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Abstract 

A multicomponent evaporation and dissolution model was applied to study the 
dynamics of the mass transfer of dispersed oil in shallow waters. This model, in 
Lagrangian form, was coupled with the Princeton Ocean Circulation model 
(POM) for simulating oil droplet dispersion in an oceanic environment. The oil 
dispersion was modeled for a standard sea-mount shallow water environment. 
The most abundant petroleum hydrocarbons in the hydrocarbon-enriched of oil 
plum larger than C1-C5 were benzene, toluene, ethylbenzene, and total xylenes. 
Therefore, the oil surrogate, which consists of these components, is studied.  The 
liquid–liquid equilibrium and vapor–liquid equilibrium equations are solved for 
evaluating the droplet life time. A rapid mixing model is used by reason of the 
shorter internal mass diffusion time scale in comparison to the droplet life time. 
Four different droplet sizes, 1.5, 1, 0.5, and 0.1mm, are considered in this study. 
The droplet with a diameter of 1mm has a shorter life time in this specific 
environment.  
Keywords: multicomponent oil droplet dispersion, evaporation, dissolution, 
ocean circulation model, Rapid mixing model. 

1 Introduction 

Multicomponent liquid droplet size history during evaporation and dissolution 
influences the dynamic behavior of the droplets, whereas the variation of the 
composition determines the distribution of the fuel compounds within the 
environment, and also the droplet life time. The fundamental understanding of 
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these processes is essential for modeling the evaporation and dissolution of fuel 
droplet. 
     Crude oil or fuels are typically composed of hundreds of complex compounds 
with different physical properties. Thus, the evaporation and dissolution of a 
multicomponent droplet is a complex process. There are several papers and 
reports dealing with droplet evaporation (e.g. [1–5]). Fuels are usually 
characterized by a single surrogate component for most of the evaporation 
models implemented in computational fluid dynamic codes since these models 
are computationally inexpensive. However, the single-component fuel models 
are not able to predict the complex behavior of complex fuels such as gasoline, 
diesel, and crude oil [2]. For predicting the real fuel distillation curve, usually 
more surrogate components are needed [3]. Multicomponent versus 
monocomponent models could increase the accuracy of predicting the 
evaporation/dissolution rate, fuel properties and also environmental emission by 
reason of different components. Typically, the oil spill was modeled by groups 
of major components (e.g. [7]), and each group of droplet consists of a 
monocomponent droplet. In this study each droplet is composed of multi 
components. One of the advantages of utilizing a multicomponent model instead 
of a monocomponent model is that the effect of components among each other in 
the mixture can be captured in the oil mixture. 
     Multicomponent fuel models are classified into two types: Discrete Multi-
Component model (DMC) [3] and Continuous Multi Component model (CMC) 
[4]. The DMC approach treats a fuel with a limited number of components to 
represent the actual fuel distillation curve and thermal properties. The CMC 
model represents the fuel composition as a continuous distribution function of 
molecular weight or other appropriate parameters. The most abundant petroleum 
hydrocarbons in an oil spill (e.g. the Macondo well oil plum) larger than C1-C5 
were benzene, toluene, ethylbenzene, and total xylenes at concentrations of up to 
78 µgl-1 [15, 16]. Therefore, the DMC model is utilized for predicting the life 
time of multicomponent droplet which consists of those major components.  
     Within the multicomponent droplet, previous studies can be classified into 
two general categories: the infinite conductivity model (Infinite Diffusion model 
or Rapid Mixing model) and the finite conductivity model [19]. The infinite 
conductivity model or Rapid Mixing model assumes a well-mixed droplet 
without a temperature gradient inside the droplet. Diffusion resistance within the 
droplet is zero for this approach. The model has reasonable results for slow 
evaporation processes, when droplet internal heat conduction and diffusion does 
not have a major effect on the internal temperature and concentration profiles 
[19]. This type of modeling is computationally efficient because there is no need 
to solve the mass and heat transfer for inside the droplet. In this study, the 
temperature of the oil droplet and surrounding environment (water or air) are 
assumed to be the same. Therefore, the heat transfer inside the droplet is not 
solved and also for mass transfer inside the droplet the Rapid Mixing model is  
utilized for the current oil spilling problem. The accuracy of this model is 
discussed in the Modeling formulation and Results sections. 
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     The ocean circulation model is solved by using the Princeton Ocean Model 
(POM) [8]. The major characteristics of the model are as follows: imbedded 
second moment turbulence closure sub-model, Arkawa C differencing scheme, 
the horizontal grid uses curvilinear orthogonal coordinates system; the horizontal 
time differencing is explicit whereas the vertical differencing is implicit.  
The droplet velocity and diameter are transferred between Lagrangian 
multicomponent mass transfer solver and POM for calculating the droplet 
Reynolds number, droplet position, and droplet life time. 

