f evap,cl,c2)

1.9.6.2 Inputs

e vy: water content

e rho H20: water density; computed depending on water temperature and
salinity

e rho ref: oil density at t=0; from the database

e TO0: refenrence temperature; sea water temperature at t=0

e T: oil temperature; set to be the sea water temperature

e f evap: fraction of evaporated oil; output from evaporation.m

e cl: supplied oil dependent constant

e c2: supplied oil dependent constant

1.9.6.3 Outputs
rho oil: density of oil at time, t (time varying)
1.9.6.4 Defined Parameters

The oil dependent constants need to be supplied. We defined them before calling
oil_density.m. The code could be easily changed to include these within oil_density.m,
but, for now, we have chosen not to do so.

e cl = 8e-4 (Janeiro et al., 2008)

e c2 = 0.18 (Janeiro et al., 2008)

1.9.7 Oil Viscosity

Oil viscosity is influenced by water content, evaporation, and oil temperature. We
computed oil viscosity using four different algorithms for the three models.
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1.9.7.1 Mooney (1951)
Mooney did not include evaporative effects.

ay(t)

v(t) = v, exp(m) Equation 3.21 in Vos
e a=25
e b=0.654

y is the water content
Vv, is the referencelinitial oil viscosity

1.9.7.2 Guo and Wang (2009)
Guo and Wang coupled the oil emulsion viscosity with evaporative exposure.

ay(t)
1-by(t)
K¢ is an oil dependent constant that is between 1 and 10. We used K¢=4.
e a=2.5
e b=0.654
1.9.7.3 Vos

Vos gave two different algorithms for computing oil viscosity with time. One algorithm was
for SIMPAR and ADIOS-2 and the other was for OWM.

1.9.7.4 SIMPAR and ADIOS-2

We computed oil viscosity as a combination of Mooney and MacKay et al. (1983). We
initially used the component attributed to Perry’s handbook (Perry, 1973), but later
abandoned it. Currently, we do not use the Perry component although the code still exists
in the function.

V(t) = voexp(cb (fevap(o) - fevap (t))) eXp( 240) )exp(C—T — ;—z

v(t) = voexp(Kcfevap) €xp( ) Guo and Wang, Equation 26

1-by(t) Toil
cpb=5
e a=2.5
e b=0.654
1.9.7.5 OWM
(t)
v(£) = Yoexp(Cy fevap (0) = fevap (D)) exp (57, )exp G —
e a=b
o b=-2

1.9.7.6 Janerio et al. (2008)
Janeiro et al. used a variation/combination of Mooney and MacKay.

V(t) = VOeXp(Cefevap (t)) eXp(%)exp(;—T'l — ;—Z

)

If vo > 38, then ce=10

Otherwise, ce = -0.0059v,%+ 0.4461v, + 1.413 where v, is the oil viscosity at 15°C.
e a=2.5
e b=0.654
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e Ci=5
e Tois the boiling point defined in the oil database

1.9.7.7 Matlab® call

mu = oil viscosity(which model,which method,y,f evap,mu0,T, TO)

1.9.7.8 Inputs
e which model: ‘simpar’,’adios’, or ‘owm’
e which method: ‘mooney’,’guo&wang’,’vos’, or ‘Jjaneiro’

e vy: water content; obtained from emulsification.m

e f evap: fraction of evaporated oil; output from evaporation.m
e mul: oil viscosity at t=0; obtained from the database

e TO0: boiling point of the oil; obtained from the database

e Toi1: o0il temperature in Celsius (converted to Kelvin within the
function)

e cl: supplied oil dependent constant
e c2: supplied oil dependent constant

1.9.7.9 Outputs

mu: oil viscosity at time, t (time varying) in m?s-!

1.9.7.10 Defined Parameters

a = 2.5 for SIMPAR and ADIOS-2; a = 5 for OWM

b = 0.654 for SIMPAR and ADIOS-2; b = -2 for OWM

cT = 5 (for Janeiro and Vos; used only in Vos if the ‘Perry’ option is
Kc = 4 (for Guo and Wang)

cb = 5 (for Vos)

ce = 10 or is computed (for Janeiro)
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2 PART 2: USING REAL DATA FROM DOUGLAS
CHANNEL

We tested the weathering algorithms with real meteorological data and real water
temperature and salinity data that were measured in Douglas Channel in summer 2013
and winter 2014 at ~16 m depth. The meteorological data that we used were measured
at Emilia Island as described by Stronach et al. (2010) and were provided by Environment
Canada. The Institute of Ocean Sciences (IOS, Fisheries and Oceans Canada) provided
the in situ water temperature and salinity data. These in situ data are detailed in Wright
et al. (2015).

The objectives of the tests in Part 2 were

1. to see how the algorithms dealt with “real” data, especially time varying data, and
2. to see if there would be a difference between summer and winter weathering.

We were interested in the magnitude of the results and the timing of the initial or largest
response. We compared our results with weathering model tests and experiments
performed by other researchers. From these tests, we hoped to further refine our Matlab®
tools so that we would have a foundation for understanding the properties of spilled oil as
it weathers and the sensitivity of the commonly used algorithms to environmental
conditions.

In our first test, we used no wind data, but constant air temperature and constant water
properties: temperature and salinity. The values for the constant mean water temperature
and water salinity were from Short’s report (2013). Short synthesized results from Fissel
et al. (2010). The water temperatures that Short used were measured at 1.5 m depth.

In our second test, we used a steady wind speed, constant air temperature, constant
water temperature, and constant water salinity for 100 weathering hours. We used the
same seasonal air temperature, sea surface temperature, and salinity as in the first test.
The values for the constant mean wind speed were also from Short’s report (2013). Wind
speed measurements in Short’s report were from Nanakwa Shoal station which is near
Emilia Island in Douglas Channel. The mean wind speed did not change much from winter
to summer as reported in either Short or Belore. The mean conditions reported in Short
were similar to the mean seasonal conditions for Emilia Island reported in Belore (2010).

Our third test used 100 hours of variable wind speed and computed constant mean
seasonal air temperatures and sea surface temperatures, and seasonal mean salinity
from Short (2013) as in the previous two tests. We computed the mean air temperatures
and sea surface temperatures from the meteorological data.

