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Abstract:

Deep-water oil spills represent a major, localized threat to marine ecosystems. Multi-purpose
computer models have been developed to predict the fate of spilled oil. These models include
databases of pseudo-components from distillation cut analysis for hundreds of oils, and have
been used for guiding response action, damage assessment, and contingency planning for marine
oil spills. However, these models are unable to simulate the details of deep-water, high-pressure
chemistry. We present a new procedure to calculate the chemical properties necessary for such
simulations that we validate with 614 oils from the ADIOS oil library. The calculated properties
agree within 20.4% with average values obtained from data for measured compounds, for 90% of
the chemical properties. This enables equation-of-state calculations of dead oil density, viscosity,
and interfacial tension. This procedure enables development of comprehensive oil spill models to
predict the behavior of petroleum fluids in the deep sea.
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Highlights
e Pseudo-components for high-pressure deep-water oil spill models
e Estimation of Peng-Robinson EOS parameters for distillation-cut pseudo-components
* Modeling of the non-ideal chemistry of hydrocarbons in deep waters
* New correlations to calculate chemical properties of petroleum fractions

* Validated with 614 oils from the ADIOS oil library

Main text:

INTRODUCTION

Computer models (Reed et al., 1999; Spaulding, 2017) play a critical role for contingency
planning, emergency response, and post-spill assessment of marine oil spills (Oil in the sea I,
2003). Common operational oil spill models, including OSCAR (Reed et al., 2000),
SIMAP/OILMAP (D. French McCay et al., 2015; Spaulding et al., 1992), and the General
NOAA Operational Modeling Environment (GNOME) / Automated Data Inquiry for Oil Spills
(ADIOS) (Lehr et al., 2002, 2000, 1992, Zelenke et al., 2012a, 2012b) have subroutines that
simulate the weathering processes that occur when oil is released into the aqueous environment
(Spaulding, 2017). Many of these algorithms were developed for surface spills, and the modeled
processes include surface spreading, evaporation, water-in-oil emulsification, oil-in-water
dispersion, dispersion into the water column, oil-sediment aggregation, response actions,
beaching, and, in some models, biodegradation, and ‘marine snow’ formation (Dissanayake et
al., 2018a; Passow et al., 2012). These weathering processes alter the bulk properties of the oil,
including density, viscosity, pour point, interfacial tension, and adhesion characteristics, and
thus, affect its transport. In deep-water oil spills, such as from an accidental oil well blowout or
pipeline leak, real-fluid equations of state (EOS), such as the Peng-Robinson EOS are needed to
estimate petroleum fluid properties at the high pressure and low temperature of the deep ocean
(Gros et al., 2016). Such cubic EOS require several detailed properties of each component of the
oil, and in this paper we develop algorithms to estimate these properties from commonly
available distillation-cut data. These algorithms are important to build models of oil that yield

adequate predictions in deep-water oil spills.



Unfortunately for oil spill modelers, the oil characteristics data available before a spill
occurs is usually limited to characteristics useful to oil industry needs. This typically includes
distillation cuts, which provide mass fractions of the oil that boil at a certain temperature or
above. Although crude oils are mixtures of thousands of unique hydrocarbons, industry often
groups these hydrocarbons for distillation cut reporting into four structural categories, which
include saturates, aromatics, resins, and asphaltenes (SARA) (Fan et al., 2002). In general,
aromatics tend to be the most aqueously soluble, followed by saturates, which typically have
more than an order of magnitude lower solubilities than aromatics with the equivalent carbon
number (Schwarzenbach et al., 2003). Resins and asphaltenes are mostly insoluble under the
time scales important to the average spill model run. Consequently, an oil is customarily
simulated in a response model using a set of 10 to 30 pseudo-components, which are groups of
identified or unidentified compounds that share similar properties, with several model pseudo-
components covering various aromatics and saturates and two pseudo-components tracking
resins and asphaltenes. Each pseudo-component evaporates, aqueously dissolves, and, in some
models, biodegrades at rates that are functions of its chemical properties. This type of chemical
characterization of oils has been widely used for the modeling of sea-surface oil spills
(Spaulding, 2017) where evaporation largely dominates over aqueous dissolution (Gros et al.,
2014; Harrison et al., 1975; Radovi¢ et al., 2012; Stout and Wang, 2007). However, because each
pseudo-component contains many different molecules, it is difficult to determine the pseudo-
component properties needed for the type of EOSs that have to be used in deep-waters.

In deep water, an oil spill includes several specific processes: droplet and bubble
formation (Bandara and Yapa, 2011; Brandvik et al., 2013; Z. Li et al., 2017; Nissanka and
Yapa, 2016; Wang et al., 2018; Zhao et al., 2017, 2014), vertical ascent in a near-field plume
(Dissanayake et al., 2018b; Lee and Cheung, 1990; Zheng et al., 2003), formation of a
subsurface intrusion (Dissanayake et al., 2018b; Socolofsky et al., 2011), and far-field ascent as
individual droplets or bubbles (Clift et al., 1978; Dissanayake et al., 2018b; Fan et al., 1999;
Zheng et al., 2003). Dominant oil-spill models usually include a deep-water plume module.
However, the equations of state used in these models have limited abilities to predict the non-
ideal petroleum chemistry taking place under the high pressures encountered in deep waters
(Camilli et al., 2012; Fingas, 2017; Gros et al., 2017, 2016; McNutt et al., 2012; Zick, A. A.,

2013a, 2013b). This includes both the aqueous solubilities within petroleum mixtures (de



Hemptinne et al., 1998; Dhima et al., 1999, 1998; Gros et al., 2016), equilibrium repartitioning
of petroleum compounds between gas and liquid petroleum phases (Fingas, 2017; Gros et al.,
2016; Zick, A. A., 2013a, 2013b), and potential clathrate hydrate formation (Anderson et al.,
2012). These processes are highly relevant to the fate of petroleum in deep water: for example,
the light, methane-to-propane hydrocarbons were predicted to have been >50% partitioned into
the petroleum liquid phase when released at 1500-m depth in the Gulf of Mexico during the 2010
Deepwater Horizon oil spill (Gros et al., 2016). In this paper, we focus on deep-water oil spills
and on the simulation of the non-ideal deep-water petroleum chemistry for a variety of oils.

