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jet/plume model, the transport model, the weathering model, and the hydrodynamic handler.  
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to coordinate and work in tandem to simulate the complexities and multi-phase physics of a 

blowout event. An integration of all separate parts, modifications to improve simulations in 
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models, a goal of adapting outputs for impact models, and an overarching design philosophy of 

flexibility for various locations and blowout conditions impart upon BLOSOM greater accuracy 
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COMMON NOTATIONS AND SYMBOLS 

   = drag coefficient 

   = specific heat (J kg-1K-1) 

  = diameter (m) 

   = critical diameter (m) 

  = acceleration due to gravity (9.8 m s-2) 

  = height or slick thickness (m) 

     = jet coefficient 

     = molar mass (g mol-1)  

  = mass (kg) 

   = mass entrained (kg) 

   = mass lost (kg) 

  = pressure (Pa) 

     = atmospheric pressure (101,325 Pa) 

   = critical-pressure (Pa) 

   = reduced pressure (    ) 

   = vapor-pressure (Pa) 

  = entrained volume flux (m3) 

   = volume flux due to shear-entrainment 
(m3) 

   = volume flux due to forced-

entrainment (m3) 

  = gas constant (8.314 J K-1 mol-1) 

   = Reynolds number 

  = radius (m) 

  = salinity (PSU) 

   = specific gravity  

  = temperature (K) 

    = boiling-point (K)  

    = boiling-point reduced 

   = critical-temperature (K)  

   = reduced temperature (    ) 

    = temperature (°C)  

  = timestep length (s) 

  = volume (m3) 

     = molar volume (cm3 mol-1 or kg3 

kmol-1) 

  = velocity (m s-1) 

   = terminal buoyant velocity (m s-1) 

   = x-axis velocity (m s-1) 

   = y-axis velocity (m s-1) 

   = z-axis velocity (m s-1) 

  = x-position (m) 

  = fractional water-content 

  = y-position (m) 

  = compressibility factor 

  = z-position/depth (m) 

   = density deficit (kg m-3) 

  = droplet-size/diameter (m) 

  = density (kg m-3) 

  = elevation angle (radians) 

  = azimuth angle (radians) 

  = kinematic viscosity (m2 s-1) 

  = interfacial tension (N m-1) 

  = dynamic viscosity (Pa s-1) 

 

COMMON SUBSCRIPTS 

  = initial conditions at blowout source 

  = ambient 

  = currents 

  = critical point 

  = k-th timestep 

   = pseudocritical 

   = pseudo-reduced 

   = pure water 

  = reduced 

  = entrained 

  = winds



 

INTRODUCTION 

The Macondo Blowout (also referred to as the Deepwater Horizon Oil Spill) introduced a 

complexity to oil spills that in many respects, response efforts were unaware of and unprepared 

for (Deepwater Horizon Study Group 2011). While a major offshore blowout had occurred at 

least once before in 1979 during the Ixtoc I oil spill (Jernelöv and Lindén 1981), the dynamics of 

a deepwater blowout were still not well understood. Besides the difficulty in responding to the 

spill, the event was complicated by the nature of non-surfacing oil plumes and the behaviors of 

natural gases at great depths, which deviate from the natural gas laws and for methane and 

ethane can form into hydrates at depths below 1000m (Yapa et al. 2001). 

At the blowout source, the blowout releases a mixture of crude, gases, and water as a buoyant 

jet as depicted in Figure 1. Driven by its own buoyancy and momentum, the jet will drive 

upwards. However, as the jet rises, it will lose buoyancy and momentum as it entrains the 

ambient water, increasing its mass and volume with the exception of the gas bubbles, which will 

increase in buoyancy as the pressure drops. Due to both the natural difference in buoyancy and 

change in buoyancy between the gaseous and liquid parts of the jet/plume, the gas bubbles may 

separate in strong cross-flow conditions. In deepwater, high pressures and low temperatures 

may also spur the formation of hydrates, ice-like structures formed from water and natural gas. 

As the plume rises, the hydrates may then decompose into gas and water again. Both of these 

processes may affect the buoyancy of the jet/plume. 

Once reaching some terminal-level, jet/plume-like behavior will cease and the spill will act more 

as a droplet cloud. At this stage, the jet/plume no longer acts as a singular unit and instead, 
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driven by individual buoyancies of oil droplets, will scatter and float to the surface. Some 

droplets however, may remain trapped below the surface. While the oil may be lighter the 

ambient seawater, this may be due to vertical turbulence, droplet-sizes, and/or a distinct 

stratification layer in the water column (Adalsteinsson et al. 2011). Besides being difficult to 

monitor, subsurface plumes do not undergo as significant of weathering and degradation as 

surfaced oil, and if eventually sinking, may present long-term consequences to the environment 

and benthic organisms. During the Deepwater Horizon Spill, a subsurface plume approximately 

1000 meters below the ocean surface was detected, possibly exacerbated by the use of 

dispersants at the well-head with little detected microbial activity suggesting a slow 

biodegradation (Camilli et al. 2010). 

In the mid-nineties, spill models were estimated at over 50, however most were focused on 

surface spills, rarely taking into account oil movement at depths (American Society of Civil 

Engineers 1996). Today, the number has grown tremendously, and more models factor in the 3-

dimensional movement of hydrocarbons (Reed et al. 1999).  It is an exhaustively researched 

field, yet one where many areas for improvement remain. Emulsification proves difficult to find 

an analytical solution for, while evaporation is a complex modeling problem for crude oils that 

contain a mixture of many different hydrocarbon compounds - though one that stands to 

benefit greatly from increased computational abilities (Reed et al. 1999). Longer term 

phenomena like biodegradation, photolysis, and sedimentation were somewhat ignored by 

many models since they focused on smaller, shorter-term spills, but necessitate further study in 

light of larger, long-term spills that through hopefully rare, do occur.  
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Research in blowout spill modeling has seen the emergence of jet/plume models such as the 

Clarkson Deepwater Oil and Gas Blowout Model (CDOG) (Zheng et al. 2002) and DEEPBLOW 

(Johansen 2000), borrowing heavily from the works of early sewage outfall modeling while 

innovating algorithms more suited to oil and gas blowouts. The original buoyant jet model by 

Lee and Cheung (1991) still forms the basis of most jet/plume models today, introducing the 

concept of Lagrangian control-volume analysis to blowout simulations. Yapa and Zheng (1997) 

improved upon this by integrating gas/bubble cores in the plume simulations. Johansen (2000) 

added gas/plume separation for sharply bending plumes and Yapa et al. (2001) followed shortly 

thereafter with methane hydrate formation. 

The distributions of droplet sizes and their role in plume dynamics remain somewhat elusive. 

Jet/plume models tend to cease at the end of the momentum-dominated, jet-phase of the 

plume, typically for transfer to a particles-based predictive, transport model, still often far from 

the surface. Little has been written thus far on the methods of converting control-volumes to 

particles or how well to simulate the intermediate field when transferring between two very 

different types of models. 

The Macondo Blowout exposed the lack in our understanding of deepwater spill dynamics and 

consequently these questions become extremely pertinent. If there were large, subsurface 

plumes as suggested by the observations of Camilli et al. (2010) and swaths of the seafloor can 

be covered with oil, impacts to the ecosystem could be much longer and more severe than 

originally expected. According to the Bureau of Safety and Environmental Enforcement (BSEE), 

there currently exists 125 active or leased fields in Gulf of Mexico considered ultra-deepwater 

(water-depth >5,000ft or roughly 1,500m) with the deepest at 9,436ft (roughly 2,876m), and the 
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race to tap ultra-deepwater prospects continues to accelerate with 20 prospective ultra-

deepwater leases targeted as of August 2013.1 

In light of this necessity, a multi-component modeling framework for simulating deepwater and 

ultra-deepwater blowouts was designed, incorporating recent advances in oil spill and blowout 

research into a single modeling package with overarching goals of maximizing utility to toxicity 

and impacts modeling in mind. The Blowout and Spill Occurrence Model (BLOSOM) has been 

developed to simulate such events, implementing physics suitable for high pressures, 

gas/hydrates chemistry, and long-term weathering and degradation processes, while meeting 

the necessary outputs criteria for potential impacts modeling and the flexibility for risk 

assessment modeling. An overview of the major components and their interactions may be seen 

in Figure 2. 

The Jet/Plume Model handles the initial, near-field phases after a blowout, simulating the 

buoyant jet moving through the water-column until reaching a neutral buoyancy level. Here 

crude oils, gases, and entrained water are all modeled together and accuracy for high pressure 

conditions ensured. Droplet size distributions and terminal buoyant velocities are calculated to 

ensure accurate buoyancy behavior. Under high pressures and low temperatures, gas hydrates, 

an ice-like formation of gas and water, may also form and decompose, changing the physical 

properties of the plume (Yapa et al. 2001). The gases and hydrates may also separate from the 

                                                             

1
 Bureau of Safety and Environmental Enforcement (BSEE) (2013). “Deepwater Natural Gas and Oil 

Qualified Fields.” <http://data.bsee.gov/homepg/data_center/other/tables/deeptbl2.asp> (14 August 
2013). 
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plume under strong cross-currents due to the slip-velocity between the liquid and gas portions 

of the plume (Yapa et al. 2001). 

The Crude Oil Model and Gas/Hydrates Model handles equations of state for crudes and gases 

accurate to such conditions as found on the ocean floor. The Gas/Hydrates Model also models 

hydrate formation and decomposition, slip-velocity from the plume, and some gas dissolution. 

The Crude Oil Model allows for the interpolation and approximation of various physical and 

chemical properties from relatively easily-obtained data, allowing for the adaptability to model 

any crude, either from real assay data or conjured from best estimates of reservoir composition. 

A conversion model allows for the transfer of different modeling approaches between the 

Jet/Plume and Transport Models with minimum uncertainty, taking into account to distribution 

of different droplet sizes by volume fraction so as to account for separation portions of the 

plume splitting off in different layers due to different in terminal buoyant velocity. Once in the 

Transport Model, the crudes can then be handled as droplet clouds or portions of the surface 

slick, which undergo movement from advection by winds, waves, and currents, as well as 

turbulent diffusion. 

A Weathering Model, in coordination with the Crude Oil Model, monitors the changes of the 

crude oil’s physical and chemical properties through time from a variety of weathering process. 

A surfaced slick will spread laterally and thin; have droplets dispersed into the water column by 

wave-action; mix with water and become emulsified; evaporate; and experience other 

degradation processes that slowly remove the crude from the environment (Reed et al. 1999). 

These processes, besides some being natural clean up mechanisms, change the properties of the 
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crude so as to accelerate some processes and hinder others, becoming more and more 

significant for larger, long-term spills.  