Our final test used variable wind speed, air, and water properties. The wind speed, air
temperature, and sea surface temperature data were measured at Emilia Island and the
in situ water property data provided by IOS were measured in Douglas Channel at a single
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station. Meteorological and sea surface temperature data were measured by a GEM
meteorological station at Emilia Island as reported in Stronach et al., (2010)

We ran the weathering tests using Cold Lake Bitumen as the test oil for the hypothetical
spill. The oil database has several types of Alberta or Canadian crude: Alberta Mix, Bow
River Heavy, Cold Lake (i.e. Cold Lake Bitumen), Fosterton, Gulf Alberta L & M,
Interprovincial, Leduc Woodbend, Lloyd Minister, Pembina, Rainbow L & M, Redwater,
and Wainwright Kinsella. If we had wanted to test an oil not in the database, we could
manually supply the initial values that we needed; e. g. oil density, oil viscosity, API, etc.

Other “real” data that we could have used, but whose values we arbitrarily chose, were
the channel width at the spill site and the wave period.

We used the mean near-surface current at 5 m that Fissel et al. (2010) measured for the
surface current. The mean surface current that they reported was 28.4 cm s. We also
programmed the option of using the minimum or maximum surface current reported by
Fissel et al. The surface current is only relevant in the release module that computes the
length scale to use in the evaporation module. We only computed the initial release value;
that is, we didn’t iterate the computation over time because we assumed that the release
was instantaneous.

There were four different tests that had constant water properties. The tests with constant
water properties used average water properties for Test 1 and Test 3 and both mean and
minimum water properties for Test 3; i.e. Test 3 had 2 parts. Test 3 also used a mean
wind speed and a maximum 1 h sustained wind speed.

1. no wind, constant sea surface temperature and salinity, constant air temperature
a. average water properties, mean seasonal air temperatures, and 0 ms* wind
speed
2. constant wind speed, constant air temperature, constant sea surface temperature
and salinity
a. average water properties and mean wind speed and air temperature
b. minimum water properties, mean air temperature, and maximum 1 h
sustained wind speeds (Short, 2013)
3. variable wind speed, constant air temperature, and constant water parameters
a. average water properties
4. variable wind speed, air temperature, and water parameters

In the tests, we had to define several parameters that included oil type, initial oil density,
oil API, the boiling point, etc. These values are read from the oil database that we
originally accessed from the MedSLIK II oil spill/weathering model (De Dominicis, M. et
al., 2013a, b). Whenever we used constant wind and water parameters, we used input
values from Short (2013).

For all tests, we made the oil temperature equal to the water temperature. ADIOS-2 does
the same thing (Lehr, 2002). For all tests, we initialized other parameters as follows:

Initial Definitions for all Test Runs
e type of oil: Cold Lake Bitumen
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e initial oil density: 903 kgm- (from oil database)

e API: 25.20 (from database)

e oil viscosity: 70.70 (from oil database)

boiling point: 543.90 = 3.1295*API (computed within the program)

volume of oil spilled: 1000 m? (arbitrary)

thickness of oil slick: 0.001 m (arbitrary)

channel width: 1000 m (arbitrary)

surface water current @ 5m in Douglas Channel: 0.284 ms™ mean; (0.0021 ms™*
minimum or 0.913 ms* maximum; from Fissel et al., 2010)

e wave period: 1 s (arbitrary)

Here is the Matlab® code for the initial definitions:

oil type = 'Cold Lake';
rho ref = find oil data('rho oil',o0il type,oildata);
visc o0il = find oil data('visc oil',o0il type,oildata);

API = find oil data('API',o0il type,oildata);
Thoil = 532.98 - 3.1295*API; % in Kelvin and constant value

V_oil = 1000; % initial spill volume in m”"3
thickness = 0.001; % 1 mm release/spill thickness
Area = V_oil/thickness; % area of oil slick in m*m

We chose the next set of values arbitrarily with the choice of which surface current to use
made at run time (input into the test run call: “which_current”. For our tests reported in
this part, we used the mean current (0.284 ms™1).

B = 1000; % channel width in metres
switch which current,
case {'min', 'minimum'},
U H20 = 0.021*ones(size(Uw)); % water velocity in m/s; Fissel et al.
(2010) minimum
case {'mean'},

U H20 = 0.284*ones (size(Uw)); % water velocity in m/s; Fissel et al.
(2010) mean
case {'max', 'maximum'},
U H20 = 0.913*ones (size(Uw)); % water velocity in m/s; Fissel et al.
(2010) maximum
end
Tw = 1; % wave period in 1/s

find_oil_data.m is the Matlab® function that looks up a desired value from the oil
database. The oil database needs to be in the Matlab® workspace (oildata =
read_oil_data_xIsx;).

Evaporation and dispersion depend on the oil viscosity. We computed the oil viscosity
using the output from the emulsification module. Variable oil density relied on the output
from the evaporation module; i.e. it used the fraction of oil evaporated to compute oll
density. The initial oil density and viscosity were read from the oil database. The initial
density and viscosity could also be user supplied with small changes to the code. We
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computed the boiling point of the oil using the API from the database (or could be
supplied).

We noted that Short cited Belore (2010) for properties of Cold Lake Bitumen where @
15°C, the density is 936 (Table 2, Short, 2013), and an Environment Canada report gives
the density as 924.9 @ 15°C (Government of Canada, 2013). Belore reported that the
dynamic viscosity in mPas is 368 @ 15°C and the kinematic viscosity is 393.2 (mm?s1).
Belore used the same evaporation algorithm as Short.

2.1 NO WIND AND CONSTANT AIR TEMPERATURE, WATER
TEMPERATURE, AND SALINITY

In this section, we computed parameters of the weathering of the simulated Cold Lake
Bitumen spill under zero wind conditions for summer and winter for 100 hrs. We used
mean water temperature and salinity conditions (Short, 2013). Mean summer and winter
air temperatures are from Belore (2010). Plots are presented for summer and winter oil
density, oil viscosity, and water content.

e mean wind speed: 0 ms*
e air temperature
o summer: 14.24°C
o winter: 4.30°C
e mean water temperature
o July: 13.2°C
o December: 6.8°C
e mean water salinity
o July:17.9
o December: 30.7

Results showed that in winter the density increased faster towards a higher final density
(Figure 46), but there was no seasonal difference for the viscosity (Figure 47) or water
content (Figure 48) in the absence of wind.