Detailed simulation of deep-water petroleum chemistry requires inclusion of a specific
thermodynamic model, which is not yet embedded within mainstream oil spill models. We have
implemented such a thermodynamic model (Gros et al., 2016) in the Texas A&M Oil spill
Calculator (TAMOC) (Dissanayake et al., 2018b; Dissanayake and Socolofsky, 2015; Gros et al.,
2017; S.A. Socolofsky et al., 2015). Based on the Peng-Robinson equation of state with volume
translation, the modified Henry’s law, and other empirical expressions (Gros et al., 2016; King,
1969; Krichevsky and Kasarnovsky, 1935; Lin and Duan, 2005; Peng and Robinson, 1976;
Robinson and Peng, 1978; Schwarzenbach et al., 2003), properties of petroleum phases and
equilibrium partitioning of components in the gas-oil-water system are predicted (Gros et al.,
2016). These simulations require the knowledge of several properties of the modeled pseudo-
components that are typically not available in traditional oil spill models, including critical
properties (i.e. properties at the critical point), the acentric factor, the Henry’s law constant at
standard conditions, the partial molar volume at infinite dilution in water, the enthalpy of phase
transfer from gas phase to aqueous phase, the Setschenow constant, the molar weight, and the
molar volume of each pseudo-component at its normal boiling point.

TAMOC also predicts the dynamic behavior of individual droplets and bubbles of
petroleum in deep waters, including aqueous-dissolution kinetics and plume hydrodynamics
leading to the formation of a deep-water intrusion due to a density stratification, both under
cross-current and no-current conditions (Dissanayake et al., 2018b; Gros et al., 2017; S.A.
Socolofsky et al., 2015). This model was applied to a typical day after the riser was cut during
the Deepwater Horizon oil spill, and simulations agreed satisfactorily with field observations
both in the deep sea and at the sea surface (Gros et al., 2017). TAMOC is relatively similar to
other deep-water oil spill models (Johansen, 2003; Zheng et al., 2003) with the additional benefit



of a detailed prediction of deep-water petroleum chemistry (Gros et al., 2017, 2016; S.A.
Socolofsky et al., 2015), and the inclusion of a model for cases in stratified environments where
the cross-current is negligible (Socolofsky et al., 2008). However, TAMOC is focused on the
near-field, and for far-field simulations it has to be coupled with another model such as
GNOME, which includes horizontally-variable water currents in the water column and on the sea
surface, other relevant modules, as well as an oil library. The GNOME model simulates aqueous
dissolution of liquid petroleum components, similar to SIMAP/OILMAP. But these models do
not enclose an embedded capability to perform flash calculations for simulating gas-liquid
equilibrium repartition of petroleum compounds. SIMAP/OILMAP has been previously coupled
to an external software capable of such calculations through the use of so-called “black oil
tables” (Spaulding et al., 2015), however such offline coupling provides limited ability to
consider the effect of changing composition. TAMOC has also been previously coupled to the oil
spill module in the Modelo Hidrodindmico (P. Li et al., 2017), however no details on the
handling of chemistry was provided.

Here we present a method to calculate the required chemical properties for the pseudo-
components in TAMOC from the data available in the ADIOS oil library, an open-source
database that includes measured data complemented with several estimated properties for >700
entries. The effort here is important to enable the seamless coupling of TAMOC and GNOME
simulations. This new method is transferable to the similar set of pseudo-components used in
other oil spill models and therefore allows the coupling of the TAMOC near-field model to a

broad range of oil spill models.

METHODS: MODEL AND AVAILABLE DATA

Near-field deep-water oil-spill model.

To model the deep-water plume hydrodynamics and high-pressure chemistry of petroleum fluids,
we selected the TAMOC model that was previously validated to field and laboratory data,
including field data from the Deepwater Horizon disaster (Dissanayake et al., 2018b; Gros et al.,
2017, 2016). TAMOC is an open-source software implemented in Python and Fortran, which is
described in more detail in previous literature (Dissanayake et al., 2018b; Dissanayake and

Socolofsky, 2015; Gros et al., 2017, 2016; S.A. Socolofsky et al., 2015). The latest version of the



model is available at: https://github.com/socolofs/tamoc (Socolofsky, 2017), and the version
previously wused to simulate the Deepwater Horizon oil spill 1s available at:
https://data.gulfresearchinitiative.org  (doi:  https://doi.org/10.7266/N7DF6P8R). TAMOC
includes a three-phase plume model that simulates detailed kinetics of aqueous dissolution, in
addition to the prediction of trajectories of bubbles, droplets, and entrained ambient water.