The objective of this research is to accurately model the spatial-temporal dynamics of a 

deepwater well blowout and the resulting oil spill with results that could then be used to predict 

the resulting impacts on the surrounding area as well as give insight into the less visible and 

observable phenomena such as subsurface transport. To do so successfully, uncertainties in 

input parameters and sensitivity to them must be assessed given that applications for quick 

response and risk assessment may have significant deficiencies in the data concerning exact 

blowout parameters. By accounting for the complexities present in a deepwater or ultra-

deepwater blowout event, BLOSOM may help provide some answers to some of the 

controversies and questions surrounding such a spill as in Macondo – particularly the dynamics 

of subsurface oil plumes. Both from simulation runs and the development of the model, 

questions of why subsurface plumes form and how significant a role they play in major blowout 

events may be clarified. If droplet-sizes are the major contributor to subsurface plumes, how 

sensitive are the formation of subsurface plumes to the gas-to-oil volume-ratio (GOR) and 

blowout diameter, the two major predictors of droplet-sizes in the current model? 
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Tables & Figures 

 

 
Figure 1: Generalized model of oil/gas blowout 
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Figure 2: Overview of BLOSOM components 
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THE JET/PLUME MODEL 

At the source of a blowout, the oil rises as a buoyant jet with a high initial momentum, being 

expelled from the wellbore with great pressure. This jet can be multi-phase, containing crude 

oils and various gases. If conditions allow, clathrate hydrates of methane and ethane may also 

form and be present within the jet (Yapa et al. 2001). As the jet rises, water will be entrained 

into it, causing simultaneously the expansion and  generally the slowing down of the jet (Lee and 

Cheung 1991). Eventually, what remains of the momentum will be less than that of the forces of 

buoyancy, at which point the system is no longer a jet but acting more as a plume or droplet 

cloud. 

In the near-field phase, the Jet/Plume Model employs Lagrangian control-volume analysis as 

first proposed by Lee and Cheung (1991) to simulate blowouts as a conceptual volume of mixed 

hydrocarbons, gases, and entrained water, treating them all as a generalized, single entity. Such 

a concept can be visualized as taking cylindrical, cross-sectional slices of the jet/plume (Figure 

3). The physics are largely controlled by momentum and buoyancy, and change is driven by 

entrainment of ambient water into the control-volume. As water is entrained, the volume and 

mass must be appropriately adjusted, but with this also comes a shift in density and momentum 

from the ambient, usually to slow down the jet.  

The control-volumes are assumed to be non-interfering and cylindrical in shape. While the 

original control volumes in the JETLAG model bent to keep parallel with the trajectory of the 

plume (Lee and Cheung 1991), BLOSOM assumes the control-volume faces stay horizontal and 

instead the cylinders shear along their lengths to better simulate plumes dominated by 
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buoyancy and at depths in which cross-currents are unlikely to be very strong. Bending control-

volumes were created with sewage outfalls in mind – usually oblique-facing pipes at shallow-

depths. In large scales such as deepwater blowouts with mostly vertically oriented well heads, a 

shearing control-volume may better suit the simulations as the effects of the negative-volume 

and negative-buoyancy anomalies are eliminated. The effects of oil viscosity are ignored as it is 

assumed to be negated by the turbulent behavior of the plume. 

 

Governing Equations 

The governing equations, except where otherwise noted, are unchanged from the originals 

given in Lee and Cheung (1991). Conservation of mass governs that the control volume's change 

in mass occurs only from a positive change due to entrainment (the addition of ambient water 

into the control volume) and some mass loss due to turbulence. 

                (1) 

Where    denotes the mass at the current timestep,    represents the mass entrained, and 

   the mass lost. Mass loss is due to turbulent diffusion and dissolution, but are ignored in the 

current version of the model as they are relatively insignificant (Yapa and Zheng 1997). 

Conservation of momentum governs that the control volume's velocity changes due to the 

entrained momentum and acceleration due to buoyancy. Drag is ignored in the current model. 
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    (2a) 

         
  (      

 ) (            
 ) (2b) 

Where   is the velocity vector in some axis direction;    is the velocity of the ambient fluid in 

that direction;   is density and    the density deficit, or the difference between the ambient 

and the control volume;   is acceleration due to gravity;   is the length of the timestep; and   is 

a unit vector in the upwards direction – that is, buoyancy is only a factor in the z-axis and 

ignored in x or y-axis calculations.  

Equation 2b is a correction in which the jet coefficient      (to be explained later) is used to 

adjust the previously calculated velocity towards the ambient velocity and, if in the upwards the 

direction, the terminal droplet buoyancy (  ) calculated for the maximum droplet size. The 

advection coefficient ( ) is by default set to 1.0. 

Conservation of heat controls changes in temperature using heat energy derived from the mass 

and specific heat of the present mixture of crudes, gases, and the entrained water. Specific 

heats are calculated in the crude oil, gas/hydrate, and hydrodynamic models. Heat diffusivity 

may be ignored as it was proven to be insignificant through validation testing. Salinity is 

calculated in a similar fashion by comparing the new salt content by the new total mass but only 

for the entrained water – salinity is assumed to not affect the gases or liquid crude. 

    
   

(      )        
    

 (3a) 
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  (      

 ) (        
 ) (3b) 

Where ' ' can represent a scalar value such as specific heat or salinity, and    the corresponding 

value for the ambient. Likewise, the final heat and salinity are adjusted with the jet-coefficient in 

the same way as the velocity. 

 

Control-Volume Geometry 

The height of the control volume is calculated from the previous displacement length as a ratio 

of the change in velocity. As the jet-phase reaches a neutral buoyancy level, the control-volume 

tends to exaggerate the effect of thinning and spreading out, thus as the control-volume begins 

to act more like a plume, height is assumed to not change, represented by the      coefficient in 

Equation 4b regulating the change in height. The radius is simply calculated from rearranging 

the formula for the volume of a cylinder using the given height, mass, and density. 

             (4a) 

         (             ) (4b) 

      √
    

         

 (4c) 

Where   represents the velocity vector's elevation (angle from vertical) and      represents a 

jet-coefficient that will be explained later. Equation 4b corrects for sudden expansions in the 

plume when slowing down that often exaggerate spreading as the plume nears the terminal 

level. 
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Entrainment 

Lee and Cheung (1991) modeled the dynamics of a buoyant plume through shear and forced 

entrainment. The first is due to the boundary conditions of the control-volume element and the 

ambient fluid, which occurs regardless of ambient currents. The second is due to cross-flow 

conditions – i.e. ambient currents directly forcing entrainment into the control-volume. 

The volume flux from sheer entrainment is calculated from the surface area of the control 

volume's sides, the difference between the velocity of the control-volume from the ambient's 

projected into the same direction, and a shear entrainment coefficient ( ) based on the Froude 

number ( ), a number that is used to characterize the resistance of an object moving through 

water. The equations as adopted from Schatzmann (1979) by Lee and Cheung (1991) are below. 

              (5) 

   √ 
        

          

   

      
  
 

  

   (6) 

    
  

√ 
  

 
 

 
(7) 

Where    is the volume flux entrained (m3) due to sheer entrainment;    represents the 

absolute value of the difference between the control-volume's velocity and the ambient velocity 

projected into the control-volume velocity vector (  
 );   is a proportionality constant in the 

model assumed to be 2.0 (Yapa and Zheng 1997); and   is the timestep in seconds.  
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The volume flux from forced entrainment is calculated as the apparent surface area of the sides 

of the control-volume element to the ambient current, expanded by the difference between the 

velocity and ambient velocity in that direction. 

                         (8a) 

                         (8b) 

                         ( )    (8c) 

Due to the use of the shearing control-volumes, these equations are modified from the original 

equations meant for bending control-volumes given in Lee and Cheung (1991). 

Theoretically, the total entrained mass equals the sum of the volume-fluxes multiplied by the 

ambient density, meaning the entire volume-fluxes are used. However, full entrainment is 

unlikely, especially as the jet becomes less momentum-dominated, and BLOSOM uses a jet-

coefficient (    ) to regulate entrainment and how the control-volume is behaving. Thus the 

total mass entrained is as follows. 

          (       ) (9) 

 

Jet Coefficient 

Issues in some of the basic equations and a lack of corrections to a less turbulence-dominated 

system in the intermediate phase call for the use of a moderating algorithm that can help to 

blend the transition away from the momentum-dominated jet to physics closer to those used by 
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the transport model. A jet-coefficient has thus been designed to attempt to monitor the state of 

the control-volume from momentum-dominated jet to buoyancy-dominated plume and adjust 

the physics as necessary. 

The jet-coefficient (    ) ranges from 0 (acting more as a cloud of individual droplets driven by 

buoyancy) to 1 (acting completely as a momentum-dominated jet with full entrainment). It is 

based on the difference in velocity from the ambient plus the terminal buoyant velocity. 

         (         
  ) (10) 

Where   is the magnitude of the velocity;     
  is the magnitude of the ambient plus terminal 

buoyant velocity projected onto  ; and the coefficient   is some user-defined parameter that 

adjusts the position and shape of the curve. For simulations in this paper, the default value of 

5.0 was used. The calculations for terminal buoyant velocity are explained in the next section. 

As the plume is less momentum dominated entrainment plays less of a role in the physical 

changes of the plume, the plume instead acting as a collection of buoyancy-driven droplets than 

a momentum-dominated jet. However, if the velocity difference was to increase (for example, a 

plume entering a layer of greater ambient currents), entrainment resumes a growing role again 

until the velocities are roughly even. When there is little excess momentum from the ambient 

and buoyant velocity, the jet-coefficient should reach zero or near to resulting in little to 

minimum entrainment. The shape should remain relatively constant due to minimal change in 

mass, and the velocity is controlled by advection and buoyant terminal velocity. Should the 

plume enter a strong cross-flow or stronger density difference, increasing the terminal buoyant 

velocity, the jet-coefficient may rise again, reintroducing entrainment into the system. 
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Droplet Sizes and Terminal Buoyant Velocity 

One of the major drivers of non-surfacing plumes is the distribution of droplet-sizes, as most 

crudes are less dense than seawater, even in their heavier components. Droplet sizes are 

proportional to the terminal buoyant velocity, meaning that smaller droplet sizes rise more 

slowly and are more easily trapped by turbulence, much like denser dust particulates may be 

suspended by turbulence in the air. 

The maximum droplet size is calculated using a formula based on the blowout diameter and the 

Weber number ( ) (Rye et al. 1996), and distribution of droplet sizes is assumed to follow a 

Rosin-Rammler distribution as described by Johansen (2002). When in a control-volume, the 

maximum droplet-size is used for all calculations involving droplet-sizes (e.g. terminal buoyant 

velocity). 

