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Abstract 
  The Texas A&M Oilspill Calculator (TAMOC) is a new, freely available modeling suite 
for predicting fate and transport of oil and gas released from subsea accidents.  The model is 
coded in Python and Fortran and is freely available from http://github.com/socolofs/tamoc.  The 
model contains general modules for handling ambient water column data, hydrocarbon equations 
of state, and bubble and droplet dynamics, including particle rise velocity, shape, surface area, 
and heat and mass transfer rates.  Three simulation models are included with the modeling suite.  
The Single Bubble Model (SBM) tracks the fate of a single bubble or droplet as it rises through 
the water column, advected by the three-dimensional ambient currents, and undergoing 
dissolution and heat transfer.  For larger scale releases, two different integral plume models are 
provided.  In weak currents, the Stratified Plume Model (SPM) predicts multiple subsurface 
intrusions; when currents are larger and the plume trajectory is deflected in the downstream 
direction, the suite applies the Bent Plume Model (BPM), which yields one intrusion layer and 
tracks separation between the released oil droplets and gas bubbles and the entrained seawater.  
All modeling components have been thoroughly validated to available laboratory and field data.  
This paper demonstrates some of the key validation metrics and applies the model to explore the 
dynamics of the Deepwater Horizon accident. The hot oil and gas released from the wellhead 
quickly cool to near ambient temperature (within 25 m above the release), and dissolution is 
generally faster than gas ebullition.  Model predictions agree well with observations from 2010, 
including calculations for the depth of the intrusion layer and the flux of chemical components to 
the atmosphere.  
 
1  Introduction 
  Subsea blowouts are dramatic examples of thermodynamically active multiphase plumes, 
and since the Deepwater Horizon accident in 2010, many groups have been studying these 
dynamics with different types of models.  In this paper, we present a model based on the integral 
approach to the multiphase dynamics (Johansen, 2003, Yapa and Zheng, 1997) and using the 
Peng-Robinson equation of state to consider the non-ideal oil and gas chemistry and 



thermodynamics (Robinson and Peng, 1978).  This model is built on the double-plume integral 
model by Socolofsky, et al. (2008), which stemmed from work on subsea multiphase plumes by 
Crounse, et al. (2007) and Wannamaker and Adams (2006).  The modeling suite is flexible, 
including separate modules for particle and plume dynamics, making it a robust tool to study the 
dynamics of a range of subsea oil and gas spills.   
 
2  Modeling Suite Description 
  The Texas A&M Oilspill Calculator (TAMOC) is a modeling suite to predict the 
nearfield dynamics of oil and gas released subsea in the marine environment.  Figure 1 shows a 
schematic of the modules available in TAMOC.  The model includes methods to receive 
boundary forcing from general circulation models of the oceans, to handle the non-ideal 
temperature and pressure effects on the thermodynamic properties of hydrocarbon liquids and 
gases, to track the heat and mass transfer from individual bubbles and droplets, and to predict the 
entrainment and buoyant plume effects of a blowout in a stratified and crossflowing 
environment.  The model is coded in Python and Fortran, providing easy means for coupling 
individual modules of the entire simulation suite with other numerical models of breakup or 
ocean circulation.  The model source code and documentation is available freely over the web 
from http://github.com/socolofs/tamoc.  

 
Figure 1  Schematic of the Modules Available in the TAMOC Suite 

  Ambient Module.  The boundary forcing in the model requires the specification of a 
temperature and salinity profile, and allows for input of three-dimensional currents and dissolved 
concentrations of trace gases and the modeled hydrocarbons.  Boundary conditions are provided 
for a single profile assumed to be representative of the ocean dynamics at the release point.  The 