2 Modelling formulation  

The process of transport of molecular species of phase α into phase β can be 
modeled by taking into account three resistances in series. The first transport step 
is the diffusion/convection of components within phase α. The second transport 
step takes place across the interface. Finally, transport within the surrounding 
phase β takes place by convection and diffusion. To simplify the analysis without 
losing generality, we assume that phase α is well mixed with no concentration 
gradients. The schematic of the droplet is shown in fig. 1. 
 

 

Figure 1: Schematic of evaporating/dissolution droplet. 

     The mass transfer equation for spherical symmetric droplet [10] can be 
written as  

 
   , , , , , ,s s s

i i i

s s s

i i iV r Y D Y V r Y D Y                      , (1) 

where ܦ ,ߩ, ܻ, ܸ, and ݏ are density, diffusivity, component mass fraction, 
velocity, and property at the droplet surface respectively. Eqn. (1) can be 
simplified by using the Rapid Mixing model and no accumulation condition on 
the surface of the droplet: 

 
, , , , ,( )s s s s

i i i i i im mY mY J Y Y             . (2) 
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where: , 2/s
i i diJ Sh D r    ,and ሶ݉  is the rate of mass transfer. Assuming 

phase α is insoluble in phase β, and at the distance far from the droplet surface
, 0iY    , the total mass transfer rate could be derived as: 

 ሶ݉ ൌ
∑ ௃೔

ഁ,ೞ௒೔
ഁ,ೞಿ

೔సభ

ଵି∑ ௒೔
ഁ,ೞಿ

೔సభ
, (3) 

     The vapor pressures are computed using Antoine’s equation [18] and 
equilibrium molar fractions in the β-phase were computed using Raoult’s Law 
[18]:  

௜ݔ 
௚,௦ ൌ ௜ݔ

௟,௦ ௉೔,ೡೌ೛ሺ்ሻ

௉ೌ ೟೘
ൌ ௜ݔ௜ሺܶሻܭ

௟,௦, (4) 

where ,g s
ix  and ,l s

ix are the fuel component mole fraction in air (gas side) and 

droplet respectively. Mass transfer coefficients for hydrocarbons in air were 
computed using the expression for the Sherwood number developed by Torres  
et al. [9]. Diffusion coefficients and properties of air and hydrocarbons were 
estimated using [11  and 13]. For LLE (liquid–liquid equilibrium) calculation: 

 
 , ,,

i

s l s
i ix K T P x  ,  (5) 

where ,s
ix  and ,l s

ix are the fuel component mole fraction in water and droplet 

respectively. Equilibrium distribution coefficient (or equilibrium distribution 

constant),  , ,
i

K T P  for hydrocarbons are determined from [12], and dispersion 

coefficients from the definition of the Sherwood number from [20].  
     The droplet velocity in a horizontal direction is assumed to be the same as the 
fluid velocity. However, the effect of buoyancy is considered for calculating the 
droplet vertical velocity:  
 

 ௣ܸሺ݅, ݆, ݇ሻ ൌ ௙ܸ௟௨௜ௗሺ݅, ݆, ݇ሻ ൅ ݃ሺ1 െ  ሻ߬, (6)ߚ
 

where ݃ is gravitational acceleration and: 

ߚ  ൌ
ଷ

ଶሺ ఘ೏ ఘ೑೗ೠ೔೏ൗ  ሻାଵ
,   ߬ ൌ

ସ௥೏
మ

ଷఉణ
, (7) 

 

 is the viscosity of fluid. Therefore, when the droplet is in water the slip ߴ
velocity will be: 
 ௦ܸ௟௜௣ሺ݅, ݆, ݇ሻ ൌ ݃ሺ1 െ  ሻ߬    . (8)ߚ

 

When the droplet is at the surface of the water, the slip velocity is defined as the 
difference between air velocity (zero in this study) and the droplet velocity, thus: 
 