         
     (11a) 

    
     

   (11b) 

  

         [      (
 

    

)
 

] (12) 

Where   is the interfacial-tension of the oil-water interface;    is the volume-fraction of 

droplets of diameter   or smaller; and   and   are coefficients based on the void ratio, but for 

the purposes of this model, adjusted into two regimes – one for each a high or low GOR (gas-to-

oil volume ratio), with the break set at a GOR of 19. As suggested by Johansen (2002),   is set to 

20 for a low GOR and 4 for a high GOR, and   is  set to 1.6 for a low GOR and 2.5 for a high GOR. 
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Likewise the interfacial tension for the mixed oil and gas plume is set to 0.03 N/m for a low GOR 

and 0.005 for a high GOR. The density ( ) is for the background fluid, which in the case of a low 

GOR is the ambient seawater, and in the case of a high GOR the gas. 

To calculate the terminal droplet buoyancy (  ), a three-phase approach for spherical, 

ellipsoidal, and spherical-cap droplet shapes (in order of increasing size regimes) is used as 

described in Zheng and Yapa (2000). This replaces the formally two-phase approach of spherical 

and ellipsoidal alone and provides greater accuracy for larger droplet sizes. The method 

described can be applied to any liquid and gas droplet/bubble and thus, the methods described 

can be applied both to the crude oil droplets and gas bubbles in the control-volume. 

All droplets/bubbles with a diameter of 1mm or less are assumed to be spherical in shape and 

act like rigid particles. Their terminal velocity is obtained by using the equation below. 

   
    

  
 (13) 

The Reynolds number (  ), a dimensionless ratio to characterize laminar or turbulent flow, is 

computed using the procedures described by Zheng and Yapa (2000). 

   
       

   
 (14) 

        (15) 
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In the ellipsoidal shape, defined as between 1mm diameter and the critical diameter   , the 

terminal velocity is determined by the Morton number ( ) and the Eötvös number (  ). 
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)  (17) 

           (18) 
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                          (20a) 

                        (20b) 

   
 

  
       (       ) (21) 

If the droplet or bubble is larger than the critical diameter, it is assumed to be spherical-cap in 

shape and the terminal velocity governed almost solely by the densities of the droplet/bubble 

and the ambient fluid. 

        √       (22) 
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To obtain the critical diameter, an approximation method for where the terminal velocities for 

the ellipsoidal shape and spherical-cap shape coincide, as proposed by Zheng and Yapa (2000), is 

used. 

      
     

     
 (23a) 

  
     

     

 (23b) 

      (     √     ) (23c) 

          (23d) 

Where the set (     ) represents a point equivalent to (           ) when         ; and 

(     ) represents a point equivalent to (          ) when        in the ellipsoidal regime. 

As the critical diameter calculations do not need to be recalculated every timestep, one of a 

number of conditions must be met in the model to necessitate recalculating the critical 

diameter so as to maintain a high level of efficiency: either having not yet been calculated, 

surpassing a maximum timestep interval since last calculation, or significant changes in the 

viscosity or densities of either the droplet/bubble or ambient seawater. Additionally, the droplet 

diameter must be at least 10mm for either of the aforementioned conditions to trigger, as 

spherical-cap regimes do not often start in the smaller sizes, and if exceeding 25mm is assumed 

to be almost certainly in the spherical-cap regime and critical diameter calculations ignored. 
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Gas/Bubble Separation 

While the approach taken by using Lagrangian control-volumes simplifies the jet/plume in a 

control-volume containing the generalized mixture of crude, water, and gases in a relatively 

accurate fashion, it does make the assumption that the gas bubbles are rising at a similar rate or 

that ones that escape above are simply replaced by the control-volume below. However, gas 

bubbles will naturally rise faster than the liquid portions of the plume due to buoyancy, and in 

strong cross-currents, this creates an uneven horizontal displacement by depth, meaning that 

due to the slip-velocity between the gas bubbles and the liquid plume, gas bubbles will leak and 

peel off in strong cross-currents. 

To calculate the slip velocity (  ) a harmonic mean of two extreme slip velocity calculations are 

used as described in Johansen (2000). Further details are provided in the chapter concerning the 

Gas/Hydrates Model. 

Assuming that the bubbles, though randomly dispersed within the control-volume, are relatively 

evenly dispersed, the model calculates the displacement of the control-volume and the equally-

sized gas core extent. The volume of the gas-core no longer intersecting the control-volume is 

then multiplied by the original gas-fraction of the jet/plume to obtain the volume of gas to have 

separated from the plume. The process is adapted from the method described in Chen and Yapa 

(2004) and visualized by their diagram in Figure 4. 

While methane may present a hazard to response if present in significant quantities at the 

surface, for purposes of this model, all gases are ignored once leaving the control-volume as in 



The Jet/Plume Model  21 

 

deepwater and ultra-deepwater conditions it is assumed that most gases with undergo 

significant dissolution before surfacing. 

 

Additional Details 

The timesteps are user-specified with a minimum and default timestep of 1 second. Up to 10 

second timesteps have been tested with acceptable amounts of sensitivity/variance, but this will 

vary depending on the vertical velocity of the jet/plume and the rate of change of ambient 

conditions along the vertical. At each timestep, entrainment is calculated, after which density, 

volume, and velocities are recalculated. Density is calculated as the volume-averaged densities 

of non-miscible fluids. Between each step, these values are assumed constant, thus the model 

assumes a quasi-steady-state for the control-volumes as it moves through timesteps. 

When the control-volume reaches the surface, crosses a neutral-density level, or falls below the 

terminal buoyant velocity, the model then logs the time at which the control-volume is no 

longer simulated by the jet/plume portion of the model and outputs to a layer ready for 

conversion in the next phase. For some simulations in this paper, the terminal level was logged 

but the model did not discard the control-volumes into an output layer to thoroughly test the 

plume model.  
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Tables & Figures 

 

 

Figure 3: Generalized model of Lagrangian control-volume analysis 
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Figure 4: Gas separation of gas-core from control-volume (adapted from Chen and Yapa 2004) 
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CRUDE OIL MODEL 

Instead of a simplistic approach with crude properties handled within the Jet/Plume Model or 

the Transport Model, a separate entity was created for simulating the crude oil. In accordance 

with the overarching goal of providing detailed results for impact and toxicity modeling efforts, 

crude oils were not handled as a single entity with averaged physical properties, but split up into 

distillate fractions, each of which was independently monitored by the model. This provided a 

better fit with the pseudo-components approach to evaporation modeling (to be expounded on 

later) and allowed a more detailed picture of the exact composition of the crude in the output 

data. Simultaneously, the Crude Oil Model was designed to be flexible and adaptable to 

different crudes, allowing ease of importing different crude oil types from widely available assay 

data or even the customization of a user-defined crude. 

Crude oil properties are loaded or defined as distillation cuts with associated volume or mass 

fractions, vapor temperatures, and specific gravities, for each of which the crude oil model 

approximates molecular mass, molar volume, and pseudocritical temperature and pressure. 

Molecular mass is estimated using the Kesler and Lee (1976) correlation given below. 

                         (                )   

  (                        ) (       
       

   

)

  (                        ) (      

 
      

   

)
    

   
  

(24) 



Crude Oil Model  25 

 

Where    is the specific gravity of the distillate cut and     the boiling point in Kelvin. 

For the heaviest residuals, for which vapor temperatures are often not supplied, a 3rd order 

polynomial is fit to the existing distillation cut data of vapor temperature and specific gravity by 

volume fraction (e.g.      (  )) to interpolate properties for the heaviest components which 

are often not measured. 

If a simple, generalized crude with no specified distillate cuts data is given, only the API 

(American Petroleum Institute) gravity can be supplied. Average boiling point is estimated using 

the correlation from Shen et al. (1987) before correlating the other physical properties. 

                                                       (25) 

Molar volume is calculated using the Spencer-Danner approximation, which requires the critical 

temperature (  ), critical pressure (  ), and acentric factor ( ) of the distillate cut. Kesler and 

Lee (1976) provided correlations for critical temperature and pressure, while the equations for 

the acentric factor was given by Chang et al. (2012). 
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 (28) 

Equations for the density of a crude oil as a function of temperature and pressure are calculated 

using the Spencer-Danner equation for molar volume at saturated conditions and COSTALD 

(Corresponding States Liquid Density) method as described in Chang et al. (2012), where the 

density at temperature and a reference pressure (    (  )) gathered from the Spencer-

Danner method is used to predict the density at an elevated pressure. 

    
    (

   
  

)   
  (29a) 

                     (29b) 

    (     )
    (29c) 

  

    [      (
   

    

)]
  

 (30a) 

      (                           ) (30b) 
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    [         (     )
  ⁄          (     )

  ⁄

         (     )   (     )
  ⁄ ] 

(30c) 

                       (30d) 

At each timestep, densities are calculated separately for each distillate cut, then mass-averaged, 

accounting for unequal degradation rates of separate distillate cut. If however, no degradation 

has occurred or a simplistic version of the crude without specified distillate cuts is used, for 

example during the near-field simulations of the jet/plume model, a more simplistic algorithm 

can be applied using the measured density and specific gravity of the entire crude. 

For evaporation, vapor pressure (  ) of the crude plays a significant factor. Accordingly, vapor 

pressure is estimated using a simplified version of the Clausius-Clapeyron equation as described 

in Fingas (1995). 

   
   

   (   
     

 
)

 (31) 

Where     is the vapor pressure at boiling point, which can be assumed to be at atmospheric 

pressure unless otherwise noted in the crude oil assay. 

Changes to viscosity are handled via an empirical correlation from Mackay et al. (1982) using a 

reference measurement of oil viscosity. 
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Where   is the dynamic viscosity and the subscript “ref” describes the reference measurements 

provided.   
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GAS/HYDRATES MODEL 

Much like the crude oil, gases are handled in a separate entity to better handle changes to 

physical properties in a less generalized way. Gases are supplied as molar fractions of the total 

flowrate by the user from a list of supported gas types which include methane, ethane, propane, 

butane, hydrogen sulfide, carbon dioxide, oxygen, and nitrogen. Gases are assumed to be well-

mixed and in bubbles when gaseous, however the solid forms of methane and ethane are 

handled separately when hydrate formation begins to occur. Thus, like the crude, properties of 

the mixed gases are aggregated while hydrate formation and decomposition can add or remove 

methane and ethane from the mixed gases, changing the overall properties. 

 

Equations of State 

Densities for the gas portion of the plume are calculated using the non-ideal gas law and 

estimating the compressibility factor using the Brill-Beggs equation with sour gas corrections as 

described in Guo and Ghalambor (2005) for gas mixtures. In the current implementation of the 

model the following gases are supported: methane, ethane, propane, butane, hydrogen sulfide, 

carbon dioxide, oxygen, and nitrogen. The user simply supplies the total volumetric flowrate of 

the gas mixture and molar fractions of each gas type. 