data can come from other numerical simulations or from measurements from a CTD or acoustic 
profiler. 
  Discrete Bubble Model (DBM).  The heart of TAMOC’s treatment of the hydrocarbon 
bubbles and droplets is the Discrete Bubble Model (DBM), which tracks the behavior of 
individual bubbles, droplets, or particles and applies their predicted dynamics to a population of 
identical particles along the same path.  This concept was introduced for reservoir aeration plume 
modeling by Wüest, et al. (1992) and developed in more detail by, e.g., Bryant, et al. (2011), 
Little, et al. (2001), McGinnis, et al. (2004), and Singleton and Little (2006).   (e.g., Bryant, et 
al., 2011, Little, et al., 2001, McGinnis, et al., 2004, Singleton and Little, 2006).  McGinnis, et al. 
(2006) adapted the discrete bubble model to non-ideal gas behavior for predicting methane 
dissolution in the Black Sea, and their model is the basis for the thermodynamic equations of 
state in TAMOC, but with several extensions to cover a wide range of hydrocarbons and an 
enhanced equation of state. 
  Temperature and pressure dependent fluid properties of oil and gas are estimated from a 
predictive equation of state.  Hydrocarbon mixtures are represented in TAMOC by their explicit 
composition (e.g., methane, ethane, propane, benzene, etc.) and/or by pseudo-components of 
groups of hydrocarbon compounds (e.g., C10-C12, to include all molecules in a mixture having 
10 to 12 carbon atoms).  The properties of pure compounds are constant, and are included in a 
database distributed with TAMOC; whereas, the properties of pseudo-components are specific to 
a given oil.   
  Properties are estimated in the DBM model in two ways:  the equation of state for the 
thermodynamic properties of hydrocarbon mixtures (e.g., density, fugacity, solubility, viscosity, 
etc.) and the physical properties of a bubble or particle (e.g., slip velocity, heat and mass transfer 
coefficient, diameter, surface area, etc.).  TAMOC uses the Peng-Robinson equation of state for 
density and fugacity with the 1978 correction for heavier compounds (PR78, Robinson and Peng, 
1978) and applies the volume translation method for improved density estimation by Lin and 
Duan (2005).  The temperature-dependent binary interaction coefficients in the PR78 model are 
computed following Privat and Jaubert (2012).  Solubility is predicted by a modified Henry’s 
law equation, with the temperature and pressure correction following King (1969) and the 
correction for salinity using a Setschenow salting out coefficient.  The physical properties of the 
bubbles and droplets are taken from Clift, et al. (1978), with the exception of the mass transfer 
coefficient for clean, ellipsoidal bubbles, which comes from Johnson, et al. (1969).   
  Properties of the hydrocarbon components needed by the DBM equations (e.g., critical 
point properties, acentric factor, diffusivity, etc.) are taken from the literature where available or 
estimated using various group contribution methods.  Most of the literature values of 
hydrocarbon properties are from Poling, et al. (2001).  Missing critical-point properties and 
acentric factors are estimated using group contribution methods by Avaullee, et al. (1997) and 
Gharagheizi, et al. (2011).  For missing Henry’s law constants, we use the group contribution 
method in Hine and Mookerjee (1975).  Temperature-dependent molecular diffusivity is 
estimated following Hayduk and Laudie (1974), which needs estimates of the LeBas molar 
volume.  Hence, the TAMOC model contains a complete thermodynamic and physical 
description of hydrocarbon gas and liquid mixtures. 
  Single Bubble Model.  The DBM and ambient data modules are used within each of the 
simulation modules in TAMOC.  The simplest simulation module is the Single Bubble Model 
(SBM), which tracks the evolution of one bubble or droplet rising through the water column.  As 



in all of the simulation modules, dissolution of individual particles is computed using a Ranz-
Marshall equation 

 
 

(1) 

where mi is the mass of an individual compound in the hydrocarbon mixture, A is the surface 
area of the droplet or bubble, β is the mass transfer coefficient, Cs is the solubility of compound i 
and C is the ambient concentration of compound i in the surrounding seawater.  Temperature of a 
bubble or droplet is modeled by a similar equation for heat transfer.  Transport in the SBM is 
computed by coupling the dissolution and heat transfer equations to an advection equation 

 
 

(2) 