In this work we used only a few modules of TAMOC, principally the thermodynamic
model and the modules to estimate properties of bubbles and droplets, as well as the bent plume
model. The thermodynamic model is based on the Peng-Robinson equation of state (Peng and
Robinson, 1976; Robinson and Peng, 1978), which is a widely-used model to predict gas-liquid
equilibrium partitioning of petroleum components and their densities and fugacities. A volume
translation method (Lin and Duan, 2005) is applied which ensures accurate predictions of
densities for both gas and liquid phases (Gros et al., 2016; Young et al., 2017). Aqueous
solubilities are estimated using a modified Henry’s law approach (Dhima et al., 1999) including
corrections for pressure (King, 1969; Krichevsky and Kasarnovsky, 1935), temperature
(Schwarzenbach et al., 2003), and salinity (Schwarzenbach et al., 2003; Xie et al., 1997), as
presented previously (Gros et al., 2016). The thermodynamic model can be applied to any
number of components (identified compounds or pseudo-components), from a single-component
mixture to mixtures containing hundreds of components (Gros et al., 2017, 2016; Socolofsky,
2017). Thermodynamic-model calculations are based on a set of chemical properties of the
pseudo-components: the critical pressure (P.), the critical volume (V.), the critical temperature

(T.), the acentric factor (), the Henry’s law constant at standard conditions (Ku+), the partial

molar volume at infinite dilution in water (v"), the enthalpy of phase transfer from gas phase to

aqueous phase (a# ), the Setschenow constant (Ksu), the molar weight (M), and the molar

volume of each component at its normal boiling point (V5). Thermodynamic-model calculations
are also based on the composition of the petroleum fluid (mass fractions of the different
components). In this paper, the only modification we have made relative to our previous
publication (Dissanayake et al., 2018b) is to update TAMOC to include a new formula for heavy
oils for prediction of oil viscosity (Pedersen et al., 2014). Together with the existing algorithms,
these methods constitute a comprehensive equation of state for oils given the necessary input

parameters.



Oil pseudo-component library

The pseudo-component simulation of oils follows similar strategies in dominant oil spill models,
and here we applied our methods to the ADIOS oil library, developed by the National
Oceanographic and Atmospheric Administration (NOAA) of the United States. The oil library
was downloaded from: https://github.com/NOAA-ORR-ERD/QilLibrary on December 2016.
This oil library reports a series of pseudo-components for 736 oils. For each pseudo-component,
the mass fraction in the petroleum fluid is listed for several distillation cuts. The ADIOS oil
library provides a database of measurements for a few bulk oil properties such as density,
viscosity, and (occasionally) interfacial tension with seawater. These properties are reported at
one (or a few) temperature(s). Additionally, the oil library includes selected algorithms to
estimate values of density, molar weight, boiling point, vapor pressure, and aqueous solubility
for these pseudo-components. The data in the ADIOS oil library have been collected from a wide
range of sources over the years and provide a very diverse panel of oils to the modeler.

However, the ADIOS oil library was initially not developed for deep-sea oil spills, and
some oil characterizations that performed satisfactorily for simulation of sea-surface spills
present inconsistent phase information when applied to deep-sea conditions. I.e. that some of the
pseudo-components may have the properties of a gas rather than that of a liquid, for some entries
of the oil library. To avoid this problem, we eliminated all the oils that were estimated to be >1%
gaseous by mass at 25°C and 101,325 Pa (1 atm) based on the thermodynamic model
implemented in TAMOC (Peng-Robinson equation of state) or that included components having

boiling points lower than that of propane. The remaining 614 entries were used in this study.

Hydrocarbon property database for fitting of new equations

The purpose of this paper is to develop algorithms to estimate the parameters of the Peng-
Robinson equation of state from the information in the oil pseudo-component library. To develop
new relationships between oil library data and the chemical properties of interest, we use
properties of individual petroleum compounds from a database that we previously compiled and

have made available (Gros et al., 2016). We use these data as is with the single exception that

there was a typological error in the latter reference, missing negative signs in ax ,  values. A

H20

subset of these data is listed in Table S-5 in the Supporting Information.



METHODS: ALGORITHM TO COMPUTE CHEMICAL PROPERTIES

Chemical-property calculation procedure

In this section, we present a new algorithm that uses properties available within the ADIOS oil
library to estimate the parameter values needed in the TAMOC thermodynamic model. This
procedure is based on a combination of existing methods and newly-developed property
correlations. In this section, we will treat two groups of compounds differently. In the first
group, we consider individual compounds with well-known properties. These include several
simple chemicals and several pure hydrocarbons with carbon number of six or less (Ci—Cs
compounds, CO2, N2, and H>S). For this group, we will simply use their known chemical
properties. In the second group, we consider larger hydrocarbons that will have increasingly
complex structures. These are collected into pseudo-component groupings defined by common
distillation cut results, and the complete collection of compounds for each pseudo-component is
then treated as a single hydrocarbon. It is for the chemical properties of the pseudo-components
defined in this second group that we develop this new algorithm.

Our algorithm for estimating the key parameters in TAMOC of these pseudo-component
groups from properties available in ADIOS is a two-step process. In the first step, we estimate
several fundamental pseudo-component properties directly from the parameters defined in
ADIOS, yielding

_ Vc'i -
Pc,i

T . -
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where i refers to a pseudo-component, k;; is the binary interaction parameter between pseudo-
components i and j in the Peng-Robinson equation of state, VP; is the vapor pressure of pseudo-
component i, S; is the aqueous solubility of pseudo-component i, Oapios,i is the density of pseudo-
component i, and 7, is the normal boiling point of pseudo-component i. In a second step,
additional parameters are estimated taking advantage of this first set of estimated parameters

using relations of the type:
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The following sections report the properties for individual compounds, correlations following

Equations (1), and the final set of properties derived by Equations (2).