To get density by temperature and pressure using the method outlined in Guo and Ghalambor 

(2005), first the pseudocritical components must be discerned, which are the critical 

temperatures and pressures of each gas present averaged by molar fraction. If sour gasses, such 
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as hydrogen sulfide or carbon dioxide (technically carbon dioxide is an acid gas but for this case 

treated the same) are present, the following corrections are made. 

      
     

                       
 (33a) 

      (         )    (         ) (33b) 

  

   
      

 

 
   (34) 
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     (   )  
] (35) 

Where   is the molar fraction of a particular gas type;    
  is the corrected pseudocritical 

temperature in Rankine; and    
  is the corrected pseudocritical pressure in PSI. Then, the 

pseudo-reduced temperature and pressures (the current value divided by the pseudocritical 

value – denoted by the subscript   ), can be used to find the compressibility factor ( ) using the 

Brill-Beggs (1973) equations. 
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     (            )     
 (

     

        
      )  

       
 

   
 (37b) 



Gas/Hydrates Model  31 

 

                     (37c) 

      (37d) 

   (     ) (37e) 

                          
  (37f) 

The compressibility factor gathered from the Brill-Beggs method can be put into the non-ideal 

gas law to determine the volume from the mass and then calculate density for the mixed-gas 

bubble. 

When properties of individual gases must be known, the Peng-Robinson equations of states are 

used to determine the compressibility factor and fugacity ( ). While the Brill-Beggs is generally 

sufficient for calculated properties of the gaseous mixture, the Peng-Robinson equations come 

in handy for hydrate dynamics and dissolution, which must be handled separately for each gas 

component. 
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 ( )  [   (  √  )]
 
   (40c) 

  (
                                

                                             
) (40d) 

          
    

 

  

 (40e) 

         
   

  

 (40f) 

Where   is the acentric factor;    is the reduced temperature; and the subscript “C” refers to 

the critical properties. Equation 38 is solved for the compressibility factor   as a third-order 

polynomial with at least one real and non-negative root between 0 and 1. 

 

Gas Bubbles and Slip-Velocity 

Gas bubble size is calculated each timestep and estimated using the non-ideal gas law as given 

below where     is the radius of the gas bubble. 

 
 

 
   

       (41) 

To calculate the slip velocity (  ) a harmonic mean approach of two different slip velocity 

calculations are used as described in Johansen (2000). The slip velocity is calculated as the 

terminal velocity for rigid spheres in the equations given below. 
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    √
    

   

 (42a) 

    
     

  

 (42b) 

Where   is the bubble diameter and the ambient density (  ) in this case, would be the volume-

averaged density of the crude oil and entrained seawater in the control-volume. The drag 

coefficient (  ) is a function of the Reynolds number and can be calculated in a number of ways. 

Using the methods described in Johansen (2000), when the Reynolds number is greater than 

1000, the drag coefficient is assumed to be 0.44. Otherwise, the drag coefficient is calculated as 

        . These two possible drag coefficients are both used in the above equations to 

calculate the two extreme slip velocities,    and   , which are then combined in the equation 

below with a prescribed maximum set at 0.3 m/s. 

   
 

(  
     

  )
 (43) 

The slip-velocity, while it can be ignored in weak cross-flow conditions under the assumption 

that gas leaving the control-volume is simply replaced from the control-volume below, plays a 

large role in the separation of gas bubbles in strong cross flows as described in the Jet/Plume 

Model chapter. 
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Hydrates 

At great depths, high pressures and low temperatures may allow for the formation of gas 

hydrates, ice-like structures of water and gas, particularly those formed from methane and 

ethane, which as a clathrate formation are assumed to form a thin shell around the gaseous 

bubble. Due to the heat and mass transfers associated with hydrate formation and 

decomposition, the dynamics of hydrates may have significant effects on the behavior of the 

jet/plume (Yapa et al. 2001). BLOSOM uses the hydrate kinetics model of Englezos et al. (1987a; 

b) with the approach described in Yapa et al. (2001) to incorporate the resulting heat and mass 

transfers. 

In BLOSOM, hydrates are calculated for methane and ethane only and hydrates are assumed to 

be evenly formed and decomposed. Hydrate formation is simulated using the model proposed 

by Englezos et al. (1987a). 

  

  
   (     ) (44) 

Where 
  

  
 is the formation rate in mols per second;   is the closest formation rate constant 

provided by Englezos et al. (1987a) for methane and ethane at temperatures from 274-282K;   

is the spherical surface-area of the bubble; and   is the fugacity for the dissolved gas in its 

present state and at equilibrium (subscript “eq”). The difference in this fugacity drives the entire 

system, thus in the case of the dissolved gas fugacity being less than the equilibrium fugacity, 

the same equation can be applied for hydrate decomposition, with only the coefficient   

changed to a decomposition coefficient, the formulations of which are given in Kim et al. (1987). 
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Dissolution 

Gas dissolution is calculated using the method described in Zheng and Yapa (2002) for which the 

dissolution rate is given below. 

  

  
   (    ) (45) 

Where 
  

  
 is the rate of dissolution in mols per second;   is the mass transfer coefficient;   is 

the surface area of the bubble;   is the concentration of dissolved gas in mols per cubic meter; 

and    is the concentration at saturation or solubility. 

The mass transfer coefficient is calculated different for each bubble size-regime (as described in 

the Terminal Buoyant Velocity subchapter of the Jet/Plume Model chapter. For bubbles in the 

spherical regime: 

        √
   

         
 (46) 

Where    is the terminal buoyant velocity in cm/s;   is the molecular diffusivity in cm2/s; and   

is the bubble diameter in cm. 

For bubbles in the ellipsoidal regime: 

       √  (47) 

And for bubbles in the spherical-cap regime: 



Gas/Hydrates Model  36 

 

             √  (48) 

To obtain the solubility, the modified Henry’s law from King (1969) as described in Zheng and 

Yapa (2002) is solved with a known fugacity (from the Peng-Robinson equation of state). 

         (
      

  
) (49a) 

          (49b) 

Where   is Henry’s law constant in MPa;    is the mole fraction of dissolved gas at equilibrium; 

   is the partial molar volume of gas in solution;  
 
 is the ambient water density; and    is the 

molecular weight of water. 

As many of the variables are specific to each gas type, most of the correlations for Henry’s law 

constant, molecular diffusivity, mole fraction dissolved at equilibrium, and partial molar volume 

must be tracked down for each gas type individually. Some of these values and correlations can 

be found in Sloan (1997) and King (1969) but are not expanded upon here. 
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CONVERSION MODEL 

To account for the widths control-volumes can reach once arriving at a terminal level and the 

generalizations made in a control-volume analysis, proper conversion methods are necessary to 

break up the control-volume into separate particles with different properties. Failure to consider 

complexities of this transition could be overlooking a major cause of plumes that peel off and do 

not surface as the control-volume includes a varied mixture of droplet-sizes and possibly even 

unmixed crudes.  

The conversion model, dubbed the "exploder" model, serves as the intermediary between the 

control-volume-based Jet/Plume Model and the particle-based Transport Model to help tie 

together the Jet/Plume and Transport Model while considering the best method of meshing the 

distinctive modeling approaches. The model oversees the conversion of a 3-dimensional volume 

into points in 3-dimensional space, taking care to account for the spatial distribution of 

hydrocarbon density and droplet sizes in the control-volume. As the crude oil is assumed to be 

well mixed barring input data specifying otherwise, the conversion model distributes volume 

fractions and associated droplet sizes using the Rosin-Rammler distribution specified in the 

Jet/Plume Model chapter. The distribution is based off the control-volume geometry and a 

distribution surface created on top of the control-volume. 

A 2-dimensional Gaussian distribution is by default the surface formula for the spatial 

distribution of oil concentration in the control-volume. The basic equations for such a 

distribution are given below. 
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   (         )  
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 (50a) 

  
    
       

 

 
 (50b) 

      
 ⁄                  

 
 ⁄  (51) 

Where   and   are the offset of the desired point from the centroid of the control-volume;   is 

the radius of the control-volume; and   is the standard deviation which is fixed at     ̅̅̅̅ . 

Evenly spaced concentric rings of constant value are found using a user-specified minimum 

width but capped to a minimum and maximum number. Each ring is given a weight based on the 

PDF value multiplied by the area of the annulus, normalized by the sum of all the rings’ PDF 

values and areas. 

   
       

∑(     )
 (52) 

Where    signifies the weight of ring  . Each ring becomes a particle sharing the ring’s radius 

and centered in the control-volume, and masses from the entire control-volume are distributed 

according to the ring weights given. The resulting volume fractions are then plugged in to the 

reserved Rosin-Rammler distribution for droplet-sizes, using cumulative volume-fraction to get 

droplet-sizes for each particle. 

      [
  (    )

      
]

   

 (53) 
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However, it should be noted there exists an error from the natural log function as the volume 

fraction approaches 1.0 and the natural log reaches its limit at         ( )    . Thus, at a 

volume fraction greater than 0.95, the maximum droplet size is assumed. 

The minimum and maximum number of particles created from a control-volume are selected by 

the user but are by defaults at 3 and 5 respectively. A higher number of particles will mean 

greater detail in capturing more droplet sizes but also stress the model further as the 

computational requirements increase. 

Initial tests with the conversion model in place showed strong results in capturing variance of 

plume behavior with each class of droplet sizes peeling off at different levels due to the 

difference in terminal buoyant velocity. Smaller droplets will have a lower terminal velocity, 

causing them to rise more slowly or be easily trapped or sunk if there exists a downwards 

current.  
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TRANSPORT & WEATHERING MODEL 

Once the plume has reached a terminal level and been properly converted into particles, the 

spill is transferred into a transport and fate model that simulates the long-term trajectory and 

degradation of the oil. Transport is driven by advection from winds, waves, and currents, with 

effects from buoyancy if not surfaced or if sinking. Additionally, particles will undergo turbulent 

diffusion and stochastic, diffusive movement akin to Brownian motion.  

Weathering processes are the physical and chemical changes to the crude include spreading, 

dispersion, evaporation, emulsification, dissolution, sedimentation, biodegradation, and 

photolysis, which are depicted in Figure 5. Some processes may only take place on the surfaced 

oil slicks, while other processes are always present. In light of this BLOSOM maintains records on 

which particles are surfaced, applying a different set of algorithms for a surface oil slick or 

submerged droplet cloud. 

Lagrangian discrete particles are used to simulate both the oil slick and droplet cloud, with oil 

slicks seen as a circular area with some thickness on the water surface and droplet clouds as a 

spherical volume in which oil droplets are present in some concentration. As timesteps can be 

set independently from the plume model and in the transport model are often much longer (on 

the order of several minutes or longer), algorithms set in place adjust the first timestep of newly 

transferred particles to take the appropriate timestep lengths to gradually match up and 

synchronize to the proper interval. 