where  is the vector position of the particle,  is the vector velocity of the ambient seawater, 
and us is the slip velocity of the bubble or droplet relative to the ambient seawater, taken in the 
vertical direction .  In the oceans, this type of particle dynamics may occur for very weak flares 
rising from a natural seep or for small oil droplets rising out of the intrusion layer formed by an 
accidental oil well blowout.  
  Integral Plume Models.  In the case of a blowout, the large release of oil and gas at a 
localized point gives rise to a buoyant plume, similar in character to wastewater outfall plumes, 
but modified by the multiphase nature of the oil droplets and gas bubbles.  TAMOC handles 
these cases using two different simulation modules:  the Stratified Plume Model (SPM) and Bent 
Plume Model (BPM).  These integral models solve for the cross-sectionally averaged quantities 
of flow rate, momentum flux, and buoyancy flux by solving a set of conservation equations for 
mass, momentum, and buoyancy.   
  When ambient currents are small, the stratification dominates the flow, and several 
subsurface intrusion layers may form.  For example, at least two subsurface intrusions were 
observed below 800 m depth for the Deepwater Horizon (Spier, et al., 2013).   To simulate these 
dynamics, TAMOC applies the SPM, which uses an Eulerian double-plume integral model (e.g., 
Asaeda and Imberger, 1993; Crounse, et al., 2007; Lemckert and Imberger, 1993; Socolofsky, et 
al., 2008) to predict several intrusion layers.  The model has an inner, rising plume of oil, gas, 
and entrained seawater, and an outer, annular downdraught plume of intruding hydrocarbon-
enriched seawater.  Bubbles and droplets are tracked through the model using the DBM 
approach, predicting their dissolution and thermodynamic evolution as they rise.  The dynamics 
equations for the SPM were presented and validated in Socolofsky, et al. (2008).  In TAMOC, 
this model is generalized to allow multiple dispersed phase particles by summing the void 
fraction and buoyant force for each particle in the simulation and to provide the more 
comprehensive equations of state.   
  In stronger currents, the blowout plume bends over in the downstream direction, and gas 
bubbles and larger oil droplets may rise out of the upstream edge of the plume (e.g., Socolofsky 
and Adams, 2002).  For these plumes, TAMOC applies the BPM, which uses a Lagrangian 
integral plume approach, similar to most other blowout plume models (e.g., Chen and Yapa, 
2004; Johansen, 2003; Johansen, et al., 2003; Yapa and Chen, 2004; Yapa and Zheng, 1997; 
Yapa, et al., 2001; Zheng and Yapa, 1998; Zheng, et al., 2003).  The BPM computes the 
deformation of the plume centerline by the ambient currents, predicts separation between the 
dispersed phase particles and the entrained seawater, and the entrained water comes to rest at a 



single intrusion level.  The model in TAMOC follows the Lagrangian equations in JETLAG 
(Cheung and Lee, 1996; Cheung and Lee, 1999; Lee and Cheung, 1990) with an improved 
entrainment formulation from CorJet (Jirka, 2004) and an algorithm to track the bubbles and 
droplets inside the plume similar to that described in Johansen (2003). 
  Treatment of Hydrate Effects.  At appropriate temperature and pressure, certain 
hydrocarbon molecules form clathrate hydrates with the ambient seawater.  In TAMOC, a model 
of gas dissolution in the presence of hydrate skins has been developed that depends on the 
temperature difference between the hydrate dissociation temperature and the ambient 
temperature, called the hydrate sub-cooling.  Within the hydrate stability zone, bubbles are 
assumed to dissolve initially at rates equivalent to that for clean bubbles.  After a hydrate 
formation time t*, the mass transfer rates are assumed to reduce to that of dirty bubbles.  For 
hydrate sub-cooling less than 11°C, the hydrate formation time depends only on the bubble 
diameter.  For hydrate sub-cooling greater than 11°C, the hydrate skin formation time is 
accelerated, and the reduction in the formation time (φ between zero and 1) is proportional to the 
sub-cooling.  The transition time correlations were calibrated by matching the measured data in 
Rehder, et al. (2009) for pure methane bubbles tracked with a remotely operated vehicle.  The 
hydrate formation time scales calibrated to that data also agree well with laboratory 
measurements by Warzinski, et al. (2014).   
 