C1-Cs compounds, COz, N2, and H>S

Petroleum fluids in oil reservoirs frequently contain non-negligible mass fractions of these small
molecular-weight compounds, with the hydrocarbon compounds (C1—Cs) representing the largest
contribution (McCain, 1990). These <Cs compounds have well-known properties (Table 1).
Consequently, the estimation methods described in the next sections apply only to >Cg pseudo-
components, whereas known values (Table 1) are used for lighter compounds. The ADIOS oil
library is focused on liquid petroleum products at atmospheric conditions, which are largely
deprived of <Cs compounds. However, these petroleum products could be re-combined for
modeling an oil spill with a significant gas-to-oil ratio (GOR), such as a deep-water oil well

blowout.

Table 1. Properties of C1—Cs compounds, CO2, N3, and H,S.:

Component | M P T: Ve Vs w Ky L Ksart
(gmol") | (MPa) | (K) (cm®mol) | (cm®mol™) | (-) (mol m atm") swamo | (L mol)
(kJ mol™") (cm® mol™)
C 16.043 | 4599 | 190.56 98.6 37.7 | 0011 1.43 -13.1 347 | 0127
Ce 30.070 | 4.872 | 305.32 1455 535 | 0.099 1.93 -19.4 504 | 0.162
Cs 44.097 | 4.248 | 369.83 200.0 745 | 0.152 1.50 229 707 | 0.194
i-Ca 58.123 | 3.640 | 407.85 262.7 978 | 0.186 0.87 -24.2 813 | 0233
n-Cs 58.123 | 3.796 | 425.12 255.0 966 | 0.200 1.20 -25.9 766 | 0217
i-Cs 72.150 | 3.381 | 460.39 308.3 1157 | 0229 0.73 -25.1 954 | 0253
n-Cs 72.150 | 3.370 | 469.70 311.0 118.0 | 0.252 0.81 -28.8 923 | 0221
Ce 86.177 | 3.025 | 507.60 368.0 139.3 | 0.300 0.61 -31.6 1100 | 0276
CO: 44010 | 7.374 | 304.12 94.1 373 | 0225 33.94 197 320 | 0132




N2 28.013 | 3.400 | 126.20 90.1 34.7 | 0.0372 0.63 -10.8 33.0

0.183

H2S 34.082 | 8.963 | 373.40 98.1 35.2 | 0.0948 101 -17.9 34.9 | 0.0462

I Values are from literature or estimated (underlined values) as previously described (Gros et al., 2016). The

properties of N, and H,S are from the same sources or from other references (Akinfiev and Diamond, 2003;

McCain, 1990; Millero, 1986; Wilhelm et al., 1977).

Critical properties
Critical properties are the main variables driving equations of state for real fluids (Danesh, 1998;
McCain, 1990; Pedersen et al., 2014; Riazi, 2005). Several methods to estimate critical
properties exist, and their respective predictive abilities have been evaluated in (Riazi, 2005). We
retained two well-established procedures, widely used in the petroleum industry, that performed
well in these evaluations. P, T, V. are estimated from the Twu correlation (Twu, 1984) and w
from the Kesler-Lee correlation (Chen et al., 1993; Lee and Kesler, 1975), which depend on the
boiling point and the density of each pseudo-component, as provided by the ADIOS oil library.

These estimates may lead to poor predictions of the densities of petroleum liquids when
used as such, and equation of state tuning is a procedure frequently applied in petroleum
modeling to improve the predictive ability of equation-of-state models (Zick, A. A., 2013a).
Tuning is a delicate, empirical procedure that carefully modifies, or “tunes”, one or several
critical properties of components in order to match available laboratory data (Zick, A. A.,
2013a). Here, we tune the values of the critical volume of the pseudo-components, to better
match the densities of the pseudo-components predicted with the thermodynamic model to the
densities derived from the ADIOS oil library. Our choice of the tuning parameter, V., was guided
by the fact that this property does not affect petroleum gas-liquid equilibrium calculations.

For this specific calculation, we re-defined the densities of the pseudo-components
differently than in the ADIOS oil library. Since the volume change on mixing of liquid
hydrocarbons is almost zero (usually <0.1% (ASTM, 1968)), we assumed that:

Doil = Ymasses __ 1
oil = - e(m;
> volumes Z( l/pi)

3)

where i is the density of an oil as reported in the ADIOS oil library, m; is the mass fraction of

the component i in the oil, and p; is the density of that component.




Vi values are tuned so that the thermodynamic model predicts densities of pseudo-
components, Pramoc,i, close to 0. p; differs slightly from the pseudo-component densities in the
ADIOS oil library, papios,i, which are based on the assumption p,;; = Z(mi P ADIOSJ-) in lieu of
Equation (3). For each pseudo-component i, tuning is conducted using a bracketing root-finding
method to find the V.; such that (pi - pTAMOC,i) approaches zero. The procedure is repeated
iteratively until the residual is < 10* cm® mol’!, meaning that V. is converged. Because p; is
always available from the ADIOS database, this tuning can be done for any implementation of
our algorithm. Note also that this turning is applied to the calculated densities of each pseudo-

component, and not to the density of the whole oil mixture.

Binary interaction parameters
Cubic equations of state like that of Peng and Robinson (Peng and Robinson, 1976; Robinson
and Peng, 1978) include binary interaction parameters that ensure accurate predictions (Pedersen
et al., 2014, 1985; Riazi, 2005). There is one binary interaction parameter to characterize each
pair of components, and we calculate them based on the method of Pedersen (Pedersen et al.,
1985) for hydrocarbon-hydrocarbon interactions:

ki; = k;; = 0.00145 - max (ﬂjj—) if i #

i Mj

kij=0 ifi=j

“4)

where M; and M, are the molar weights of components i and j, respectively, and k;; is the binary
interaction parameter between components i and j. Binary interaction parameters between non-
hydrocarbon components (CO2, N2, and H>S) and other components were taken from previous

literature (Pedersen et al., 2014); their values are reported in Table 2.