 



Transport & Weathering Model  41 

 

Advection & Diffusion 

The main means of transporting oil in the far-field is the forcing from currents, and if surfaced, 

winds and waves. Combined with hydrodynamic models, many of which include surface winds 

or wind stress, ambient conditions for currents and if necessary, winds, are determined for each 

particle at every timestep to determine its new drift velocity as given by Shen et al. (1987). 

 ⃑   ⃑   ⃑  (54) 

Where  ⃑ is the drift velocity of the oil parcel,  ⃑⃑⃑  is the drift due to advection, and  ⃑  represents 

turbulent diffusion. For advection, the drift velocity is computed as below as given in Wang et al. 

(2005). 

 ⃑⃑⃑       ⃑⃑⃑     ⃑⃑⃑  (55) 

Where the subset    represents wind and the subset   represents currents;   is an advection 

coefficient set at 0.003 for wind and 1.0 for currents; and   is a transformation matrix from 

Wang et al. (2005) that introduces a deviation angle. 

  (
        

         
) (56a) 

       √ ⃑         ⃑           

         ⃑           

(56b) 

Horizontal diffusion is simulated using a Monte-Carlo, or random-walk, procedure based on 

Fisher et al. (1979) wherein a random diffusion velocity ( ⃑ ) and angle is added to every particle. 
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 ⃑⃑    √    ⁄  (57) 

Where    is a randomly generated number from 0-1;   is the timestep in seconds; and    is the 

turbulent diffusivity coefficient, which can be calculated in a number of ways, but in this case in 

handled within the Hydrodynamic Handler which calculates horizontal diffusivity based on the 

Smagorinsky formula (Smagorinsky 1963). This velocity is applied to a randomly generated 

direction 90° to either side of the parcel’s current velocity azimuth. 

 

Surfacing and Spreading 

On the surfacing of a droplet-cloud, a modified version of equations from Fanneløp and Sjøen 

(1980) are used for estimating the thickness of the slick that will form.  

  
 

        

 (58) 

This is double checked against the equation of minimum slick thickness given by Fay (1971) and 

the slick radius is recalculated from the volume and thickness. 

            ⁄  (59) 

Spreading is the process of spilled oil on the surface expanding horizontally and thinning out. 

Most models for spreading are based off the original equations by Fay (1971) where spreading is 

handled in three, distinct phases: the gravity-inertia phase, the gravity-viscosity phase; and the 

surface-tension-viscosity phase. However, Fay’s equations fail to take into account asymmetrical 

spreading, the breaking up of a single oil slick into patches, and uneven thickness (Reed et al. 
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1999). Several modifications and improvements have been developed including a thick-thin slick 

approach (MacKay et al. 1980), using an elongated elliptical approach (Lehr et al. 1984), and 

spreading through shear and dispersion processes (Elliot et al. 1986; Johansen 1984). 

As in a blowout event most of the spreading occurs underwater, spreading is assumed to be not 

as significant a process for the transport model. Spreading processes are instead captured 

through an increased number of particles to capture a multitude of portions of the overall slick 

that can behave different. Turbulent diffusion, which models the spreading of highly clustered 

slick parcels such as those given as outputs from the Jet/Plume Model, and dispersion, which 

has been hypothesized as the reason for the elongated tail to many oil slicks (Delvigne and 

Sweeney 1988), simulate spreading in a more particle-based scale. 

With any degradation process and reduction of the crude, such as with evaporation, the radius 

is kept constants and the thickness adjusted to fit the changed volume until reaching a minimum 

thickness as given in Equation 59, at which point the radius decreases instead. In the case of an 

increase in volume from emulsification, the radius is still held constant under the assumption 

that the increase in viscosity from emulsification will limit spreading despite an increase in mass. 

 

Evaporation 

Evaporation  can be responsible for as much of 75% or more of the degraded oil mass in just a 

few days and is the most significant degradation process in the near-term (American Society of 

Civil Engineers 1996). Originally, analytic and empirical models that required only generalized 

crude properties were preferred, but with the advent of increased computational power, 
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pseudo-component evaporation models have come into favor (Reed et al. 1999). Pseudo-

component models split the oil into separate fractions of averaged boiling points and compute 

the evaporation rates of each pseudo-component separately.  

Combined with the crude oil model previously described, BLOSOM employs equations by 

Reinhart and Rose (1982) to determine the mass evaporation rate. 

  

  
 

        
    

 (60) 

Where   is mass of the crude fraction remaining per unit surface area of the slick;   is the mass 

transfer coefficient;      is the average molar mass of the pseudo-component in grams per mol 

or kg per kmol;    is the vapor pressure of the pseudo-component;   is the density of the entire 

mixture;   is the thickness of the slick; and   is the temperature of the slick. It is important to 

note that  , or the gas constant, is for this equation in units of Joules kmol-1 K-1, which gives a 

value of about 8,314.46. 

The mass transfer coefficient is based on an estimate of sea surface roughness due the wind 

speeds by Amorocho and Devries (1980). 
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Where    is the wind velocity and    is the drag coefficient. As with no wind velocity no 

evaporation occurs, a minimum wind velocity of 0.5 m/s is assumed (roughly 1 knot), to coincide 

with the highest values of the lowest wind class (i.e. calm) on the Beaufort scale, which results in 

an enforced minimum mass transfer coefficient of roughly 5.216x10-4. As this is also the 

assumption if the hydrodynamic data does not include surface winds, evaporation may be 

underestimated in such a situation. 

Alternatively, a technique described by Jones (1997) may be utilized to calculate the volumetric 

evaporation rate for each distillate fraction, empirically correlated to the molar volume and 

vapor pressure. 

      
  

 
  

  ⁄         
 

 (62) 

Where       is the volume of the pseudo-component evaporated;     is the relative molar 

volume of the pseudo-component; and    is the molar fraction of the pseudo-component. The 

volumetric evaporation is converted to mass evaporation using the molar mass and molar 

volumes of the distillate cuts. Likewise, wind speed kept at a 0.5 m/s enforced minimum. 

Once mass evaporation is calculated for all pseudo-components, density is recalculated as the 

volumetric average of the densities of the remaining crude fractions.  

 



Transport & Weathering Model  46 

 

Emulsification 

Emulsification, as opposed to evaporation, increases the volume of the slick by process of 

foaming oil and water into a emulsion through the turbulent action of waves (Reed et al. 1999). 

The process of emulsification both inhibits evaporation and can increase viscosity by two to 

three-fold (Lehr 2001). Emulsification can be difficult to quantify as the rates of emulsification 

and maximum water content can vary by not just the physical properties of the crude, but the 

specific composition of the crude itself, such as fractional content of waxes, resins, and 

asphaltenes in the crude.  

Using recent research by Fingas and Fieldhouse (2003, 2004), the presence of resins and 

asphaltenes are used to determine the emulsion’s stability class and associated maximum water 

content. 
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The resultant class number is then used to determine whether the emulsification if unstable 

(<0.615), mesostable (<0.66), stable (>0.66), or entrained (>0.64). The entrained and stable state 

overlap, but the emulsion is considered entrained if the density of the crude oil is greater than 

960 kg m-3 and the viscosity of the crude oil is greater than 10,000 mPa∙s. This information as 

well as the associated maximum water content for each class is given in  

 

Figure 5: Overview of major weathering processes 

 

 

Table 1. 

The first order rate law from MacKay et al. (1980) is employed to determine the entrainment 

rate based off the maximum water content (    ). 



Transport & Weathering Model  48 

 

  

  
          

 
 

    

 (64) 

Where   is the fractional water content;   is the slick surface area; and    is the wind velocity. 

This means the oil begins to emulsify at an increasingly rapid rate until reaching the maximum 

water content. As the equation does not do anything with a starting value of 0 for the fractional 

water content, a minimum of 0.01 is assumed. After adding in the new emulsification rate, the 

fractional water content is checked to ensure it does not exceed the maximum. 

Alternatively, the equations from Rasmussen (1985) may be applied which allows for some 

emulsification even in the presence of no wind. 

      [      (              
   [    ]     ) ] (65) 

Where     is the elapsed time in hours, for the model only considering the time in which the 

parcel was surfaced. 

 

Dispersion and Sinking 

Dispersion is the breaking up of the surface slick through wave action, forcing droplets to 

entrain back into the water. These droplets may rise immediately causing little change; they may 

rise slowly, by which time the surface slick has moved horizontally, creating the tail-like 

spreading effect seen in many oil slicks; or they may not rise at all, instead being too small for 

their buoyant velocity to overcome turbulent, vertical currents (American Society of Civil 

Engineers 1996). 
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The model for the volume of oil dispersed into the water column is based on the equations by 

Delvigne and Sweeney (1988). 

                     (66a) 

             (66b) 

Where     is the volume entrainment rate for particles of mean diameter    ;   is the surface 

area of the slick;    is a an empirically derived entrainment coefficient tied to the emulsion’s 

kinematic viscosity ( );     is the fraction of sea surface covered by breaking waves per second; 

    is the mean diameter of particles in the size class; and    is the particle diameter interval for 

the size classes. 

The dissipated wave energy is approximated by the density of the seawater (  ) and root-

means-square wave-height (    ). 

               
  (67) 

The fraction of the sea surface covered by breaking waves is estimated from the wind speed 

(  ) and mean wave period (  ). 

            
       (68) 

Wave characteristics such as wave height and mean wave period may be provided by the 

hydrodynamic model. If not, they may be estimated using empirical equations for wave 

formation, as described in the Hydrodynamic Handler chapter. 



Transport & Weathering Model  50 

 

Droplets over a limiting droplet size of 370 μm, as suggested in Reed et al. (2004), are ignored as 

they are assumed to surface immediately and rejoin the slick. Other droplets require the 

formation of new Lagrangian parcels below the original slick at the depth of 1.5 times the wave 

height. These parcels may either rise behind the slick, forming a “tail”, or they may be 

permanently entrained as their limited terminal buoyant velocity does not allow them to 

resurface. 

Alternatively, entire particles may sink due to a combination of increased density from 

emulsification and disproportionate evaporation of the lighter, more volatile components, 

leaving behind the heavier residuals. These slicks are assumed to break up into large droplets 

with a diameter assumed equivalent to the slick thickness and sinking at the rate of the terminal 

buoyant velocity. 

Biodegradation 

Biodegradation, the degradation of crude oil by bacterial processes, is an extremely slow 

process that only plays a role in long-term spills. As such, they were often not implemented in 

oil spill models, but as the Macondo Spill proved, they could be quite significant to the oil 

budget in extreme spill scenarios (Camilli et al. 2010). However, modeling biodegradation is 

marred by complexities due to different hydrocarbon components, different bacterial 

consortiums, and the influences of a plethora of environmental factors, including but not limited 

to temperature, oxygen, nutrients, and pressure (Atlas 1981). 