In the tests in Part 1, the algorithm that we used for computing evaporation in ADIOS-2
did not use wind speed for computing the mass transfer coefficient. This departed from
the computation of the mass transfer coefficient used by the actual ADIOS-2 model, but
we wanted to see how the S&M algorithm reacted to a non-wind dependent K. The
Hamoda expression that we used for K that is described in Fingas (2013), depended on
temperature and salinity of seawater. The viscosities computed by ADIOS-2, using Bobra
and Hamoda to compute the evaporation and mass transfer coefficient, produced
viscosities 100 times greater than the other models so we chose not to plot the ADIOS-2
results in Figure 47 for the Janeiro et al. viscosity.

We were interested to see what effect changing the evaporation algorithm would have on
viscosity so we recomputed evaporation using the empirical equations from Fingas (2013)
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that depend only on air temperature. The empirical equation given in Fingas (2013) for

Cold Lake Bitumen is
fovap = (—0.16 + 0.013T,;,)/t

The equation was derived with a constant temperature = 15°C and the time in minutes. If
the temperature were less than 14°C, the equation would give a negative percent
evaporation. Furthermore, as time increases, the fraction evaporated would decrease,
which did not make sense to us. Therefore, we abandoned using the empirical equations
after this point.

2.1.1 Oil Density
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Figure 46 Cold Lake Bitumen density computed for summer and winter using 3
model algorithms with no wind influence. The evaporation computation used
variations of the S&M algorithm.
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2.1.2 Oil Viscosity
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Figure 47 Cold Lake Bitumen viscosity computed for summer and winter using 3
algorithms for the 3 weathering models with no wind influence. The evaporation
computation used variations of the S&M algorithm.

2.1.3 Emulsification (Water Content)
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Figure 48 Cold Lake Bitumen water content computed for summer and winter using
3 model algorithms with no wind influence
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2.2 CONSTANT WIND SPEED, AIR TEMPERATURE, AND
WATER TEMPERATURE AND SALINITY

For this section, we computed parameters of the weathering of the simulated Cold Lake
Bitumen spill under constant wind conditions for summer and winter for 100 hrs. The
water temperature and salinity were average conditions (Short, 2013). The mean summer
and winter air temperatures were from Belore (2010). Plots are presented of summer and
winter oil density and oil viscosity, summer and winter water content (emulsification),
summer and winter percentage evaporated (evaporation), and summer and winter
entrainment rates (dispersion).

In this case, weathering occurred faster in winter than in summer. In both seasons,
maximum density and water content was reached within two days. Viscosity increased
rapidly for two days then flat-lined in the OWM model, but continued to slowly increase in
SIMPAR and ADIOS-2.

We used summer and winter means for air temperature.

2.2.1 With Mean Wind Speed, Mean Air Temperature, and Mean Water
Temperature and Salinity

e mean wind speed
o July: 4.4 ms?
o December: 5.5 ms*
e air temperature
o summer: 14.24°C
o winter: 4.30°C
e mean water temperature
o July: 13.2°C
o December: 6.8°C
e mean water salinity
o July:17.9
o December: 30.7

2.2.1.1 Oil Density

With a constant wind, the oil density increased more during the winter with the greatest
change occurring in less than 20 hours. Belore (2010) also found that MacKay River
Heavy bitumen, which has similar properties to Cold Lake bitumen, increased its density
faster in winter than in summer at Emilia Island with a constant wind, and the greatest
change occurred in less than 24 hours. Short (2013), however, found that Cold Lake
bitumen weathered faster in summer than in winter. Short computed an equivalent
weathering time of 47 hours for July conditions in Douglas Channel and 72 hours for
December conditions. Short defined equivalent weathering time as the time required for
the bitumen to reach laboratory conditions (96 hours with 1.5 ms* wind speed at 15°C).

The rapid increase in density seen in Figure 49 agrees with results from wave tank
experiments by King et al. (2014) who found that Cold Lake diluted bitumen increased
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rapidly within the first 24 hours. The Access Western Blend diluted bitumen in King et al.’s
tank experiment reached the density of fresh water in 150 hours, but never reached the
density of seawater. The Cold Lake diluted bitumen was close to the fresh water density
after 300 hours. The Access Western Blend took less time to reach a halfway density in
the tank experiment. The Cold Lake diluted bitumen took 24 hours to reach half its final
density in the wave tank experiment. In our case, it looks as if the Cold Lake bitumen took
just over 10 hours to reach half its final density in summer and just under 10 hours to
reach the maximum density in winter. The mean wind speed during King et al’s
experiment was 2.5 ms, which is about half the value of the mean wind speeds that we
used. The difference in wind speeds is likely why the density increased more rapidly in
our test. Our winter density maximum was also higher than our summer maximum.
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Figure 49 Cold Lake Bitumen density computed for summer and winter using 3
model algorithms with constant summer and winter mean wind speeds and air

temperatures

2.2.1.2 Qil Viscosity

As with the oil density, the oil viscosity increased faster in winter than in summer (Figure
50). Belore (2010) had a similar result with MacKay River bitumen at Emilia Island. In our
computations, the greatest increase in viscosity occurred in less than 20 hours when we
computed it with Mooney’s algorithm, which is similar to Belore’s result for summer.
Belore’s winter spill had its greatest increase in viscosity occur in less than 12 hours.
When temperature and evaporative effects were included in the computation of viscosity,
the maximum viscosity reached was much higher with the winter maximum being less
than the summer maximum, and viscosity reached its maximum in over 100 hours.
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Figure 50 Cold Lake Bitumen viscosity computed for summer and winter using 2
algorithms for the 3 weathering models with constant summer and winter mean
wind speeds and air temperatures

2.2.1.3 Emulsification (Water Content)

Water content increased more rapidly in winter than in summer, and it reached its
maximum within 20 hours in all cases (Figure 51). Belore (2010) also found that water
content increased the fastest in winter for MacKay River bitumen, but it reached its
maximum in about 12 hours in winter and in 72 hours in summer at Emilia Island.