Table 2. Values of the binary interaction parameters between hydrocarbon-containing pseudo-components and CO,, N2, and H,S
(Pedersen et al., 2014).

Component | CO: N2 H2S

Ci 0.12 | 0.0311 0.08
Co 0.12 | 0.0515 | 0.0833
Cs 0.12 | 0.0852 | 0.0878




i-Ca 0.12 | 0.1033 | 0.0474
n-Ca 012 | 008 | 006
i-Cs 0.12 | 0.0922 | 0.06
n-Cs 0.12 | 0.1000 | 0.063
Cs 012 | 008 | 005
2Gr 0.01 0.08 0
CO: 0| 0017 | 0.0974
N2 0.017 0 | 0.1767
H2S 0.0974 | 0.1767 0

Properties related to aqueous solubility

Because the solubilities of >Ce saturates, asphaltenes and resins are negligible compared to that
of aromatics (Oil in the sea III, 2003), GNOME considers that only the aromatic pseudo-
components are aqueously soluble. GNOME estimates the solubility in pure water, Sy,;, and the
vapor pressure, VP;, for each aromatic component i. Kg=;, the corresponding Henry’s law

constant at standard conditions (*), is calculated from:

Kov = Suw,i(T*P*,5%)
H*,i - . * p* Q¥
VP;(T*P*,S*)

&)
where 7%, P* and S* are temperature, pressure, and salinity at a standard state of 25°C, 1
atmosphere, and 0 g kg™ of salinity. For use in Equation (5), aqueous solubilities in pure water

are calculated from (SI section S-1):

M;

-36.7- _
Sy =46.4-10  Papiosi (6)

where M; is in g mol!, pupios,i, is in kg m3, and S,,; is in mol L!. Vapor pressure at standard
conditions is taken from the ADIOS oil library.

GNOME assumes that only vapor pressure depends on temperature, and not aqueous
solubility. This is a good approximation for saturates and small aromatics, but can lead to

overestimates of the Henry’s law constant by 100% or more for heavy polycyclic aromatic



hydrocarbons (PAHs) (Gros et al., 2014; Schwarzenbach et al., 2003). Consequently, we

calculate the ax values for aromatic pseudo-components, used to correct aqueous solubility

for temperature (Gros et al., 2016), with a new correlation (r> = 0.91) fitted to data for 57

aromatic compounds from our hydrocarbon property database:
AHyas i = —R - (2.637 - T,; + 22.48 - 10° - ¥} + 314.6) (7

where R is the gas constant in units of J mol! K, AHygs .y, ; is in J mol”!, T¢; is in K, and v}
is in m?® mol’!. The root-mean-squared-error (RMSE) is 2970 J mol’! (relative error of 6%) (Fig.
1b).

We also correct for the effect of salinity on aqueous solubility for marine oil spills. The

Setschenow constant, used for this correction, is calculated from (Gros et al., 2016):
Ksaqie; = —1.35- M; + 2800 -17iL + 0.0836 (8)

where Ksari is in L mol!, M; is in kg mol™!, and v/ is in m® mol™'.

Finally, for a deep ocean spill, we must correct the solubility for the effect of pressure.
The method of Lyckman et al. (Lyckman et al., 1965; Shakir and de Hemptinne, 2007) to
estimate v} performs poorly for compounds other than gases (Gros et al., 2016). Consequently,
we calculate 7" values for aromatic pseudo-components with a new correlation (1> = 0.97) fitted
to data for the same 57 aromatic compounds from the hydrocarbon property database as used for

Equation (7), yielding:
vk =(-2.203-1075-P,; + 518.6 - M; + 143.4) - 107° 9)

where P.; is in Pa, M; is in kg mol!, and ¥¥ is in m® mol™'. The RMSE is 6.9 cm? mol™! (4.1%)

(Fig. 1a).
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Figure 1. Validation of (a) eq. 9 and (b) eq. 7 with data from 57 aromatic compounds from the hydrocarbon property database

(black circles). The identity lines are displayed in pink (having a slope of 1 and an intercept of 0).

The kinetics of aqueous dissolution also depend on the molecular diffusivity of each pseudo-
component in seawater. In order to calculate diffusion coefficients in water based on the
Hayduk-Laudie formula (Hayduk and Laudie, 1974), V}, is calculated from the Tyn and Calus
formula (Poling et al., 2001):

v,,=0285v,, 00°) ™ 00~ (10)

where both Vj,; and the critical volume, V,;, are expressed in m? mol”'. With each of these
parameters (Equations 1 and 2) defined, the TAMOC equations of state can be used to simulate

oils in the ADIOS oil library.



RESULTS

Validation with bulk properties of oils from the ADIOS oil library

As a first validation test, we compared predictions of the oil bulk properties (density, viscosity,
and interfacial tension between oil and seawater) for 614 oils of the ADIOS oil library with
predictions from the thermodynamic model using pseudo-component chemical properties
calculated with our procedure. The densities estimated in TAMOC are predicted to within 8.7 kg
m™ for 95% of the oils evaluated, when the tuning of V. is conducted following our method
presented above (Fig. 2b). For most oils, this level of precision is sufficient for ensuring minimal
effect on model predictions. However, three heavy oils would be predicted to slowly sink within
a seawater having a density of 1025 kg m?, in disagreement with their densities reported in the
ADIOS oil library. These three heavy oils are two Venezuelan oils—‘BOSCAN, AMOCQO’ and
‘TIA JUANA PESADO’ (Carnahan et al., 1999; Pilcher and Winterbottom, 1988)—, and a
Congolese oil— “‘YOMBO, AMOCO’. Prediction of oil sinking is a complex task. The density
of an oil may differ from its database density value due to normal evolution of oil composition
over the life time of an oil field, and determination of the point in time when an oil becomes
denser than seawater is dependent on the assumptions made in the simulation of evaporation,
such as oil slick thickness.