As such, while biodegradation is desired for BLOSOM, a shortage of methods for simulating 

biodegradations rates prevented an analytical approach for biodegradation. Instead 



Transport & Weathering Model  51 

 

biodegradation is estimated with crude oil half-life data when available, and otherwise may be 

estimated though the rates measured by Walker et al. (1976) for different oil components. 

However these methods are all still independent of temperature or other environmental factors. 

 

Other Weathering Processes 

As dissolution and photolysis (the breaking up of hydrocarbons by sunlight into smaller particles) 

are generally insignificant in the mass balance of oil degradation, they are ignored in the current 

model. Future simulations may include these are dissolved oil can have significant toxicity 

impacts even in small quantities, and photolysis may break up more inert, larger hydrocarbons 

into more volatile components. 

Sedimentation is the clinging of water-borne sediments onto oil particles, potentially increasing 

their density and causing them to sink. While some models have been created, all are 

dependent on sediment loads data and thus are not currently incorporated into BLOSOM. 

Beached oil may also be re-entrained into the ocean due to waves and tides. Along with 

reintroducing oil back into transport, such crude has often undergone heavy sedimentation, 

increasing their density and propensity to sink. However, like sedimentation, while some models 

exists for estimating re-entrainment, they simplify the complex near-shore characteristics, 

sediment types, wave environment, and other local factors (Reed et al. 1999). Thus re-

entrainment rates are not currently implemented until more flexible models for limited 

shoreline data can be found. 
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Changes to Oil Properties 

Evaporation and emulsification, as well as other degradation processes tend to increase the 

density and viscosity of the oil. The changes to the density due to evaporation are handled by 

the Crude Oil Model, whereby in coordination with the pseudo-components evaporation, the 

densities of the remaining oil are averaged by their respective remaining volumes. The effects of 

emulsification, meanwhile, are handled by averaging the crude oil density (after changes due to 

evaporation) and the water density by fractional water content. 

In the case of a simplistic crude where no distillate cuts are provided, the change in density due 

to both evaporation and emulsification are handled with an equation given by Wang et al. 

(2005). 

     (    )[(          )     ]       (69) 

Where      is the density at timestep    ;    is the fractional water content;    is the fraction 

evaporated; and    is the ambient water density. 

Changes to the surface-tension are handled by an asymptotic expression as given by Wang et al. 

(2005). 

    

  
      

 (70) 

Where    and     refer to the volume of the untransformed oil and the volume of the oil in the 

emulsion respectively. 
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Changes to the kinematic viscosity are handled through an equation from Buchanan (1987) and 

Bommelé (1985) as cited in Wang et al. (2005). 

                   (         )⁄  (71) 

Where    is the kinematic viscosity at some temperature for the unweathered crude oil, taken 

to be the kinematic viscosity of the fresh crude at the same temperature. 
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Tables & Figures 

 

 

Figure 5: Overview of major weathering processes 

 

 

Table 1: Emulsion classes and max. water content (Fingas 2008) 

Class Class Number 
Max. Water 
Content (%) 

Unstable < 0.615 4.1 

Mesostable < 0.66 17 

Stable > 0.66 9 

Entrained > 0.64 17 
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HYDRODYNAMIC HANDLER 

Instead of developing an ocean current model, a handler designed to accommodate outputs 

from any of the plethora of hydrodynamic models allows BLOSOM to incorporate existing data 

that may have much more complexity and accuracy (such as real-time updates and corrections 

from buoys and other observations) or implement an ocean model the user is most familiar with 

or prefers. In that light, the hydrodynamic handler was designed for flexibility with the various 

data formats outputted by different hydrodynamic models. In its current state, the 

hydrodynamic handler can read both geo-referenced rasters such as GeoTIFFs (Geographic 

Tagged Image File Format), NetCDF (Network Common Data Form) file formats, or a simplistic 

tabular format of properties by depths (but no variability in the horizontal direction). A 

consistent naming and folderpath pattern must be employed if data spanning multiple dates are 

to be used but the pattern itself can be defined by the user and specified in the model settings. 

Between depths, the hydrodynamic handler interpolates linearly whereas on a horizontal plane, 

the handler uses bilinear interpolation to gather values between data points. Temperature and 

salinity at the bare minimum must be provided by the input data, but estimates of in-situ 

density, heat capacity, interfacial-tension, and dynamic viscosity can be calculated within the 

handler using a series of empirical correlations. 

A separate bathymetry raster may be provided so as to determine when oil particles are 

considered beached or settled on the ocean floor, however if not provided, the model can 

simply uses no-data points in the hydrodynamic data. Should a particle move past the extent of 
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the hydrodynamic data, the particle is marked as inactive with the simulated time of stoppage 

stored while the rest of the model continues to simulate. 

As seawater density is greatly affected by temperature, salinity, and pressure, in-situ densities 

for the ambient water are calculated with an empirical correlation using the secant bulk 

modulus ( ) (Fofonoff and Millard 1983).  
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Where the subscript “pw” indicated pure-water;   is salinity in PSU;     indicates a Celsius value 

for temperature; and      indicates bar values for pressure. 

Pressure may be calculated using one of three possible methods, each having some unique 

balance of accuracy and computing speed, the simplest being the oceanographic rule of thumb 

of an increase of one decibar for every 1.019716 meters depth and the most complex involving 
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integrating using all available depth values given in the hydrodynamic data. For simulations in 

this paper, pressure was calculated using the ambient density at the location of the control-

volume (            ). 

Specific heat (  ), in Joules per kilogram per degree Kelvin, is estimated as a function of 

temperature and salinity (Fofonoff and Millard 1983). Specific heat increases with temperature 

and is inversely proportional to salinity and pressure. 
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Interfacial tension  ( ), in Newtons per meter, is estimated as a function of temperature and 

salinity using the correlations provided by Sharqawy et al. (2010). 
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Dynamic viscosity ( ), in Pascals per second, is also estimated as a function of temperature and 

salinity using the correlations provided by Sharqawy et al. (2010). 

                [     (          )        ]   (83) 
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     (          ) (84a) 

                                       
  (84b) 

                                      
  (84c) 

The hydrodynamic handler is also equipped with algorithms to perform some basic vector field 

calculations, through which it can obtain horizontal diffusivity values based on the Smagorinsky 

model detailed below (Smagorinsky 1963). 
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Where    is the Smagorinsky coefficient, by default set to 0.15 and      basically represent the 

pixel area. 

For estimating wave heights and periods, the model uses the following equations from the U.S. 

Army Corp. of Engineers (Coastal Engineering Research Center 1984). 

           
  (86) 

          (87) 

Where    represents the significant wave-height and    is the peak period of the wave-

spectrum. The wind-stress (  ), if not provided, can be estimated with the wind velocity 

(Coastal Engineering Research Center 1984). 

         
     (88) 
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Likewise, the same correlation can be used in reserve if the data provides wind stress but not 

the explicit wind velocity.  
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PLUME MODEL VALIDATION 

Both fortunately and unfortunately, there exist few real-life blowout events in which to validate 

the plume model. Of the two major instances (Macondo and Ixtoc), data on the plume itself is 

limited or estimates of the blowout conditions highly-contested, making them poor choices for a 

validation. However, a limited number of field-experiments do exist, on one of which the plume 

model for BLOSOM was validated against. 

On August 1995, the IKU Petroleum Research organization (now SINTEF), conducting an oil 

plume experiment in the Frigg field in the North Sea, released oil from a submerged pipe for 25-

minutes (Rye and Brandvik 1997). Oil was released at 107 meters depth with temperature and 

salinity measured every 10 meters starting at 100 meters depth and currents measured roughly 

every 30 meters starting at 80 meters of depth at the deepest. Plume width and elapsed time 

were analyzed at depths of 10 meter intervals starting at 100 meters using video and sonar 

recordings with an end to jet-like behavior observed at between 50-60 meters depth (Rye and 

Brandvik 1997). Figure 6 overviews the measurements made during the field experiment. 

A second field experiment was conducted the following year with gas (air) being injected with 

the crude. This caused a significant increase in the plume’s rate of rise and introduced oil/gas 

dynamics, although the formation of hydrates was extremely unlikely. However, a lack of 

seawater and current measurements and unavailability of the ROV plume measurements for 

this experiment did not provide enough data to run a validation. 
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Methods 

Rye and Brandvik (1997) and Rye et al. (1996) provided data on the field experiment carried out 

in the North Sea in 1995 that were used in validating the model. Temperature ranged from 7.5°C 

at 100 meters depth to 14.7°C at the surface. Salinities ranged from 35.3 to 34.4 PSU. Currents 

stayed under 0.1 m s-1 but varied greatly in direction, often nearly reversing direction at each 

measurement point. Currents, temperatures, and salinities were linearly interpolated between 

measurements. Details of release conditions and ocean profiles are given in  

Table 2 and Table 3.  

This experiment was recreated on the Jet/Plume Model previously described using the provided 

data from Rye and Brandvik (1997) and Rye et al. (1996). Timesteps were set to 1 second, and all 

coefficients were set to their default values. A simplified crude oil was supplied, using the API 

gravity of 26.95 that matched the given crude density. As no weathering occurs in the plume 

model, the lack of the pseudo-components approach to crude model had no effect. 

 

Results 

Figure 7 displays a comparison between the modeled plume and field observations. The model 

simulated a terminal-level of 55.17 meters depth with a plume width of 27.7 meters, agreeing 

with the range of the observed terminal level and the rounded width of 30 meters at 60 meters 

depth. The simulated time to reach the terminal level was 5 minutes and 38 seconds, compared 

to the estimated 5 minutes observed in the field to reach the closest measured depth of 60m. A 
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maximum droplet size of 6.25mm was simulated compared to the estimated maximum 

observed droplet size of 5mm given in Rye et al. (1996).  

For some simulations, the plume model was allowed to continue to run after reaching the 

terminal level (without transferring to the Transport Model) as it proved a decent test of the jet-

coefficient to observe if it could effectively continue to model the plume as a droplet cloud. 

After 8 minutes, the plume was at about 46.5 meters depth with a width of over 33 meters. The 

observed conditions reached a depth of 40 meters and a width of roughly 35 meters after 8 

minutes. 

 

Discussion 

It is interesting to note that during the plume model validation, the plume suddenly widens 

when just above 80 meters depth. In subsequent tests removing the jet-coefficient, this event 

disappears. Such a behavior matches well with the sudden jump in plume width observed from 

80 to 70 meters depth, where the plume rapidly expands about 10 meters horizontally and was 

not duplicated in simulations with other plume models as seen in a similar validation by Yapa et 

al. (2001). 