3  Model Validation 
  Each of the modules within the TAMOC suite have been thoroughly tested and validated 
to available data.  The equation of state and particle properties in the DBM have been mostly 
tested by comparison to example data provided with each of the equations implemented in the 
model.  The SBM has also been validated for idealized cases (e.g., inert particles) to analytical 
solutions to the model equations.  Moreover, validation of the SPM was presented in Socolofsky, 
et al. (2008).  In this section we present validation of the hydrate effects methods and the new 
BPM. 
  Natural Gas Seep Flares.  To validate the treatment of hydrate effects in TAMOC, we 
apply the SBM to predict the rise of gas bubbles from natural seeps in the oceans.  For this 
validation, we have compared to results reported in McGinnis, et al. (2006) and in Romer, et al. 
(2012).  These authors present the height of rise of natural gas flares measured by acoustic 
backscatter from shipboard depth sounders or multibeam.  In both cases, the model predicts well 
the measured rise heights.  Figure 2 shows a sample calculation for two natural seep flares 
reported in Romer, et al. (2012).  Flare 2 originates within the hydrate stability zone, but with 
sub-cooling less than 11°C.  The three model predictions in the figure are for simulations using 
clean bubble mass transfer for the whole rise time (lower, blue line), the dirty bubble mass 
transfer for the whole rise time (upper, red line), and the new model, where the bubbles dissolve 
at clean bubble rates until a transition time is reached, after which they dissolve at dirty bubble 
rates (middle, green line).  The rise height for each flare reported in the paper is given by the 
horizontal black line. Flare 7 originated with hydrate sub-cooling greater than 11°C, and our 
calibrated model predicts the transition time to be 73% of the normal time.  The gas bubble size 
distribution for each seep was reported in the Romer et al. (2012) paper, and the simulations in 
Figure 2 give the sum of the simulation results for 1000 bubbles sampled from the measured size 
distributions. 



 
Figure 2  Prediction of Natural Gas Seeps Reported in Romer, et al. (2012) 

 The hydrate effects prediction given by the green line matches the measured rise height 
very well for both seep flares.  If the clean bubble mass transfer is used, bubbles fully dissolve 
well below the predicted rise height.  On the other hand, the dirty bubble mass transfer rate is too 
slow, with the model predicting up to 30% of the mass rising above the measured flare height.  
Similar behavior and levels of agreement are seen for the other flares in the Romer et al. (2012) 
paper and for data in McGinnis et al. (2006). 
  Bent Plume Model.  The BPM can be run either as a single-phase buoyant jet or a 
multiphase plume.  In its form as a single-phase model, it should behave similarly to the 
Lagrangian JETLAG model and Eulerian CORMIX model, two mainstream buoyant jet models 
for wastewater outfalls.  Thus, we have validated the BPM in this mode to many of the tests in 
Lee and Cheung (1990) and in Jirka (2004).  For each test, the BPM performs with very similar 
fidelity to JETLAG and CORMIX.   
  One of the major challenges for the Lagrangian model as presented in the papers by Lee 
and Cheung (1990), Cheung and Lee (1996) and Lee and Chu (2003) is how to handle the 
combination of shear entrainment resulting from eddies inside the plume engulfing ambient 



water and the forced entrainment of water flowing into the plume by the currents along the 
upstream side.  Near the source, the shear entrainment dominates.  As the plume rises, 
decelerates, and begins to bend over in the downstream direction, the forced entrainment begins 
to dominate.  Several algorithms to handle this transition are presented in the literature.  The 
main problem appears to be related to the prediction of the entrainment rate when the plume 
densimetric Froude number becomes small and when the plume fluid transitions from positively 
to negatively buoyant, as occurs in a stratified ambient.  For the BPM, we use the entrainment 
hypothesis in Jirka (2004), which takes a linear transition between the asymptotic values for a 
positively and negatively buoyant pure plume.  This entrainment model also seems to solve 
several of the shear to forced entrainment problems noted by the JETLAG papers.   
  The performance of this improved model is illustrated in Figure 3, showing an example 
calculation with the BPM for jets at oblique angles into and against crossflow.  In the figure Phi 
is the angle from the vertical, theta the angle with the x-axis, U_j is the jet exit velocity, U_a is 
the ambient current velocity, D is the orifice diameter, and x and z are the horizontal and vertical 
coordinate.  The symbols give the jet centerline position from laboratory experiments; the 
various lines show the centerline of the BPM simulation.  Though the agreement is not perfect, it 
matches or outperforms the agreement by both JETLAG and CORMIX.  Hence, the jet integral 
model and entrainment formulation in the BPM performs at a level similar to mainstream models 
in the single-phase literature. 

 
Figure 3  Validation of BPM for Jets in Crossflow  

  For a multiphase plume, two main changes have to be included in the BPM equations.  