 ௦ܸ௟௜௣ሺ݅, ݆, ݇ሻ ൌ ௙ܸ௟௨௜ௗሺ݅, ݆, ݇ሻ, (9) 
 

     The slip velocity is used for calculating the Reynolds number. 
     Mass diffusion time scale is defined as the time required for a mass diffusion 
wave to penetrate from the droplet surface to its center. This time scale is in the 
order of: 

 ߬ெ ൌ ௥೏
మ

஽ഀ , (10) 

where ܦఈ is mass diffusivity in liquid phase. The droplet life time could be 
estimated by:  
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 ߬௅ ൌ ܱ ቂఘഀ௥೏

௠ሶ
ቃ, (11) 

 

dimension of ሶ݉  is ݇݃/݉ଶ, from eqns. (3), and (11): 
 

 ߬௅ ൌ ܱ ቆߩఈݎௗ ൈ
ଵି ∑ ௒೔

ഁ,ೞ೙
೔

∑ ௃೔
ഁ,ೞ௒೔

ഁ,ೞ೙
೔

ቇ  . (12) 
 

by assuming that the diffusivity of all of the components are the same. Moreover, 
having the same Sherwood number for all of the components, eqn. (12) could be 
more simplified by using eqn. (3): 
 

߬௅ ൌ ܱ ቆߩఈݎௗ ൈ
ଵି ∑ ௒೔

ഁ,ೞ೙
೔

∑ ௃೔
ഁ,ೞ௒೔

ഁ,ೞ೙
೔

ቇ ൌ ܱ ൭ቀఘഀ

ఘഁቁ ൈ ቀ
௥೏

మ

௦௛ഁ஽ഁቁ ൈ ቆ
ଵି ∑ ௒೔

ഁ,ೞ೙
೔

∑ ௒೔
ഁ,ೞ೙

೔

ቇ൱  . (13) 

 

thus the ratio of internal mass diffusion time scale to the droplet life time (RTS: 
Ratio of Time Scales) could be calculated by using eqns. (10), and (13): 
 

 ܴܶܵ ൌ
ఛಾ

ఛಽ
ൌ ܱ ൭ቀ

ఘഁ

ఘഀቁ ൈ ቀ
஽ഁ

஽ഀቁ ൈ ቆ
∑ ௒೔

ഁ,ೞ೙
೔

ଵି ∑ ௒೔
ഁ,ೞ೙

೔

ቇ ൈ  ఉ൱   . (14)݄ݏ
 

     The ratios in eqn. (14) could be estimated for our problem by: 
 

 ܴܶܵ ൌ ሺ
ఛಾ

ఛಽ
ሻ ؆ ൜

 ሻܧܮܮሺ  ݎ݁ݐܽݓ ݏ݅ ߚ ݂݅                       ,0.01
 ሻൠ     . (15)ܧܮሺܸ  ݎ݅ܽ ݏ݅ ߚ ݂݅                                ,0.1

 

     Therefore, we consider that the mass diffusion time from core of the droplet 
to the surface is short compared with lifetime. As a consequence, a nearly 
uniform species mass fraction is established quickly. Since the ratio of time 
scales (eqn. (15)) is a function of time, so the average of ratio of time scales over 
droplet life time could be defined by: 
 

 ܴܶܵ௔௩௘௥௔௚௘ ൌ
ଵ

௧
׬

ఛಾ

ఛಽ

௧
௢ ݐ݀ ൌ

ଵ

ே
∑ ቀఛಾ

ఛಽ
ቁ

௜

ே
௜ୀଵ , (16) 

where ݐ is droplet life time and ܰ is number of data over droplet life time. Eqns.  
(15), and (16) will be discussed in the results and discussions section.  

3 Boundary and initial conditions 

The model configuration is that of periodic f-plane channel; that is, two of the 
boundaries (at constant y) are solid, free slip walls, and the flow is assumed to be 
reentrant (periodic by time) in the channel stream-wise coordinate. The periodic 
boundary condition (forcing) is launched by periodically changing the boundary 
value for the bartropic stream function ሺ߰ሻ at one channel wall: 
 

 ߰ሺݔ ൌ 0, ሻݐ ൌ 9.0sin ሺ
ଶగ௧

்
ሻ, (17) 