73



Water Content

summer SIMPAR/Eley

winter SIMPAR/Eley
m— summer ADIOS-2/MacKay/Vos
-------- winter ADIOS-2/MacKay/Vos
summer OWM
------- winter OWM

1 1 1 1 1 |
30 40 50 60 70 80 90 100
Time (hours)

Figure 51 Cold Lake Bitumen water content computed for summer and winter using
3 model algorithms with constant summer and winter mean wind speeds and air
temperatures

2.2.1.4 Evaporation

A greater percentage of oil evaporated in summer than in winter, which is a similar result
to Belore’s (2010) for a MacKay River bitumen spill at Emilia Island. While the most rapid
change occurred in less than 12 hours, evaporation continued throughout the 100 hour
period but at a much slower rate. The result is also similar to the evaporative loss found
in a pan evaporation experiment performed by the Government of Canada (2013). In that
experiment, the Cold Lake Bitumen lost 11.7% of its mass within six hours and 15.6%
within 24 hours, which is similar to what is shown in Figure 52 for the SIMPAR and OWM
model algorithms that used Short’s equation for evaporation. We used the Bobra
evaporation equation from Fingas (2011, 2013) for ADIOS-2.
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Figure 52 Percent evaporated of Cold Lake Bitumen computed for summer and
winter using 2 model algorithms with constant summer and winter mean wind
speeds and air temperatures

2.2.1.5 Entrainment Rate

The entrainment rate was higher in winter than in summer. Belore (2010) found that a
higher percentage of MacKay River Bitumen dispersed in winter than in summer.

x10°
45
summer SIMPAR
m— summer ADIOS-2
40" e sSUMMer OWM
b winter SIMPAR
: seavnens winter ADIOS-2
350 v winter OWM
e %
£
2
o 25
2
]
14
5 2
£
c
©
E 15+
1 -
05+
| ‘ e e
o
0 10 20 30 40 50 60 70 80 90 100

Time (hours)

75



Figure 53 Entrainment rate of Cold Lake Bitumen computed for summer and winter
for the 3 models with constant summer and winter mean wind speeds and air
temperatures

2.2.2 With Minimum Water Temperature and Salinity and Maximum 1 h
Sustained Wind Speed and Mean Temperature

For this section, we computed parameters of the weathering of the simulated Cold Lake
Bitumen spill under constant wind conditions for summer and winter for 100 hours using
the maximum 1 hour sustained wind speeds from Short (2013). We used minimum water
temperature and salinity from Short (2013) and the mean seasonal air temperatures from
Belore (2010). Plots are presented of summer and winter oil density, oil viscosity, water
content (emulsification), the percentage evaporated (evaporation), and the entrainment
rates (dispersion). Short noted that a maximum sustained wind speed of 12 ms™? and
minimum water properties in July (11.8°C and 0.3 ppt) would cause Cold Lake Bitumen
to sink after only 25 h in Kitimat Arm.

We present a direct comparison of the weathering processes under mean conditions and
the processes under extreme conditions in the next section.

e maximum 1 h sustained wind speed
o July: 12.0 ms
o December: 18.1 ms
e air temperature
o summer: 14.24°C
o winter: 4.30°C
e minimum water temperature
o July: 11.2°C
o December: 6.5°C
e minimum water salinity
o July:15.4
o December: 30.6

2.2.2.1 Oil Density

Under the extreme conditions, the density increased to its maximum in less than 10 hours
with a higher maximum density in winter than in summer (Figure 54).
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Figure 54 Cold Lake Bitumen density computed for summer and winter using 3
model algorithms with constant summer and winter maximum 1 h sustained wind
speeds, constant minimum water temperature and salinity, and constant seasonal

mean air temperatures

2.2.2.2 Oil Viscosity

Under the extreme conditions, the viscosity increased at the greatest rate in under 10
hours (Figure 55). When temperature and evaporative effects were considered, the
viscosity in winter was higher for the OWM model algorithms and lower for the SIMPAR

model algorithms.
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Figure 55 Cold Lake Bitumen viscosity computed for summer and winter using 2
algorithms for the 3 weathering models with constant summer and winter
maximum 1 h sustained wind speeds and constant minimum water temperature
and salinity, and constant seasonal mean air temperatures

2.2.2.3 Emulsification (Water Content)
Under extreme conditions, maximum water content was reached in less than 10 hours
(Figure 56). The maximum was reached faster in winter than in summer.
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Figure 56 Cold Lake Bitumen water content computed for summer and winter using
3 model algorithms with constant summer and winter maximum 1 h sustained wind

speeds and constant minimum water temperature and salinity, and constant
seasonal mean air temperatures

2.2.2.4 Evaporation

Under extreme conditions, the greatest fraction of oil evaporated in less than 10 hours
(Figure 57). Winter evaporation was slightly higher for the OWM model algorithms than
for the SIMPAR and ADIOS-2 algorithms. The greatest rate of evaporation in all cases
occurred in the first few hours after the spill.
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Figure 57 Percent evaporated of Cold Lake Bitumen computed for summer and
winter using 3 model algorithms with constant summer and winter maximum 1 h
sustained wind speeds and constant minimum water temperature and salinity, and
constant seasonal mean air temperatures

2.2.2.5 Entrainment Rate

Under extreme conditions, the greatest change in entrainment rate occurred in less than
10 hours (Figure 58). Entrainment in winter was greater than in summer.
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Figure 58 Entrainment rate of Cold Lake Bitumen computed for summer and winter
for the 3 models with constant summer and winter maximum 1 h sustained wind
speeds and constant minimum water temperature and salinity, and constant
seasonal mean air temperatures

2.2.3 Compare Weathering with Mean Values to Weathering under
Extreme Conditions

0

In this section, we present figures of the weathering processes where the results from the
computations with mean wind speeds and water properties are presented on the same
plots as the results with the maximum wind speeds and minimum water properties for
winter and summer. The results for the weathered oil density and viscosity show that the
oil weathers faster under the extreme conditions, especially in winter.