First, the buoyant force of the bubbles must be added to the momentum equation.  Second, there 
must be means to track particles in the plume and remove their buoyancy if they rise out of the 
plume of entrained seawater.  We add the buoyant force for the bubbles following the same 
equations as in Socolofsky, et al. (2008), but adapted from the Eulerian reference frame to the 
Lagrangian frame.  Particle tracking is implemented similarly to that in the DeepBlow model 
(Johansen, 2003), with the plume equation integration and particle tracking occurring in series 
for each time step of the model.  The main validation datasets are those published in Socolofsky 
and Adams (2002) for laboratory experiments and in Johansen, et al. (2003) for the DeepSpill 
field experiment.   
   Figure 4 shows a sample validation of the BPM to the DeepSpill experiment for a case of 
natural gas and crude oil mix released into seawater.  The model was initialized with the flow 
rates and gas bubble and oil droplet size distribution reported in the DeepSpill report; currents 
are from a mooring that measured the velocity field during the experiments.  The orange colors 
in the figure give the acoustic backscatter intensity measured from a shipboard depth sounder 
during the experiment.  The solid blue line shows the nearfield plume simulation of the BPM, 
and the various dotted and dash-dot lines show the trajectories of different sizes of oil droplets 
and gas bubbles tracked by the model.  As evident in the figure, the plume traps at about 740 m 
depth and forms an intrusion.  Most of the oil droplets leave the plume at the height of maximum 
rise (about 710 m depth).  After bubbles and droplets leave the BPM simulation, they are tracked 
to the surface using the SBM.  The trajectories of the particle paths predicted by TAMOC are in 
good agreement with the acoustic data.  This validation also illustrates how multiple modules of 
TAMOC can be used together to simulate a single subsea release.   

 
Figure 4  TAMOC Simulation of a Crude Oil Release from the DeepSpill Experiment 



4   Deepwater Horizon Simulations 
  As an application of the TAMOC modeling suite, we show a few results for simulations 
related to the Deepwater Horizon accident.  These results illustrate the kinds of problems that can 
be studied with TAMOC and some of the important aspects of a deepwater simulation that 
should be considered.   
  Equation of State for the Oil.  We developed a model for the Deepwater Horizon oil in 
TAMOC using the composition data in Reddy, et al. (2011) and a new pseudo-component model 
based on the GC×GC chromatogram of the oil.  The model includes 279 individual components 
and pseudo components to describe the oil which allows TAMOC to track the detailed 
composition and dissolution of each of these components from a gas bubble or oil droplet.  The 
model predicts a dead oil density at equilibrium at surface conditions of 825 kg/m3, in good 
agreement with the properties reported in Reddy, et al. (2011). 
  Single Bubble Model.  The simplest simulation to perform using TAMOC is to release a 
single droplet of oil and track its rise and chemical evolution through the water column using the 
SBM.  This simulation is not representative of the dynamics during the blowout, but does show 
important characteristics of the oil and dissolution process without the complicating factors of a 
dynamic plume.  Several authors have estimated the probable size of oil droplets coming from 
the Deepwater Horizon blowout (Johansen, et al., 2013; North, et al., 2011; North, et al., 2015; 
Ryerson, et al., 2011; Ryerson, et al., 2012; Zhao, et al., 2014a; Zhao, et al., 2014b).  The general 
consensus is that droplets were of 1 to 10 mm scale before dispersants were applied subsea and 
of 0.1 to 1 mm scale with the application of dispersants.  Here, we present results for a 3 mm and 
0.3 mm droplet of live oil rising from 1500 m depth. 
  Figure 5 show the evolution of the density and the diameter of each droplet during their 
ascent from 1500 m depth using a CTD profile from the R/V Brooks McCall for the Gulf of 
Mexico from May 30, 2010 near the Deepwater Horizon accident.  Each droplet of oil is 
initialized with a composition in equilibrium with the gas phase at pressures at the wellhead at 
150°C.  Due to the large amount of light components dissolved in the oil, both droplets start at a 
density of 670.5 kg/m3.  The smaller droplet experiences more rapid heat transfer and dissolution 
with height owning to its higher surface area to volume ratio and slower rise velocity.  As a 
result, both droplets evolve to a different composition, and the properties of each droplet, 
specifically their density as illustrated here, are significantly different.  In this comparison, the 
smaller droplet remains heavier than the larger droplet over its entire rise through the water 
column. 