Horizontal displacement deviated from the observed data, especially towards the end. This is 

most likely the result of uncertainties given in the measured currents. As no currents were 

measured below 80 meters depth, currents with assumed to be constants from 80 meters 

down, and currents between measurements (spaced 30 meters apart) were linearly 

interpolated, where often near reversals in direction suggests much more complicated current 
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patterns than could be ascertained from the data given. Furthermore, the displacement was 

observed only on a single axis (a northwest to southeast line), and observations from other 

angles may have provide stronger agreement with the actual experiment. It appears that 

currents may have been stronger towards the southeast than expected, which if true, would 

also have contributed to more entrainment and hence the generally smaller widths modeled 

compared to what was observed. 

Overall, the Jet/Plume Model gives strong results that at worst, seem to share the same 

discrepancies as other validations done on this dataset and at best, capture behaviors not 

simulated before. This simulation provides a strong case for the accuracy of the newly 

implemented jet-coefficient and validates the use of shearing rather than bending control-

volumes. Further tests with mixed-gas plumes and a deeper depths would be ideal, but at the 

moment are limited by a lack of spatially-explicit data on the 2nd North Sea field-experiment or 

the DeepSpill experiment. 
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Tables & Figures 

 

Table 2: Field release conditions (Rye and Brandvik 1997) 

Source depth 107 m 

Outlet diameter 0.1016 m 

Release rate 1 m3min-1 

Initial velocity (vertical) 2.1 m s-1 

Initial oil density 893 kg m-3 

 

Table 3: Measure ambient conditions for field experiment (Rye et al. 1996) 

Depth 
(m) 

Temp. 
(°C) 

Salinity 
(PSU) 

Density 
(kg/m3) 

Velocity 
(m/s) 

Azimuth 
(degrees) 

0 14.7 34.4 1025.6 0.01 152 
10 14.7 34.5 1025.7   
20 14.1 34.6 1025.9 0.07 87 
30 11.0 34.9 1026.7   
40 9.8 35.2 1027.1   
50 9.1 35.3 1027.3 0.01 171 
60 8.6 35.3 1027.4   
70 8.3 35.3 1027.5   
80 7.9 35.3 1027.6 0.03 30 
90 7.5 35.3 1027.6   

100 7.5 35.3 1027.6   
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Figure 6: North Sea Experiment measurements (adapted from Rye and Brandvik 1997) 
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Figure 7: Modeled jet/plume compared with field observations given in Rye and Brandvik (1997) 
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APPLICATION IN THE GULF OF MEXICO 

As the Gulf of Mexico is the major site for deepwater and ultra-deepwater oil exploration in the 

United States, it was chosen as a prime location for an example model application. The exact 

site chosen was located in the Mississippi Canyon region, on the edge of the continental shelf, 

where a significant number of the recent deepwater and ultra-deepwater discoveries have been 

made, including Macondo Prospect, Aconcagua, and Thunder Horse and totaling 572 ultra-

deepwater leases.2 The combination of high production in the area and proximity to the coast 

provide a prime location for the testing of a hypothetical blowout location. 

The latitude and longitude for the exact site chosen sits at approximately 28.68°N and 89.14°W, 

on Outer Continental Shelf (OCS) block 281. The site lies 74 km west of Macondo Prospect and is 

located only about 45 km from shores of the Mississippi Delta. The depth of the prospective well 

is located at about 1,200ft (366m) beneath sea level, classifying it as a deepwater well. 

 

Methods 

A crude was chosen based on similarity to the type expelled by Macondo, with an API (American 

Petroleum Institute) gravity estimated to be around 34-39 (Lehr et al. 2010) – which equates to 

a STP, or standard temperature (15°C) and pressure (1 atm), density of roughly 830-855 kg m-3. 

Alaskan North Slope (ANS) with an API gravity of 32 and a STP density of about 865 kg m-3 was 

                                                             

2
 Bureau of Ocean Energy Management (BOEM) (2013). “Leasing Information.” 

<http://data.boem.gov/homepg/data_center/leasing/leasing.asp> (14 August 2013). 
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used as it was within the same range though slightly heavier. An assay provided by British 

Petroleum gave measurements for eight usable distillate cuts covering roughly three-quarters of 

the crude by volume fraction. The residual pseudo-components for the last quarter were 

determined by interpolations and overall gave ten pseudo-components with densities at STP 

ranging from 690 to 976 kg m-3 and a recalculated STP density for the entire crude at 864 kg m-3. 

The blowout conditions were arbitrarily set, with a blowout diameter of 0.4 meters and a 

flowrate of 74.5 kg s-1, equivalent to just under 62,500 barrels per day. The release velocity was 

set at 2.4 m/s upwards and a temperature of 30°C. No gases or water was assumed to be in the 

current mix. The blowout was set to start on the 20th of April 2010 at 13:45 GMT with a 24-hour 

duration. Transport Model timesteps were set to 5 minutes and Jet/Plume Model timesteps at 

10 seconds. 

For the hydrodynamic data, outputs from the Intra-America Seas Nowcast Forecast System 

(IASNFS), an implementation of the Navy Coastal Ocean Model (NCOM), were utilized, giving a 

3.6 km resolution horizontally, twenty-eight depth layers at increasing intervals from 0 to 4,000 

meters depth, and a 6-hour temporal resolution. Unfortunately the outputs given did not 

include surface wind velocities or wind stress, so many of the wind dependent processes were 

either insignificant or in the case of evaporation, forced to a minimum but likely 

underestimated. Future runs will likely switch over to the outputs given by the AmSeas 

implementation of the NCOM, which includes wind stress, an increased spatial-resolution of 3 

km, and an increased temporal resolution of 3 hours. 
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To test the sensitivity introduced by different blowout conditions, two more runs were 

implemented with two modified parameters that would directly affect the droplet-size 

distribution, those being a smaller blowout diameter and a mixed-gas blowout respectively. The 

second run used a blowout diameter of 0.1 meters while the third run utilized a gas flowrate of 

50.0 kg s-1 distributed by mass between methane (30 kg s-1), ethane (10 kg s-1), propane (5 kg s-

1), and butane (5 kg s-1) in addition to the decreased blowout diameter. Other than the indicated 

differences, all other settings were kept the same as the original model run. 

 

Results 

The initial mass expelled by the blowout after the 24-hour period was 6,436,800 kg. Up to 50% 

of the spill quickly evaporates in the first five days, and by the end of the 40-day run, a majority 

of the active particles (not beached or sunk) have undergone over 90% evaporation. Table 4 

outlines the oil budget until the end of the first simulation. 

The terminal level for the jet was at around 165 meters depth. While the distribution of droplet-

sizes meant some plumes rose slower and were caught in subsurface currents for a longer 

period, all droplets eventually surfaced with an initial rise time of about 30 minutes. The 

maximum droplet-size was roughly 10 mm with the parameters for the conversion model 

splitting each control-volume into an average of three parcels with 3 mm as the lowest 

distributed droplet size, both of which are relatively large sizes in the spherical-cap regime, and 

contributed to high terminal buoyant velocities. As such, after the first two days, the spill is 

entirely relegated to the surface with no lingering subsurface plumes. 
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There was very little emulsification and no dispersion due to the lack of winds or waves data. 

Some emulsification did occur using the minimum wind values, but all dispersed droplets did not 

go under the minimum size for which they were not assumed to rejoin the slick immediately. 

Spatially, the oil undergoes remains in a relatively homogenous, if very twisted, shape for the 

first several days before being pulled apart by the complexities of the nearshore currents. Due 

to the proximity to the shore, many particles beach by the 2nd day after being pushed into the 

Mississippi Delta. However, the currents shift outwards soon afterwards, sending most of the 

spill offshore. Other parts of the spill continue northwards, endangering the areas of Gulfport 

and Mobile Bay along the Mississippi and Alabama coasts. Figure 8 and Figure 9 map the 

trajectory of the spill and locations of beaching.  

Shortly after day 15, the spill encounters and Loop Current and is quickly pulled towards the 

Southeast. By the end of the 30 days, the spill has entered the Gulf Stream with some beaching 

in the Florida Keys and by the end of the model run at 40 days, significantly particle beaching 

has occurred in Florida and many particles have moved out of the extent of the IASNFS dataset. 

However, many of the particles have undergone over 80% evaporation by this point. With other 

degradation processes such as biodegradation not factored in the current model, it is possible 

that not enough oils would actually remain to seriously threaten the environment here.  

The second model run, using the smaller blowout diameter, resulted in a maximum droplet-size 

of roughly 5.7 mm, which created parcels with a distributed droplet size as low as 1.7 mm, 

which while significantly smaller than the original simulation, are still relatively larger droplets. 

Thus, while the droplets took longer to surface, by the end of the second day, all parcels had 
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surfaced and there appeared to be no lingering subsurface plumes. Figure 10 showcases the 

distribution of the spill for the second model run for the first 20 days, which was near identical 

to the first model run. The time to reach the surface was roughly 35 minutes and the terminal 

level for the jet at about 175 meters depth. 

The third model run, with mixed gases as well as the narrower blowout diameter, resulted in a 

maximum droplet-size of just under 3 mm. The smallest distributed droplet-size was just under a 

millimeter at 0.91 mm. The terminal level for the jet was simulated at 168 meters depth and the 

blowout took about 40 minutes to surface. Due to crossflow conditions, most of the gases 

separated and left the plume after traveling 20 meters vertically. Despite the smaller droplet 

sizes, the spatial distribution ended up very similar (Figure 11) and as with the previous model 

runs, no long-term subsurface plumes were simulated. Minute differences were apparent due to 

the randomness of the turbulent diffusion processes, but did not play as major a role in the 

overall distribution of the spill. The most noticeable differences were in the locations and 

extents of beaching along in the regions of Gulfport and Mobile Bay, but much of these can 

likely be attributed to the stochastic nature of the turbulent diffusion process as these are only a 

handful of particles. 

In all cases, the total number of particles created by the model was at 25,707. 

 

Discussion 

The trajectory of the spill, the extent of the spill, and locations of beaching all hinge significantly 

on the variability of the currents in the region. As the bulk of the spill occurred before the Loop 
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Current had separated into Eddy Franklin in late May, a large portion of the spill is drawn into 

the Florida Straits. Had the blowout occurred somewhat later the probability of the spill 

entering the Gulf Stream becomes quite small as at worst it would likely own be drawn into the 

eddy that pinches off of the Loop Current and remains mostly stationary. Likewise, a continuous 

or extended blowout beyond what was simulated would likely have the majority of its spill get 

trapped within Eddy Franklin, away from major coasts. As such, the time of blowout, location, 

seasonality, and pattern of the currents play a large role in the variability of the potential spill 

extents.  