2.2.3.1 Oil Density

Figure 59 shows that a greater density is achieved in winter under extreme conditions in
less than 10 hours. The extreme conditions produced the greatest rate of change. The
maxima produced by the extreme winter conditions are the same as those produced by
the mean winter conditions. The same can be said for extreme summer and mean
summer conditions. All maxima were reached in less than 20 hours regardless of model
or environmental conditions.
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Figure 59 Cold Lake Bitumen density computed for summer and winter using 3
model algorithms with constant summer and winter maximum 1 h sustained wind
speeds and constant minimum water temperature and salinity compared to density
computed with mean wind speeds and water properties

2.2.3.2 Qil Viscosity

Figure 60 shows that the greatest viscosity was reached under extreme conditions in
both models, SIMPAR and OWM. The greatest rate of change occurred in less than 10
hours for both models under extreme conditions and in under 12 hours for the mean
conditions. The extreme conditions also produced a faster rate of change. Summer
produced greater viscosities than winter except for the OWM algorithms under extreme

conditions.
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Figure 60 Cold Lake Bitumen viscosity computed with Janeiro et al.’s (2008)
viscosity formula using summer and winter constant maximum 1 h sustained wind
speeds and minimum water properties compared to viscosity computed with mean
wind speeds and water properties

2.2.3.3 Emulsification (Water Content)

Maximum water content was achieved quicker under the extreme conditions than under
the mean conditions (Figure 61). The extreme conditions produced the maximum water
content in under 6 hours, and the mean conditions produced the maximum in under 20
hours. Winter conditions produced faster water uptake than summer conditions.
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Figure 61 Cold Lake Bitumen water content computed with 3 different algorithms
for the 3 models using summer and winter constant maximum 1 h sustained wind
speeds and minimum water properties compared to viscosity computed with mean
wind speeds and water properties

2.2.3.4 Evaporation

For two of the models, the fraction evaporated occurred most rapidly under extreme
conditions than under mean conditions with a greater percentage being evaporated under
the extreme conditions (Figure 62). The two models were SIMPAR and OWM. For the
ADIOS-2 algorithm, the mean summer conditions produced a greater fraction evaporated
than the extreme summer conditions. In addition, the extreme winter conditions produced
a slightly greater fraction evaporated than the extreme summer conditions for the OWM
algorithms. However, the seasonal differences were small in most cases. In all cases, the
most rapid evaporation occurred in less than 5 hours.
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Figure 62 Percentage of evaporated Cold Lake Bitumen computed with 2 different
algorithms for the 3 models using summer and winter constant maximum 1 h
sustained wind speeds and minimum water properties compared to viscosity
computed with mean wind speeds and water properties

2.3 VARIABLE WIND SPEED, CONSTANT AIR TEMPERATURE
AND CONSTANT WATER TEMPERATURE AND SALINITY

In this section, we tested the oil weathering algorithms with variable wind speed, but we
used constant mean air and water temperatures and constant mean water salinity.

For the variable wind speed, we used hourly wind speed data measured at Emilia Island
(Emilia Rock station) (Figure 63 and Figure 64) for July 2013 and January 2014. Wind
data were measured by a GEM meteorological station at Emilia Island as reported in
Stronach et al., (2010). The figures display all the data that were measured: wind speed,
sea surface temperature (SST), and surface air temperature (SAT). The data were
measured at a GEM meteorological station, and they were used for the Enbridge Northern
Gateway Project as described in Stronach et al. (2010).

Stronach et al. reported that the annual mean wind speed at Emilia Rock was 3.73 ms™.
The authors noted that the January mean wind speed for this station was 3.51 ms* and
the December mean was 3.53 ms, which are slightly lower than Short's December mean
(5.5 ms™) that we used earlier as representative for Douglas Channel’s mean winter wind
speed. Stronach et al. reported the mean wind speed for July as 4.52 ms™*, which is similar
to what Short noted. Stronach et al. described that winds from the north were stronger
and more frequent in the winter, and “inflow” winds from the south and southwest were
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common in the summer. The wind direction in the confined channel space of Douglas
Channel influences where spilled oil will land on shore (Stronach, 2011).

The mean daily air temperature measured at Emilia Rock for January was 0.3°C and for
July it was 14.7°C (Stronach et al., 2010). For our 100 hour periods, the mean winter air
temperature was 2.23°C, and the mean summer air temperature was 15.82°C. Because
of the small differences in the air temperatures from the two sources, we believed that the
mean from the first 100 hrs of data was representative of mean seasonal conditions. We
expected the effects from the 100- hour mean air temperatures to be the same as in the
first two tests.

Belore (2010) reported that the mean SST in winter at Emilia Island was 6.39°C in winter
and 13.27°C in summer. For our 100-hour periods, the mean winter SST was 4.76°C, and
the mean summer SST was 14.19°C. Because of the small differences in the SST from
the two sources, we believed that the mean from the first 100 hrs of data was
representative of winter conditions. We expected the effects from the 100- hour mean air
temperatures to be the same as in the first two tests.

This section describes the application of 100 hours of variable wind speed data, mean air
temperature and mean SST data from Emilia Island to the weathering processes. In this
particular case, we used the same salinity data measured by Fissel et al. (2010) at the
near-surface depth, 1.5 m. We report 100 hours of weathering for oil density, oil viscosity,
water content, percentage evaporated, and the entrainment rate.

2.3.1 Meteorological and SST Data from Emilia Island

Figure 63 and Figure 64 present the hourly meteorological record from Emilia Island in
2012 and 2014.
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Figure 63 Hourly meteorological record from Emilia Island from late 2012 to end of
2013
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Figure 64 Hourly meteorological record from Emilia Island for early 2014

We used the first 100 hours of the hourly meteorological data from July 2013 to
represent typical summer conditions (
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Figure 65), and we used the first 100 hours of the hourly record from January 2014 as
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Figure 65 Hourly meteorological record from Emilia Island for the first 100 hours of
July 2013
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Figure 66 Hourly meteorological record from Emilia Island for the first 100 hours of
January 2014

91



Emilia Island Meteorological Data
10 | | | | | |

Speed (m/s)
T

30 1 1 | | | 1 1 1

20 . ) . u

.......