 

where T is 1 day and the stream function is zero at the other wall. The initial 
velocity is 1m/s. A Gaussian seamount is placed at the center of the channel. The 
external dimensions of the channel are 345.511km long × 259.265km wide. The 
grid spacing varies smoothly from 4.0km over the seamount to 8.0km at the 
domain boundaries. The maximum depth in this problem is 50m. The model 
configuration is shown in fig. 2. The boundary condition and POM formulation  
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Figure 2: Model configuration. 

of this problem were described with more details in [14, 17].  The temperature of 
the air and water are assumed to be constant at 15°C. the temperature of the 
droplet is the same as the water when it is inside of the water, and equal to air 
temperature when it is on the surface of the water.  
     The mixture composition of the multicomponent droplets is listed in Table 1, 
and they are derived from the experimental data of Camilli et al. [16]. Initial 
mixture density is 875kg/m3. Property of m-xylene is utilized for the m,p-xylene 
family. For exploring the results, four droplet sizes ranging from 1.5 mm 
(Droplet #1), 1.0 mm (Droplet #2), 0.5 mm (Droplet #3), to 0.1 mm (Droplet #4) 
were investigated. The surrogated oil droplets were released at 50 m below the 
sea surface. Initially, the LLE calculation is activated, and when the droplet 
reaches the surface of the water vapor liquid equilibrium (VLE) calculation is 
activated.  

Table 1:  Mixture composition of droplet. 

Component Molecular 
Weight 

Boiling 
Temperature 

Mass Fraction 
[16] 

Formula 

benzene 78.114 353.24 0.1369 C6H6 
toluene 92.141 383.78 0.4109 C7H8 

ethylbenzene 106.167 409.35 0.0684 C8H10 
m,p-xylene 106.67 m:412.27

p:411.51
0.2739 C8H10 

o-xylene 106.67 417.58 0.1099 C8H10 

4 Results and discussions 

The complexity of the coupling of the Lagrangian mass transferring solver and 
POM is that how often the data should be transferred between two solvers? The 
droplet life time is much smaller than time step of updating the data in POM. 
Capturing the history of more volatile components needs much smaller 
integration time-step. Generally the time step in POM (external time step) is 
about 1 day, and time step in Lagrangian mass transferring solver (internal time 
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step) is less than one second ( Ӌ 10-3 …10-6 s). The other issue is that the velocity 
of the particle will affect the droplet life time due to changing Reynolds number. 
At the end of each external time step the velocity at droplet position will transfer 
to the Lagrangian solver. Subsequently by changing the external time step, the 
transferring velocity will be changed. Therefore, the computed droplet life time 
could be affected. The mass transfer due to the evaporation is larger than the 
dissolution. Therefore the time of reaching the surface should be computed 
precisely. For overcoming these issues, the time step of POM is changed to one 
second till the droplets exist in the domain.  
     The Lagrangian time steps for LLE calculation and VLE calculation are fixed 
to 10-4s and 10-6s respectively. Therefore, in each external time step, the 
Lagrangian solver will be run multiple times. At the surface of the water, the 
droplet mass transfer is governed by VLE calculation instead of LLE calculation. 
Therefore the rate of mass transfer increases as shown in droplet radius history in 
fig. 3. The time step of POM is changed to 5 second till the droplets exist in the 
domain.  
 
 

ܴܶܵ௔௩௘௥௔௚௘ܴܶܵ௔௩௘௥௔௚௘

 

Figure 3: Droplet #3 radius history. 

     The life time (evaporation and dissolution) of droplet with diameter of 1mm is 
shorter than the other droplet sizes as shown in fig. 4. However, the life time of 
droplet#1 and 2 are almost the same. Droplet #4, with smallest diameter, has the 
largest life time among the others, since it takes longer time to reach the water 
surface compared to the other droplets. The Rate of mass transfer for dissolution 
is much smaller than evaporation. Therefore, the rate of droplet radius variation 
is larger during evaporation than dissolution as shown in figs. 3, and 4.  
     The history of droplet composition for droplet #1 is shown in fig. 5. The life 
time of more volatile components (e.g. benzene, and toluene) are shorter than the 
other components as expected. The mass fractions of components around the 
droplet (in water or air) are shown in fig. 6. The mass fractions of more volatile 
components (e.g. benzene, and toluene) are significant at start of evaporation and 
then they decrease as evaporation proceeds. The component mass fraction in the 
water is in the range of 10-4 to 10-6. 
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Figure 4: Droplet #1, 2, 3, and 4 radius history. 
 

