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ABSTRACT

Abstract

The objective of the Master’s thesis has been modelling of subsurface blowouts of oil
and gas. The main objective was to the test a new algorithm for droplet size formation
implemented into SINTEF’s simulation tool “Marine Environmental Modelling Work-
bench”, MEMW. A few laboratory experiments were performed with three different oil
types, i.e. Alve, Norne and Svale. The crude oils were utilized in MEMW to investigate
different effects such as addition of gas or dispersant. The condensate, Alve, was the
default oil in the simulations due to its low viscosity.

The last couple of years the oil industry have shown an increased interest in oil and gas
resources in inaccessible areas. Hence, the requirements for models to simulate subsur-
face blowouts of oil and gas is increasing, especially in deep water where phenomena
such as hydrate formation and dissolution of gas play an important role.

The new algorithm with modified Weber number, We, predicts larger droplets than the
existing algorithm where the viscosity number, Vi, is not included. The simulations with
the new version of MEMW, v6.5β yield results in accordance with existing theory.

The laboratory results obtained with SINTEF’s MiniTower yielded oil droplet size dis-
tributions that were mostly in accordance with the oil droplet distributions from the
simulations. The up-scaled laboratory results predicted volume median diameters, d50,
of oil droplets that were too large to be stable. Hence, they will be exposed to secondary
droplet splitting.

Further research should emphasize on the effect of variable viscosity as a function of
shear rate can have on the prediction of oil droplet size distributions. A more compre-
hensive and miscellaneous set of simulations with MEMW v6.5β should be performed
to test the robustness of the model. In addition, a set of new experiments with the Mini-
Tower should be performed to confirm the oil droplet size distributions attained in this
Master’s thesis.
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SAMMENDRAG

Sammendrag

Masteroppgaven har fokusert på modellering av undervannsutblåsninger av olje og gass.
Hovedformålet har vært å kartlegge den nye algoritmen for dråpestørrelsedannelse imple-
mentert i SINTEFs simuleringsverktøy “Marine Environmental Modelling Workbench”,
MEMW. Laboratorieforsøk ble utført med tre forskjellige oljetyper, Alve, Svale og
Norne. De samme råoljene ble brukt i MEMW for å simulere forskjellige tilfeller. Kon-
densatet, Alve, var standardoljetypen i simuleringene på grunn av den lave viskositeten.

Grunnet oljeindustriens konstante søken etter å utnytte olje- og gassressurser i utilgjen-
gelige områder er det en økende interesse for simuleringsmodeller for undervannsut-
blåsninger av olje og gass. Særlig på dypt vann hvor fenomener som hydratdannelse og
oppløsning av gass spiller en viktig rolle.

Den nye algoritmen med modifisert Webertall, We, forutsier større dråper enn den eksi-
sterende algoritmen der viskositetstallet, Vi, ikke er inkludert. Simuleringene med den
nye versjonen av MEMW, v6.5β , har gitt resultater i overensstemmelse med eksisterende
teori.

Resultater fra laboratorieforsøkene, gjennomført med SINTEFs MiniTower, ga olje-
dråpestørrelsesfordelinger som samsvarte med fordelingene fra simuleringene. De opp-
skalerte laboratorieresultatene til fullskala resulterte i for store volum-mediandiametere
av oljedråpene til at de var stabile. Dermed vil oljedråpene utsettes for sekundær dråpe-
splitting.

Videre forskning bør legge vekt på hva den variable viskositeten, som er avhengig av
skjærraten, kan resultere i for den estimerte oljedråpestørrelsefordelingen. Et mer om-
fattende og variert sett med simuleringer med MEMW v6.5β bør utføres for å kartlegge
robustheten av modellen. Det bør i tillegg utføres flere eksperimenter med SINTEFs
MiniTower for å verifisere oljedråpestørrelsefordelingene funnet i denne masteropp-
gaven.
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1 INTRODUCTION

1 Introduction

Understanding subsurface releases of oil and gas is crucial to predict the outcome of an
eventual blowout. What will occur if large amounts of oil and gas are released at the
sea bed? How will the plume1 behave on its way to the surface? Will the plume remain
in the water column? How long does is take for the oil to reach the surface? If these
questions are answered, it will be easier to predict the outcome of different oil and gas
releases from various depths.