Direction (deg)

20 | | | | | 1 1 1

15‘W/\’/ _

10 T T I T T T T T

SST(°C)

20 1 1 | I | | 1 1
g \/‘

= 15 L
<

n

o o & O 8 9 o
’5\'1«‘ ’5°° " Eb\'lv‘ ®° N o N
oS o o

S\ Y Y

Nt B o

N N
o o oS

Figure 65 Hourly meteorological record from Emilia Island for the first 100 hours of
July 2013
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Figure 66 Hourly meteorological record from Emilia Island for the first 100 hours of
January 2014

2.3.2 Oil Density

Oil density increased faster in summer than in winter using the variable wind and constant
mean air and water temperature and constant mean salinity (Figure 67). Most of the
change occurred in less than 24 hours in summer and in less than 48 hours in winter.
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Figure 67 Cold Lake Bitumen density computed for summer and winter using 3
model algorithms with variable summer and winter mean wind speed and constant
seasonal mean air temperature, SST, and salinity

2.3.3 Oil Viscosity

We computed the oil viscosity using the evaporation algorithms associated with each
model. Figure 68 shows the change in the oil viscosity over 100 hours. The viscosity
increased faster in summer than in winter with a variable wind speed. In both seasons,
the greatest change occurred in less than 40 hours, but in summer the greatest change
in viscosity occurred in less than 20 hours. Summer weathering achieved a higher

viscosity than winter weathering.
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Figure 68 Cold Lake Bitumen viscosity computed for summer and winter using 2
algorithms for the 3 weathering models with variable summer and winter mean
wind speed and constant seasonal mean air temperature, SST, and salinity

2.3.4 Emulsification (Water Content)

Water content reached its maximum faster in summer than in winter with a variable wind
summer in less than 20 hours. In

speed (Figure 69). The greatest rate of change was in

1 |
100 120

winter, it took about 40 hours to reach the maximum water content.
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Figure 69 Cold Lake Bitumen water content computed for summer and winter using
3 model algorithms with variable summer and winter mean wind speed and
constant seasonal mean air temperature, SST, and salinity

2.3.5 Evaporation

The fraction evaporated was greater in summer than in winter under variable wind
speeds. The greatest change occurred in less than 12 hours in all the models regardless
of the evaporation algorithm used (Figure 70).
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Figure 70 Percent evaporated of Cold Lake Bitumen computed for summer and
winter using 2 model algorithms with variable summer and winter mean wind speed
and constant seasonal mean air temperature, SST, and salinity
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2.3.6 Entrainment Rate

With the varying wind speed, the entrainment rate no longer decreased steadily. This
makes sense because the viscosity varies so much now. If we ignored the variability in
the entrainment rate, Figure 71 shows that the summer signal dominates the plot.
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Figure 71 Entrainment rate of Cold Lake Bitumen computed for summer and winter

using 3 model algorithms with variable summer and winter mean wind speed and
constant seasonal mean air temperature, SST, and salinity

2.4 VARIABLE WIND SPEED AND AIR TEMPERATURE AND
VARIABLE WATER PROPERTIES

2.4.1 Water Properties in Douglas Channel

We received hourly water temperature and salinity data from the Institute of Ocean
Sciences (Fisheries and Oceans Canada) (Figure 72 and Figure 73). These data are
described in detail by Wright et al. (2015).

The meteorological data from Emilia Island also had SST values. We compared the
meteorological SST to the measured data in Figure 74 for summer and in Figure 75 for
winter. The Douglas Channel July mean water temperature reported in Short was 13.2°C
at 1.5 m and it was 6.8°C in December. Clearly, the measured temperature data for
summer was too cold at 16 m depth to be representative of summer SST when compared
to Short’'s summer mean. For winter, the measured temperature data at 16 m depth was
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only slightly colder than the seasonal SST. Belore (2010) reported the mean water
temperature in winter as 6.39°C. We computed the winter mean SST for the first 100
hours of January 2014 from the measured Douglas Channel data at 16 m depth to be
6.81°C. We computed the summer mean SST for the first 100 hours of July 2013 data
from the measured Douglas Channel data at 16 m depth to be 8.08°C. The mean SST
from the 100 hours of meteorological data in in winter was 4.75°C, and the mean
meteorological SST in summer was 14.17°C. Because the mean SST that was measured
at 16 m was much cooler than the mean July SST reported in Short, and cooler than the
mean computed from the meteorological data, we used the 100 hours of meteorological
SST for our computations in this section.

The measured winter salinity at 16 m was slightly lower than the mean salinity at 1.5 m
reported in Short for December (30.7). The measured summer salinity at 16 m was closer
to the winter mean than Short’s reported July surface mean of 17.9. We computed the
winter mean for the first 100 hours of January 2014 data from the measured Douglas
Channel data at 16 m to be 29.24 ppt. The mean summer salinity for the first 100 hours
of July 2013 data from the measured Douglas Channel data at 16 m was 30.56 ppt. Even
though the in-situ salinity was not representative of the seasonal salinities when
compared to Short’s values, we had no other source of salinity data, and we used the
data that were measured at 16 m. We only used the variable salinity to compute seawater
density, kinematic water viscosity, and to compute the mass transfer coefficient (Equation
31 in Fingas, 2013) for the Bobra algorithm that computes evaporated fraction (Fingas,
2013) in the ADIOS-2 model computation. We have not been reporting the results
produced from that ADIOS-2 evaporation algorithm because the values were not
consistent with those from the other model algorithms so that mass transfer coefficient
computation was not crucial for this report.
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Figure 72 The first 100 hours of July 2013 water temperature and salinity data that
were recorded in Douglas Channel at 16 m
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Figure 73 The first 100 hours of January 2014 water temperature and salinity data
that were recorded in Douglas Channel at 16 m
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16 m for the first 100 hours of January 2014

2.4.2 Oil Density

Oil density in summer increased at a faster rate than in winter (Figure 76). The summer
maximum density was reached in less than 24 hours, and the winter maximum was

reached in less than 48 hours.
S
sl
bt

960

kgm'z)

950

940

Oil Density

930 -

summer SIMPAR/Eley
winter SIMPAR/Eley
= summer ADIOS-2/MacKay
-------- winter ADIOS-2/MacKay
w— sUmmer OWM
woooe winter OWM

L L L L |

50 60 70 80 90 100
Time (hours)

Figure 76 Cold Lake Bitumen density computed for summer and winter using 3
model algorithms with variable summer and winter mean wind speed and air
temperature and variable water temperature and salinity
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2.4.3 Oil Viscosity

In summer, the viscosity increased at its greatest rate in less than 20 hours, and in winter
it increased at its greatest rate in less than 40 hours (Figure 77).
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Figure 77 Cold Lake Bitumen viscosity computed for summer and winter using 2
model algorithms for the 3 weathering models with variable summer and winter
mean wind speed and air temperature and variable water temperature and salinity

2.4.4 Emulsification (Water Content)

The water content reached its maximum value faster in summer than in winter (Figure

78). The greatest change occurred in less than 12 hours in summer, and it occurred in
less than 40 hours in winter.
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Figure 78 Cold Lake Bitumen water content computed for summer and winter using
3 model algorithms with variable summer and winter mean wind speed and air
temperature and variable water temperature and salinity