 

Figure 5: Composition mixture history for droplet #1. 

 

Figure 6: Composition mixture history around droplet #1 (in water and air). 
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     As shown in Table 2 and fig. 7, the diffusion time scale could be 14% of 
droplet life time scale in air and 7% when droplet is in water. Generally 
ܴܶܵ௔௩௘௥௔௚௘ decreases when droplet diameter reduces. Due to decreasing rate of 
Sherwood number (Eqn. (14)). However, the life time of droplet#3 on the surface 
of water is very short. As a result, ܴܶܵ௔௩௘௥௔௚௘ increases in this case respect to 
droplet#2 as shown in Table 2. Eqn. (10) overestimates the mass diffusion time 
scale inside of the droplet. In all cases internal circulation will decrease diffusion 
time scale [19] except for zero relative velocity between droplet and surrounding 
fluid (pure diffusion). Therefore, the ratio of time scales will be smaller than the 
numbers of Table 3. In conclusion, the simplification of Rapid Mixing model is 
valid for this problem.   

Table 2:  Average of ratio of two time scales (ܴܶܵ௔௩௘௥௔௚௘). 

 ܴܶܵ௔௩௘௥௔௚௘, 
LLE 

ܴܶܵ௔௩௘௥௔௚௘, 
VLE 

Diameter of the droplet when 
it reaches water surface. 

Droplet#1 0.068 0.098 1.490 mm 
Droplet#2 0.045 0.084 0.984 mm 
Droplet#3 0.018 0.14 0.433 mm 
Droplet#4 0.0017 It did not reach the water surface. 

 

 

 

Figure 7: Ratio of two time scales for different droplet diameter. 

     The history of droplet positions is shown in fig. 8. As expected, the droplet 
with a larger size reaches the sea surface faster than the others due to having 

0

0.2

0.4

0.6

0.8

0 100 200 300 400 500 600 700 800 900

R
at
io
 o
f 
 t
w
o
  t
im

e 
 s
ca
le
s

Time, second

LLE

0

0.002

0.004

0.006

0.008

0.01

0 200 400 600 800 1000 1200 1400

R
at
io
  o
f 
 t
w
o
  t
im

e
  

sc
al
e
s

Time, second
Droplet #1 (Diameter= 1.5mm) Droplet #2 (Diameter=1.0mm)
Droplet #3 (Diameter=0.5mm) Droplet #4 (Diameter=0.1mm)

Advanced Computational Methods and Experiments in Heat Transfer XII  239

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 75, © 201  WIT Press2



 
 

higher buoyancy. Eqn. (8) overpredicts the slip, and also rise-velocity of the big 
droplet. Chen and Yapa [21] predicted that the slip velocity (or rise velocity in 
their paper [21]) would not be bigger than 15 cm/s for big droplet. Predicted slip 
velocities in this study are 60, 27, 6.7, and 2.7 cm/s for 1.5, 1, 0.5, 0.1mm 
respectively. Therefore eqn. (8) is not valid for the big droplet.    

Table 3:  ܴܶܵ௔௩௘௥௔௚௘ܴܶܵ௔௩௘௥௔௚௘ܴܶܵ௔௩௘௥௔௚௘Timing of fig. 8. 
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Figure 8: Position of droplets at different time. (See Table 3 for timing of 
each figure.)  

5 Conclusions 

A sigma-coordinate primitive equation ocean circulation model is employed to 
explore the problem of oil dispersion. A Lagrangian multicomponent mass 
transfer model is coupled with Princeton Ocean circulation Model (POM) for 
modeling oil droplet dispersion in oceanic environment. Summaries of the 
modeling results are: 

- The evaporation and dissolution rate of more volatile component is 
greater than less volatile components. 

1 
2 3

4
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- The droplet with diameter of 1mm has a shorter life time compared to 
other droplet sizes. 

- Smaller droplets may not necessarily have shorter life time. As shown in 
this research, the smallest droplet with diameter of 0.1 mm has the longer 
life time. 

- The Rapid Mixing Model is more applicable for smaller droplet. 
- The mass diffusion time scale could be 14% of droplet life time when 

surrounding fluid is air. And this ratio is 7% when surrounding fluid is 
water. 

- The buoyancy effect changes the droplet vertical velocity significantly. 
Therefore, droplet reaches the water surface faster. 
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