 
Figure 5  Evolution of a 3.0 and 0.3 mm Droplet of Deepwater Horizon Oil during Ascent 

  These results underscore the importance of tracking the chemical composition of each 



bubble and droplet in a blowout simulation separately.  Because each sized particle will have a 
different mass transfer rate, their compositions rapidly diverge from that of other sized particles.  
Once their compositions become different, then the solubility of each compound in the mixture 
also changes.  Hence, it is necessary to compute the dissolution and heat transfer of each size of 
bubble or droplet separately rather than to assume all bubbles and droplets maintain the same 
composition with height. 
  Bent Plume Model.  As a further illustration, we compute the BPM for May 30, 2010 for 
the Deepwater Horizon blowout.  The oil and gas are initialized at equilibrium at ambient 
pressure and 150°C.  The gas bubbles and oil droplets are sampled from a Rosin-Rammler 
distribution with median diameter of 5 mm and 1 mm, respectively and with spread parameters 
given by Johansen, et al. (2013).  10 size bins of gas bubbles and oil droplets were included, with 
the distribution truncated for bubble or droplet sizes larger than the maximum stable fluid 
particle size in Clift, et al. (1978).  We use the same CTD profile from May 30, 2010 as was used 
in the SBM example of the previous section.  The currents are assumed to be constant over the 
depth at 9.5 cm/s, similar to that reported in Camilli, et al. (2010). 
  Figure 6 presents a cross-section through the plume simulation (left) and the temperature 
of seawater entrained into the plume (right).  The dashed line for the plume cross-section shows 
the edge of the Lagrangian plume element; the dotted lines show the tracks of gas bubbles and 
oil droplets within the plume.  The intrusion level of the plume is centered just below 1100 m 
depth, with several of the small oil droplets following the seawater into the intrusion.  The total 
width of the intrusion is between 200 and 300 m.  Some of the larger oil droplets and gas bubbles 
are also seen to rise out of the top of the intrusion.   
  This figure also illustrates how particle can be passed from the nearfield plume 
simulation to a farfield particle tracking model.  Each particle at the end of its path has a 
position, number flux, size, and complete composition description.  These data can be easily 
provided to Lagrangian models for tracking in the farfield. 

 
Figure 6  BPM Simulation of the Deepwater Horizon 

  The temperature inside the plume (Figure 6, right) also demonstrates the high amount of 
entrainment and rapid cooling of the hot oil and gas.  The dashed horizontal line gives the 
ambient temperature; s is the coordinate along the plume centerline.  The entrained fluids rapidly 
heat up to a maximum of 111°C within less than a meter downstream of the orifice.  The plume 



then cools back to ambient within just over 100 m downstream of the release, with most of the 
cooling occurring in less than 30 m downstream.  This rapid cooling will be felt immediately by 
the oil and gas in the plume.  Hence, the great majority of the rise of the oil and gas in a blowout 
will be at close to the ambient seawater temperature. 
 
5  Conclusions 
  In this paper we have introduced the new subsea oil and gas simulation suite, TAMOC.  
The model has a robust physical, chemical, and thermodynamic treatment for hydrocarbon fluids 
and allows for simulations of a single bubble or droplet or an integral plume of blowout fluids.  
The model has been validated to available data in the literature, demonstrating skill on par with 
similar models based on the integral approach.   
  Application of the model to simulation the Deepwater Horizon is expected to uncover 
many of the complicated fluid and chemical dynamics that occurred during the spill.  Here, we 
have illustrated only a few aspects.  Using the SBM, we illustrated the importance of treating the 
composition of each particle size in the distribution of gas bubbles and oil droplets separately 
due the differential dissolution that occurs for each particle.  Using the BPM, we also showed the 
model’s skill to predict the dominant intrusion layer that occurred during the Deepwater Horizon, 
and demonstrated that the temperature inside the plume is expected to be close to ambient 
temperature for most of the plume rise.   
  Through these and its other modules, the TAMOC model is a robust nearfield modeling 
suite.  This model is currently being used to couple with several farfield particle tracking models, 
including the General NOAA Operational Modeling Environment (GNOME), the Lagrangian 
Transport (LTRANS) model, and the Connectivity Modeling System (CMS).  These application 
of these models to the data available from the Deepwater Horizon accident, we expect to further 
validate the model and understand the key fluid and chemical dynamics controlling the fate of 
hydrocarbons released by accidental subsea spills. 
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