2.4.5 Evaporation

The fastest change in evaporation occurred in less than 6 hours in summer and winter

(Figure 79). The fraction evaporated continued to increase steadily with a greater fraction
of oil being evaporated in summer than in winter.
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Figure 79 Cold Lake Bitumen percentage evaporated computed for summer and
winter using 2 model algorithms for the 3 weathering models with variable summer

and winter mean wind speed and air temperature and variable water temperature
and salinity
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2.4.6 Entrainment

The entrainment rates that we computed under summer conditions dominated the
entrainment rates computed using winter conditions (Figure 80). The varying wind speed
rather than the varying oil viscosity dominated the signals.
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Figure 80 Cold Lake Bitumen entrainment rate computed for summer and winter
for the 3 weathering models with variable summer and winter mean wind speed
and air temperature and variable water temperature and salinity

2.5 SUMMARY OF PART 2

In this section, we summarize a few points that we discovered using our Matlab®
functions to describe the weathering of Cold Lake diluted bitumen in Douglas Channel
using “real” input data. We used mean water temperature and salinity data from Fissel et
al. (2010), as reported by Short (2013), and variable salinity that we received from the
Institute of Ocean Sciences (C. Hannah). Wind data were measured by a GEM
meteorological station at Emilia Island as reported in Stronach et al., (2010). We
compared weathering conditions in summer to those in winter for Douglas Channel in the
absence of wind, with a constant wind, with a variable wind, and with a variable wind and
variable water properties.

Using real data for a hypothetical oil spill highlighted the sensitivity of the three model
algorithms, and algorithms that we found in literature, to wind speed, air temperature,
salinity, and sea surface temperature. For example, oil viscosity was sensitive to the
evaporation algorithm used in SIMPAR and ADIOS-2 as well as to the wind. The oil
density reflected the changes in water content more than the changes in SST, showing
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its sensitivity to a varying wind speed. The oil density was most sensitive to wind when
computed with water content from by SIMPAR and ADIOS-2 algorithms. Variable wind
speed also affected how strong the seasonal response was to the weathering process;
with a constant wind, the weathering was more aggressive in winter, but with a variable
wind speed and air temperature, weathering in summer became more aggressive.
Varying the salinity and water temperature did not have as great an effect as varying the
wind, even though the salinity that we used was subsurface. This implies that a mean
value for surface water temperature and salinity would be sufficient. The time scale of
rapid change in weathering properties suggests that a mean wind speed (and air
temperature) value over 6-12 hours might be enough to study short-term weathering.

2.5.1 No Wind

In the absence of wind, and with seasonal mean water properties, the oil density
increased towards a higher density in winter than in summer. However, there was no
seasonal difference in the viscosity and water content in summer and winter. The
computation of viscosity was sensitive to a change in how evaporation was computed.
When the algorithm for computing evaporation was changed to one that accounted for
salinity and API in the mass transfer coefficient, increasing viscosity values were higher
in summer than in winter.

2.5.2 Constant Wind

When we used a constant seasonal mean wind speed to compute the weathering
changes, we found that the oil density and viscosity increased more rapidly in winter than
in summer, and there was slightly greater evaporation in summer than in winter. In either
season, the halfway point to the maximum density was reached within 12 hours, and most
of the viscosity changes occurred in less than 24 hours. The halfway point of the
maximum water content was also reached within 12 hours, and, in most cases, 15% of
the mass had evaporated within 24 hours. These results are slightly faster than what has
been seen in tank experiments (King et al., 2014), and qualitatively agree with what Belore
(2010) found for MacKay River diluted bitumen. The entrainment rate decreased the most
within 12 hours as well.

Under extreme conditions, the speed of weathering increased in all cases. Winter
changes still dominated the summer changes for density, viscosity, water content, and
entrainment, but, under extreme conditions, evaporation in winter was slightly greater
than in summer for some models and equal for other models.

2.5.3 Variable Wind

Under varying wind speeds and air temperature, the summer oil density reached its
maximum faster (<20 hours) than the winter oil density (<40 hours). Oil viscosity
increased at its greatest rate in less than 20 hours in summer and in less than 40 hours
in winter. Water content reached its maximum in less than 20 hours in summer and in
less than 40 hours in winter. The greatest evaporative loss was almost immediate with
more mass lost in summer than in winter.
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2.5.4 Variable Wind and Water Properties

With variable wind speeds, air temperature, water temperature and salinity, the results
were almost indistinguishable from the weathering with varying atmospheric conditions
and constant mean water properties.

The maximum density was reached in summer faster than it was reached in winter in both
cases, but the maximum summer density was equal to the maximum winter density when
water properties varied. The varying water properties did not seem to make any difference
to the oil viscosity, water content, or evaporation.

Using variable wind, air, and water properties affected the magnitude of the final oil
density and oil viscosity, but the timing of the greatest change remained the same. This
could be a good thing because the weathering equations were developed empirically in
the laboratory with constant wind and water properties. The insensitivity of the timing of
the greatest change also means that the timing of spill response could be based on
constant values. However, differences in the timing of the largest change that occurred
under extreme conditions vs. mean conditions means that consideration of the “type” of
conditions is important. The timing of the weathering processes is critical. Stronach (2011)
noted from model results that oil could reach the north shore of Douglas Channel within
eight hours of a spill at Emilia Island under winter conditions, and that, after 24 hours,
some oil could become stranded on shore while more oil would move farther south for the
next 15 hours. From his model, no oil was at the surface after 57 hours.