Dynamic viscosity is estimated within a factor of 2 for 51% of the oils evaluated and
within a factor of 10 for 95% of the oils evaluated (Fig. 3). Similarly large uncertainties for
dynamic viscosities of liquid petroleum fluids are to be expected due to the limited predictive
abilities of existing methods (Riazi, 2005). However, dynamic viscosity is not a sensitive
parameter in TAMOC simulations. Derived properties such as slip velocities of droplets have
<35% uncertainty arising from the uncertainties on dynamic viscosity for 98% of the cases. This
is regarded as reasonable due to the large uncertainties associated with estimates of slip
velocities (Clift et al., 1978; Fan et al., 1999). Additionally, the dynamic viscosity of an oil may
affect the prediction of initial size distributions of droplets for very viscous oils or oils for which
their interfacial tension with seawater has been profoundly depleted by addition of chemical

dispersant (Z. Li et al., 2017; Zhao et al., 2014).
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Figure 2. Difference between TAMOC thermodynamic-model oil densities and oil densities from the ADIOS oil library (a) without
tuning of V. and (b) with tuning of V..
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data
relative error, whereas an underestimate by a factor of two is a 50% relative error. The set of bars represent over- and

underestimates by factors of 1-2, 2-10, and >10.

ADIOS oil library. Here relative error = . An overestimate by a factor of two (estimate = 2 [data) is a -100%

The ADIOS oil library includes few entries of interfacial tension between oil and

seawater. Predictions agree with available data within a factor of 10, based on data for 12 oils



(Table S-2). Interfacial tension is not a controlling parameter for deep-sea oil-well blowouts
except for initial size distributions of droplets (Johansen et al., 2013; Z. Li et al., 2017; Zhao et
al., 2014). We advise that a measured value of the interfacial tension is used to scale the
predictions of TAMOC whenever available, especially in order to predict initial size
distributions. Oil-water interfacial tension is also a key parameter controlling recovery of oil
from reservoirs, stability of oil-water emulsions, and transport of organic contaminants through
soils (Andersson et al., 2014), and several estimation methods have been presented (Andersson et
al., 2014; Danesh, 1998; Firoozabadi and Ramey, 1988; Kalantari Meybodi et al., 2016; Kim and
Burgess, 2001; Najafi-Marghmaleki et al., 2016; Papavasileiou et al., 2017). However, very few
methods are applicable to poorly-defined liquid hydrocarbon mixtures such as oils at conditions
of temperature and pressure in the deep ocean. Consequently, prediction of interfacial tension
with seawater remains a difficult task (Danesh, 1998), as oils having similar properties can
exhibit different interfacial tensions with seawater (Government of Canada, 2017), which

prevents the easy development of accurate estimation methods.

Comparison of component properties with properties of individual compounds

As a second validation test, we compared the calculated properties of the components of
Louisiana Sweet crude oil derived as described above (Table S-3) with the properties obtained by
taking the arithmetic average of properties of individual compounds within the corresponding
boiling point range of each component (Table S-6). Excluding the Henry’s law constant
(discussed below), the average absolute deviation for all properties is <20.4% (Table 3). The
arithmetic average of values for a series of individual compounds is not regarded as superior to
our procedure presented above. However, closely aligned results between the two procedures
indicates a satisfactory behavior of the new method.

Systematic differences between properties of pseudo-components estimated in these two
ways exist for saturate versus aromatic pseudo-components. Saturate pseudo-components usually
exhibit better correspondence between the two estimates (Table 3). This may arise from different
levels of uncertainties in the estimated base properties (Oapios, M) of saturates and aromatics
within the ADIOS oil library. However, this could also reflect a bias in the individual
compounds having available data. The heaviest pseudo-components include a mixture of

hundreds or thousands of poorly identified compounds, however, only PAHs and normal alkanes



were used for pseudo-components having normal boiling points >584.3 K (Table S-5). For
example, the contribution of monoaromatics to the properties of the heaviest aromatic pseudo-
components is not considered (by lack of data) when preparing Table S-6. The case of M is
discussed below in more details in the context of the results obtained for the Henry’s law

constant.

Table 3. Difference between estimated properties (Prop) of pseudo-components from the ADIOS oil library for Louisiana Sweet
crude oil calculated using our procedure with respect to using the arithmetic average of the properties of individual compounds
included in the pseudo-components. Negative values denote larger values predicted by the second method, and they are

Propour procedure= PTODincluded compounds
expressed as a percentage .