Unfortunately, wind advection could not be simulated due to the hydrodynamic outputs for the 

time period not supplying such data, further model runs on the newer AmSeas data (another 

implementation of the NCOM model for the Gulf of Mexico region that supplanted IASNFS in 

2011) with wind stress data will likely show other patterns and diffusive effects as surfaced oil 

may be scattered out of the currents. 

Evaporation works with great celerity, as expected in a relatively light crude given its high API 

gravity and low density, but even this may be underestimated due to lack of wind data. On the 

other hand, when many points are clustered together, the approach used by the model may 

overestimate evaporation due to ignoring overlap and over-calculating surface area. Both for 

greater accuracy here and improved performance, an algorithm to combine nearby particles 

into one will be sought for future implementations of BLOSOM. 

Due to the lack of wind data and the use of the minimum wind evaporation may have been at 

time both underestimated and overestimated. As winds factor directly into the evaporative rate, 
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the rate of evaporate due to winds was likely underestimate. However, as winds also play a role 

in emulsification, which inhibits evaporation, use of the minimum wind values underestimated 

emulsification which in turn may have overestimated evaporation. Thus, the need to switch to 

the more detailed AmSeas outputs with wind stress data is evident; however those datasets will 

only have data from late 2010 onwards. 

The lightness of the crude likely contributed to a lack of non-surfacing plumes as even its 

heaviest pseudo-component was significantly lighter than the ambient seawater. Besides a 

generally larger droplet size distribution due to the initial conditions given – particularly a large 

blowout diameter and lack of gases – this suggests that to simulate non-surfacing plumes and/or 

sinking oil, other processes may be playing a role. Sedimentation may be one likely culprit, 

which may be quite high in a region just off the Mississippi Delta. Emulsification processes may 

also be at work during the jet phase, something not currently captured in the model, meaning 

that oil parcels are weighted down by the heavier waters entrained from near the ocean 

bottom.  

Generally speaking however, droplet-sizes in all model runs were quite large resulting in too 

high of buoyant terminal velocity values for subsurface plume development. While the 

distribution may be accurate, due to the method of distributing droplet-sizes, only sizeable 

chunks by volume fraction of the droplet-size distribution could be divvied out to the parcels 

created from control volumes. As a result, the minimum droplet-size observed in the parcels did 

not drop far below the 1mm range. For comparison, simulations by North et al. (2011) with user 

defined droplet-sizes best reproduced the subsurface plumes observed by Camilli et al. (2010) 

following the Macondo blowout when modeling droplet-sizes in the ranges of 10-50 μm.  
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The volume fraction of droplets with that small of diameters may not be significant in each 

individual control-volume, but in a long-term spill the accumulation of such small droplet 

distributions over time seems important to capture. Modifying the conversion model to instead 

of breaking up the droplet-size distribution by equally spaced volumetric fractions but by pre-

defined size-breaks of which major differences in droplet behavior occur may then by more apt. 

The next stage then would be to properly identify these breaks in a way that balances the ability 

to capture the varied behaviors across the droplet-size distribution with the need to optimize 

the computing speed by not over-creating particles and slowing down the simulation. 

Furthermore, the lack of current data in the vertical direction meant that even very small 

droplets of very low buoyant terminal velocity would still eventually surface, if very slowly. 

Unfortunately, even the new AmSeas outputs do not provide vertical currents. This may require 

an algorithm for simulating vertical diffusion or estimates of vertical currents through analysis of 

divergence and convergence and/or mass flow rates at the same location for consecutive depth 

layers to estimate the flow in the vertical direction.  

The model did not appear to be highly sensitive to the blowout conditions, at least for the 

parameters tested. While different rise times may have cascading effects as droplets linger 

longer in subsurface currents and change in trajectory, this did not appear to be the case in the 

three tested simulations. Some of this may be attributed to the fact that while the blowout 

location was technically deepwater, the depth was not particularly deep at only about 1,000 ft. 

The resulting rise times between the three models only differed by about 5 minutes each and as 

a result the vertical dimension of simulations did not prove as significant a factor in the spill.  
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Further tests with even deeper blowout locations and varied blowout velocities could likely 

show higher sensitivities, but overall, the results display a remarkably tight envelope on the 

uncertainty with the blowout conditions tested. Lack of data or uncertainties on the exact 

blowout parameters appear not to be as consequential as the seasonality which is beneficial for 

both immediate response and potential risk modeling applications with large uncertainties.  
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Tables & Figures 

 

 
Figure 8: First model run day 1 to 20 (cross indicates blowout site)  
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Figure 9: First model run day 30 and 40 (note change in scale/extent) 
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Table 4: Oil budget (all numbers in kilograms or unitless fractions) 
 

Days 
Total Mass 

(active) 
Total Mass 
(beached) 

Total Mass 
(evaporated)* 

Fraction 
Evaporated 
(of total)* 

Fraction 
Evaporated 
(of active) 

Fraction 
Beached 

1 5,039,806.0 0.0 1,396,994.0 0.22 0.22 0.00 

2 3,955,150.3 79,787.9 2,401,861.7 0.37 0.37 0.01 

5 2,686,674.0 494,373.9 3,255,752.0 0.51 0.51 0.08 

10 1,919,483.2 766,592.3 3,750,724.5 0.58 0.61 0.12 

15 1,532,955.4 859,721.9 4,044,122.7 0.63 0.67 0.13 

20 1,302,120.8 876,713.2 4,257,966.0 0.66 0.72 0.14 

30 1,020,965.1 896,298.8 4,519,536.1 0.70 0.78 0.14 

40 772,101.7 957,625.5 4,707,072.8 0.73 0.82 0.15 

*This number does not account for beached crudes that continue to evaporate 
 



Application in the Gulf of Mexico  80 

 

 
Figure 10: Second model run (cross indicates blowout site) 
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Figure 11: Third model run (cross indicated blowout site) 
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CONCLUSION 

BLOSOM represents an approach to spatially-explicit and comprehensive model for deepwater 

and ultra-deepwater blowouts, both in response to the Macondo incident and in light of the 

need for risk-assessment and impacts-oriented models. To achieve this goal, BLOSOM was built 

from the ground up to incorporate the latest in techniques for simulating multi-phase plumes, 

gas/hydrates, transport, and weathering as well as to provide a framework for allowing the  

adaptability and flexibility required for risk assessment and the outputs required for 

impact/toxicity models down the line. This necessitated a series of relatively independent but 

well-coordinated model components, that besides the traditional transport and fate 

components, also handled flexible hydrodynamic inputs, in-depth management of crude 

mixtures, and new algorithms for handling the transitions between components with 

contrasting modeling approaches. 

The Jet/Plume Model handles the near to intermediate-phases of the blowout where a mixture 

of buoyant crude oils and gases rise as first a momentum-dominated jet into a more buoyancy-

dominated plume. Here high-pressure equations-of-state, modifications to the original 

Lagrangian control-volume approach, and handling of gas hydrates give BLOSOM added 

accuracy for deepwater and ultra-deepwater blowouts. The use of the jet-coefficient, a new and 

more dynamic approach to regulating entrainment, and a unique and purpose-designed 

conversion model allow for the most robust transition in the intermediate-phase and when 

transferring elements from the control-volume-based Jet/Plume Model to the parcel-based 

Transport Model. 
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Beneath these main components, the Crude Oil Model and Gas/Hydrates Model help to predict 

changes of the physical and chemical properties of the crude through weathering processes and 

at different temperatures and pressures using a series of correlations and equations-of-states, 

each chosen for the best accuracy to the application at hand. The Crude Oil Model in particular 

allows for the prediction and interpolation of the crude’s properties – both aggregated for the 

mixture and for each distillate cut – based on readily-obtainable crude assay data or even from 

best estimates of crude composition. This allows for more accurate handling of changes to the 

crude, particularly during degradation processes that affect different distillate fractions 

disproportionately, and a better picture in the outputs of the crude components remaining for 

potential impacts and toxicity modelers. 

Both fortunately and unfortunately, the availability of data to validate against for a blowout 

model proves sparse. Few events even exist, and of those that do, data is limited. The Ixtoc Spill 

lacks spatially-explicit data accurate enough for a validation of this type. The Deepwater 

Horizon/Macondo Spill has still conflicting reports on flowrates and composition, lack of data on 

sub-surface plumes, and as of this writing is still embroiled in complications with legal issues in 

simulating against due to the ongoing case against British Petroleum. Fortunately, some field-

experiments conducted specifically for research and data on blowout dynamics provided some 

validation data against with BLOSOM could be run. The North Sea experiment, tested against 

BLOSOM’s Jet/Plume Model, showcased the robustness of the model and in particular validated 

the implementation of the newly-developed jet-coefficient. 

A test application run in the Gulf of Mexico provided both the results for a potential blowout 

spill and some insights into the uncertainty and sensitivity of the model to blowout parameters. 
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The model, at least for the location simulated, did not appear highly sensitive to blowout 

diameter or gas content, though these may play progressively larger roles in deeper blowouts. 

Instead, seasonality of the currents played the biggest role in the distribution of the spill. Some 

stochasticity was noted in the exact locations of beached crude, but the overall picture of 

regions endangered remained consistent. These results allow a relatively higher degree of 

confidence when simulating blowouts with a larger degree of uncertainty or lack of data in the 

exact blowout conditions, which is likely to be the case in immediate response or risk 

assessment applications. Some future work will be necessary to refine the algorithms behind the 

formation of non-surfacing plumes. However it may be important to note that the results may 

be correct in not simulating them and the possibility that the major cause of non-surfacing 

plumes during the Macondo Blowout may have been the use of dispersants as opposed to 

natural, physical processes. 

In its current state, BLOSOM can handle multi-phase plumes, modeling of crude mixtures from 

distillate cut data; high-pressure equations-of-state for gases and crudes; hydrate formation and 

decomposition; some gas dissolution; transport and turbulent diffusion; and the major 

weathering processes of evaporation, emulsification, and dispersion. Future work will 

incorporate more complex hydrate models, especially for mixed-gas hydrates; increased support 

for gas dissolution; and more degradation processes such as dissolution, biodegradation, and 

photolysis. The Hydrodynamic Handler will continue to be improved to incorporate more file 

formats and different outputs from the plethora of ocean current models available, particularly 

for the nearshore where the complexity of the shorelines, estuaries, and barrier islands requires 

higher spatial resolution. 
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BLOSOM can provide comprehensive simulations of deepwater and ultra-deepwater blowout 

events with a relatively high-degree of accuracy both for response and risk-assessment. Its 

flexibility and adaptability to different inputs and conditions make it a helpful tool for risk 

assessment and impacts models by imparting an ability to simulate a wide variety of scenarios 

and providing detailed outputs for toxicity assessments. With the ever-accelerating pace to 

extract energy in prospect both deeper and further offshore, BLOSOM can prove a role in 

calculating and minimizing risks.  
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