When looking at seasonal differences, under constant wind conditions, winter dominated
the weathering with density and viscosity responding to winter conditions with higher
maximum values, and the time needed to reach the maximum water content being shorter
in winter than summer. The fraction evaporated in winter, however, was less than that in
summer. Furthermore, under variable environmental conditions, summer density and
viscosity dominated the weathering.
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5 APPENDIX

Table 1 Table of equations for each weathering process

GBI Model(s) Source/Based on Equation
Process
SIMPAR Fay and Hoult (1971) K2 (V5 — 0. /12
ADIOS-2 R = k_Z( Ong(pwv2 potl)/pw>
Initial 2 2"
OowWM Reed (2001 e _
Release/ DREAM ( ) X = E Vozilpoilg > ( )%Ué
Spreading |2 B2 Pwhw) > Uhzo
Hy =VwpPw
8 = 8(pw = poi)/pw
SIMPAR | Vos (2005) dmax'7 o5
ADIOS-2 Q= 7 X CoDya " FueScov
. Y
Dy, = 0.0034p,, g (—")
ba w \/?
0.243 U2
o=
Dispersion Holthuijsen and _ 0.032 max(U,, — 5.0;0.0)
Herbers (1986) we ™ T,
OWM Delvigne and Sweeney | Q(d) = CyD2;>”d%7AdS,y,Fye
DREAM (1988)
Delvigne (1993)
Monahan and E,. = 3x107° U35
O’Muircheartaigh
(1980)
SIMPAR | Short (2013) 12191 8'2_(5TZ3-9) 12191
OWM Stiver and MacKay | fevap =In |1+ ( » )99 o’ /( T )
(1984) K = 0.0015U,°7
K(t) = CaUw(t) _in OWM
ui \2 .
Cy = (UW (t)) in OWM
E . CU,(t)  for Uy(t) <uy
vaporation U,() —u
(semi- Uy, = {Cul + (Du, — Cul)ﬁ foru, < U, () <uy
empirical { DU) for U,®) >u,
distillation ADIOS-2 Bobra _ T6\ , a-p(22)] , Tou
theory) (1992)/Fingas(2011, fevap =1n [ 1+B (m> fe (Tou)] (ﬁ)
2013)
Stiver and MacKay K = 1.68 X 10-5APJ1253T180¢0.1441
(1984)
from the Buchanan and Hurford -
literature (1988) _ 15 [GU,t ( 3 &)
Stiver and MacKay fevap = C, n 6000n P 16.6 15) " 1
(1984)
Evaporation | from the Fingas (2013) Ekofisk feyap = [4.92 + 0.045T]In(t)
Empirical literature Troll fopap = [2.26 + 0.045T]In(t)
Equations Cold Lake Bitumen f,,,, = [-0.16 + 0.013T]/t
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Weathering

Process Model(s) Source/Based on Equation
SIMPAR Eley (1988) y= >
Vos (2005) (6 +x)
X = Xmax (1 — e_kSt)
6ymax
Xmax = 77 ..~
(1 _ ymax)
ky, =
ADIOS-2 MacKay et al. (1980) Y = Ymax (1 — 7Y
Emulsification Vos (2005) ky =
Reed (1989) Y
ko= 1x10%s?
OoOwWM SINTEF (2005) tA—t
Vos (2005) Y(t + At) = ymax(t) _ [ymax(t) - }’(t)]OS 1/
MacKay et al. (1980) tijz = 243 x 10° when Uv=0
In2
tip = k_y
ky, =
_ _ SIMPAR | Vos (2005) Poit (¥, Toir) = YPw + (1 = ¥)Po (0, Tref)[1
Oil DenSIty gall(l\)/ls-z - Cl(Toil - Tref)(1 + CZﬁ,’vap)]
from the Mooney (1951) B ay(t)
literature Vos (2005) V() = voexp(;—7 -3 by(t))
from the Guo and Wang (2009) ay(t)
literature v(t) = voexp(K, fevap) exp( by(t))
SIMPAR Vos (2005) v(t) = voexp(¢p (fevap (0)
ADIOS-2 ay(t)
— fevap (1)) XP(T o (t))e ( Ton
Oil Viscosity _n
Ty
OWM Vos (2005) v(t)
="V eXp(Cb (fevap (0)
ay(t)
t _— —
fevap( ))) eXp(loo + b (t))ex ( ml )
from the Janeiro et al. (2008) ay(t)
itorature V() = V0P (Cefouap () EXp(—p e (—l——)
OI.
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Table 2 Table of equation variables for each weathering process

ISR, Variable Definition/Value
Process
R computed spill radius
Voir volume of spilled oil
kq 1.15
k2 1.45
Initial Release/ Pw computed d.ensity of water
. Doil density of oil
Spreading Vw computed kinematic viscosity of water
g 9.80665 ms~
X length scale of spilled oil
B channel width
Uhnzo water current speed
Q entrained mass of water droplets
d maximum oil droplet diameter
max SIMPAR & ADIOS-2: dmax= 70 pumy OWM: dmax= maX(dO)
oil droplet diameter
do CV0'34
OWM: d, = 7 C=1000; e = 1000
Ad interval that surrounds d, per unit surface area per breaking event
. . Uw wind speed
Dispersion proportionality constant
G SIMPAR & ADIOS-2: _ -
< 125; Co = 1827v 004658 gnd if v> 125; Co=1827v 11951 where vis in cSt
OWM: (o= 4450v09+4
Tw wave period
Fuwe fraction of sea surface hit by breaking waves
Scov sea coverage factor of the oil spill
Dha dissipative wave energy
fevap fraction evaporated
Ca air/sea drag coefficient
K mass transfer coefficient
Area surface area of the spill
uz 7, to define s in OWM
uz 20; to define €z in OWM
c 0.0323; to define €z in OWM
D 0.474; to define s in OWM
A 4.8
Evaporation B 10.3
API API of the spilled oil
T sea surface temperature (SST)
S sea surface salinity
Ci 10.3
C2 6.3
Toir, Tair | temperature of the oil (=SST); air temperature
Vo volume of initial spill
7o Janeiro et al. (2008): 7p = 532.98 - 3.1295 x API
Ty Janeiro et al. (2008): 7, = 985.62 - 13.597 x API
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Weathering

Variable Definition/Value
Process
y water content
Vmax maximum water content: y,,., = 0.7
Emulsification k, emulsificaitiion rate '
ko the emulsification rate for y,,,, =7 and zero wind: k» =2x 10¢
t1/2 half saturation time
Uwy wind speed
c SIMPAR and OWM: ¢; =0
! ADIOS-2:¢; =8x107*
Oil Density ¢ SIMPAR and OWM:
ADIOS-2: ¢, = 0.18
T reference oil temperature:
ref T, =SST att=0
a in Vos, SIMPAR and ADIOS-2: a=2.5
in Vos, OWM: a=5
b in Vos, SIMPAR and ADIOS-2: b=0.654
in Vos, OWM: p=-2
Oil Viscosity Cr 5
cp 5
Vo reference oil viscosity at t = 0
Ce If vy > 38, then c.=10. Otherwise, ce = -0.005%,*+ 0.4461vy + 1.413
K 4
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