Propour procedure

Component |M P, T. V; Ve w Ky w0 - L Ksarr
Saturatest 13.9% |-6.0% |-7.7% |-52% |-56% [16.0% [ -2 -2 -2
Aromatics1  [11.0% |-17.6% |-7.8% |11% |-02% |91% |-172% -3.8% 6.5% 15.1%
Saturates2 0.4% -141% [-2.0% [7.4% 7.7% 245% |- -2 -2 -2
Aromatics2  |-0.8% |-17.4% |-1.9% |70% |7.9% |-1.6% |-147% 1.2% 14.7% |13.9%
Saturates3  |-1.4% |-11.9% |-1.1% |67% |7.0% |204% |- - - =
Aromatics3  |4.0% |-4.0% |-15% |.400 |-4.4% |-96% |-150% 1.2% 0.9% 0.5%
Saturates4  [1.9% |-16% |-16% |53% |56% |76% |— - - =
Aromatics4  |-11.9% |-155% |1.1% |205% |21.4% |31.6% |-232% 6.4% 8.5% 3.5%
Saturates5 |-0.1% |-1.6% |-09% |.84% |-89% |85% |—= = = -
Aromatics5  |-20.7% |-43.1% |-3.8% |o56% |26.7% |22.6% |-7110% 10.8% 20.7% |15.6%
Saturates6 3.1% -0.7% |-11% |-14.3% |-15.1% |1.2% -2 -2 -2 -2
Aromatics6  |-23.3% |-40.8% |-3.4% |o56% |26.6% |196% |-2500°% |17.5% 212% |16.3%
Saturates7 0.4% 41% |-01% |.06.3% |-27.8% |-0.7% |- -2 -2 -2
Aromatics7 |-29.1% |-33.4% |-33% |316% |32.8% |197% |-1.400% |17.5% 236% |13.8%
Saturates8 -0.9% |2.7% 1.1% 32.9% |-34.7% |-43% | -2 -2 -
Aromatics8  |-33.5% |-31.7% |-6.0% |33.8% |35.1% |197% |-1.800°% |16.1% 255% |11.9%
Saturates9  |-6.2% |-9.1% |2.6% |.303% |-34.1% |-23% |- - - =
Aromatics9  |-38.7% |[-39.0% |[-5.8% [38.3% [39.7% |25.7% |-2.6007% 18.0% 30.7% 15.8%
Saturates10 |- - - - - - —a - - —a
Aromatics10 |-44.6% |-45.4% |-3.9% |44.7% |46.3% |322% |-1.200%% |20.2% 348% |21.6%
Average 9.3% |172% |-25% [6.0% |6.0% [11.7% [-1.500"%  [10.3% 18.7%  [12.8%
AAD® 12.9% 117.9% [3.0% |195% [204% [14.6% |1.5007% 11.3% 187%  [12.8%
Min 44.6% |.454% |-7.8% |-32.9% |-34.7% |-9.6% |-1.200°% |-3.8% 0.9% 0.5%
Max 13.9% |41% |26% |44.7% |46.3% |32.2% |-147% 20.2% 34.8% |21.6%

2 insoluble components
b average absolute deviation



Contrary to other properties, Henry’s law constants are up to 6 orders of magnitude lower for the
heaviest aromatic pseudo-components when estimated from GNOME pseudo-components rather
than the average values of individual compounds (Table 3). This implies that our estimated
parameters would underestimate aqueous dissolution for these components compared to real
compounds in our database. This discrepancy between the two sets of estimates arises because,
through the estimate of M (Riazi, 2005), GNOME assumes that the solubility of aromatic
components can be based on that of n-alkylbenzenes. However, the individual compounds used
to compute average values are all PAHs for the heaviest aromatic components (having 7,>535).
If the M values from the included compounds are used in eq 6, predicted values of Ky+ agree
within 84% with the average of the Kx+ of the individual compounds, for all pseudo-components
studied except the little-soluble aromatics10 (-382% deviation). Similar discrepancies of several
orders of magnitude for Kz+ between mono-aromatic and poly-aromatic hydrocarbons of large
chain length are deduced from the group-contribution estimation method of Hine and Mookerjee
(Gros, 2016; Hine and Mookerjee, 1975). Therefore, the estimates used in GNOME are more
accurate for alkylated mono-aromatics than poly-aromatic compounds. Quantification of their
respective mass fractions using two-dimensional gas chromatography techniques have indicated
that mono-aromatic hydrocarbons and PAHs both contribute significantly to the mass of high-
boiling aromatic compounds for Macondo oil (Gros, 2016). Consequently, no accurate prediction
of the aqueous dissolution of heavy, sparingly-soluble, aromatic pseudo-components can be
issued for oils in the ADIOS oil library as compounds having estimated aqueous solubilities
spanning several orders of magnitude are lumped together within a single pseudo-component.
Accurate predictions of aqueous dissolution require splitting of the GNOME aromatic pseudo-
components into mono-aromatics, bi-aromatics, tri-aromatics, etc. (SI Section S-5). However,
this has a limited impact on model predictions because these pseudo-components wouldn’t
dissolve noticeably under normal oil spill conditions (Oil in the sea 111, 2003), even in deep waters
(Reddy et al., 2012; Ryerson et al., 2012) over timescales of interest to oil spill response and
water column damage assessment. Consequently, these sets of pseudo-components will perform

satisfactorily for modeling targeted at guiding response action.



Implications for the modeling of deep-water oil spills

Traditional sets of pseudo-components used in oil spill models are readily available for hundreds
of crude oils through oil libraries such as the ADIOS oil library. These oil libraries allow for fast
predictions in the case of accidental spills. Here we extend the use of these pseudo-components
for deep-water oil spills. Consideration of the effect of high pressure on the behavior of
petroleum components becomes crucial when light C;—Cs components are present, which is
likely for a release from an accidental oil well blowout.

As an example, we simulated a fictitious but realistic release scenario not tailored to a
specific location. The simulated release consists of Louisiana Sweet crude oil with a gas-to-oil
ratio (GOR) of 2000 standard cubic feet per barrel of oil, for a scenario similar to case 1 of a
previous article (S.A. Socolofsky et al., 2015). This reservoir fluid is made of Louisiana Sweet
crude oil (from ADIOS oil library) and natural gas (composition of gas from (S.A. Socolofsky et
al., 2015)). Droplets and bubbles were tracked with TAMOC within a 10-km radius cylinder
centered at the emission source. Droplets or bubbles exiting this cylinder either laterally or upon
reaching the sea surface were handed to GNOME to track their fate in the water column and/or at
the sea surface, here using a time step of 30 minutes in GNOME. Three-dimensional water
currents in the TAMOC and GNOME simulations are based on HYCOM model predictions. The
initial size of droplets and bubbles were assumed to follow Rosin-Rammler distributions
(Johansen et al., 2013), assuming a 3.8 mm (Scott A. Socolofsky et al., 2015) and 5 mm (Wang
et al., 2018) volume median diameter, respectively. The diameter of the release orifice (emission
source) was assumed to be 30 cm.

TAMOC simulations predict that the released reservoir fluid would have >58% of its
light, C;—Cs components partitioned to the liquid petroleum phase at ~2000-m depth, contrasting
with the situation at the sea surface (Table 4 and SI Section S-6). These predictions are based on
an equilibrium, single-stage flash calculation (Gros et al., 2016) based on component chemical
properties (Tables 1 and S-3). This indicates that liquid-oil droplets have initial densities lower
than that of sea-surface dead oil, leading to a 96% initial increase of droplet buoyancy. TAMOC
predicts the evolution of these properties during ascent of bubbles and droplets. For example, the
density of liquid oil increases upon aqueous dissolution of the C;—Cs components, which are
rapidly lost from ascending droplets (Gros et al., 2017), and the densities of droplets rapidly
approach the density of liquid oil at sea surface conditions (S. A. Socolofsky et al., 2015).



Figure 4 depicts the 10-km radius zone simulated with TAMOC upon release from a
broken well. Upon exit from the plume, the bubbles and droplets were assumed to rise
independently in the water column. After exit from the 10-km radius near-field cylindrical
domain defined for TAMOC, droplets and bubbles are further tracked with GNOME indicating
likely areas with elevated presence of oil (Figure 5). These methods therefore enable fast
predictions based on components from the ADIOS oil library, making accurate deep-sea

simulations available within the short time constraints of emergency response action.

CONCLUSION

Albeit that major deep-sea oil releases represent a significant threat to sensitive environments (D
French McCay et al., 2015; White et al., 2012); state-of-the-art oil spill models so far have had
limited abilities to simulate deep-water petroleum chemistry. This particularly affects simulation
of accidental releases that are likely to include light, C;—Cs compounds, which cannot be
considered purely as a separate entity compared to >Cs components at deep-water conditions of
pressure and temperature (Table 4). Considering this specific chemistry in oil spill models
enables to investigate phase changes happening before release into the sea (e.g. within a broken
blowout preventer), as well as to perform a more consistent treatment of oil and gas behavior,
leading to more accurate prediction of the repartition of petroleum compounds within the water
column. Here we presented a strategy to imbed the TAMOC model, which simulates these deep-
water chemistry, within the GNOME oil spill model. The methods leading to this new, open-
source coupled modeling tool described here are easily expandable to slightly different sets of
pseudo-components used by other major oil spill models such as SIMAP/OILMAP and OSCAR
because the overall strategy for defining pseudo-components is basically the same across models.
Therefore, the proposed selected set of pre-existing and new estimation methods for pseudo-

component properties open new perspectives to the whole field of oil spill modeling.



Table 4. Example properties of a reservoir fluid including C:—Cs compounds, derived based on Louisiana Sweet crude oil,

assuming a gas-to-oil ratio (GOR) of 2000 standard cubic feet per barrel. Predictions are based on a single-stage gas-liquid
equilibrium calculation for the reservoir fluid.

Property 20 MPa and 423.15 | 20 MPa and 278.15 K | 0.101325 MPa and
K (fluids cooled to | 288.15
(hot fluids exiting | temperature of | (sea surface)
the sea floor, | ambient water,
~2000-m water | ~2000-m water depth)
depth)
gas density (kg m) 1322 2122 0.85?
petroleum liquid | 678 706 854
density (kg m?)
volume fraction | 58% 26% 99.7%
occupied by gas
methane in gas phase | 73% 42% 99.8%
methane in  liquid | 27% 58% 0.2%

phase




a differs from the density of pure methane (91, 175, and 0.68 kg m=, respectively) due to the

presence of larger molecules in the gas phase.
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Figure 4. Oil droplet and gas bubble trajectories predicted within the 10-km diameter cylinder centered at the emission source
tracked with TAMOC. This includes the predicted plume formed of bubbles, droplets, and entrained water (depicted with the
dashed blue line), overlaid with predicted trajectories of bubbles and droplets of different diameters (other colored lines). Panels
a—c depict three different projections. The inset on panel a provides a zoom on the plume region.
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Figure 5. Two-dimensional projection of Lagrangian elements representing oil within a GNOME simulation of a release of
Louisiana Sweet crude oil with gas (GOR = 2000), 24 hours after the start of a continuous release at 2000-m depth. (Arbitrary)
latitudes and longitudes are displayed for scale, however the scenario wasn’t parameterized for any specific, existing location.

Abbreviations

Ci methane

C2 ethane

Cs propane

i-Cy4 isobutane

n-Cy normal butane

i-Cs isopentane

n-Cs normal pentane

Cs normal hexane

ki binary interaction parameter between components i and j
Kp+ Henry’s law constant at standard conditions (25°C, 101325 Pa)
Ku Henry’s law constant at non-standard conditions

Kian Setschenow constant

m mass fraction



M molar weight

P. critical pressure

Sw solubility in pure water

Ty normal boiling point (temperature of ebullition at 101325 Pa)

T. critical temperature

v" partial molar volume at infinite dilution in water

Vi molar volume at the normal boiling point of the component

Ve critical volume

VP vapor pressure

BH o enthalpy of phase transfer from gas phase to aqueous phase

Doil density of an oil

PADIOS,i density of pseudo-component i according to the ADIOS oil library
O density of pseudo-component i according to equation 3

PrAMOC,i density of pseudo-component i according to the thermodynamic model
w acentric factor
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