Many of the questions are already answered and implemented into models for predicting
subsurface releases of oil and gas. Theory for modelling of subsurface releases in shal-
low to moderate depth is well documented. There is insufficient theory and experimental
data for subsurface releases. Johansen (2003) describe the development of a deep water
blowout model as well as a verification of the model. The DeepSpill experiment, con-
ducted in the Norwegian Sea at the Helland Hansen site at a depth of 844 meters in June
2000, has resulted in one adequate data set and are utilized to verify models worldwide
(Johansen, Rye and Cooper, 2003). Experiments in more shallow water are found in
e.g. Topham (1975) and Fanneløp and Sjøen (1980) among others. They describe the
behaviour of the plume from a subsurface release and have yielded valuable background
data for the models developed during the last years.

Droplet formation from oil jets is not well documented, however there is an increasing
interest for the topic as the oil companies continue their search for fossil fuels in more
complicated waters. A description of oil droplet size distributions in oil spills are found
in Chen and Yapa (2007).

Plume theory for oil and gas blowouts require improvement in order to understand the
behavior of the gas bubbles and the oil droplets inside the plume. To be able to un-
derstand the phenomenas, it is especially important to have knowledge concerning the
chemical properties. There exist many oil types which can cause challenges due to their
composition, viscosity or interfacial tension in contact with seawater. The natural gases
have different chemical compositions, thus affecting the formation of hydrates.

1A plume is a elongated “cloud” of fluid, e.g. oil or gas, resembling a feather as it spreads from its point of
origin (Oxford Dictionaries, 2013).
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1 INTRODUCTION

Figure 1.1: Illustration of an oil plume from SINTEF MiniTower (Brandvik, SINTEF, 2013).

The objective of the Master’s thesis will be modelling of subsurface releases of oil and
gas at moderate depths. A short literature review of existing theory and laboratory data
from experiments with droplet formation from oil jets will be presented. Description
of existing models for subsurface blowouts of oil and gas will be covered as well. A
theoretical model for simulation of a deep water blowout will be presented as a special
case of interest. SINTEF’s simulation software Marine Environmental Modelling Work-
bench, MEMW, will be utilized for suitable field cases with emphasize on the formation
oil droplets. Both the existing version of MEMW, v6.2, and the new version of MEMW,
v6.5β , with a new implemented algorithm for the oil droplet size distribution, will be
utilized to perform the simulations. The simulations will be divided into a few different
topics too investigate the effect of the new algorithm compared to the simpler algorithm
in MEMW v6.2.

Laboratory experiments with SINTEF MiniTower will be conducted to verify the newly
implemented algorithms in the simulation model. The experiments are a part of the Mas-
ter’s thesis to increase the understanding of the theory of oil droplet formation and the
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oil droplet distributions. An up-scaling of the laboratory results to full scale, with the
same requirements as in the simulations, will be included as well. Interfacial tension
measurements for the crude oils in seawater will be performed and utilized in calcula-
tions.
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2 Theory

Several topics will be addressed in the theory section to present a broad foundation for
understanding subsurface blowouts of oil and gas. The topics are: general hydrodynam-
ics theory, subsurface blowout models of oil and gas, and theory and laboratory data
from experiments on droplet formation from oil jets. Theory concerning oil chemistry,
dispersants and the simulation software, MEMW, are in addition mentioned in the fol-
lowing section.

2.1 Jet and Plume Theory

The most important characteristics of an underwater blowout are the jet region, close to
the sea bed, the plume, above the jet region and below the sea surface, and the interaction
zone, just below the sea surface. The jet region is not important for deep water2 wells,
while the plume region is of larger importance. The plume extends from the sea bed
to the sea surface. A special category of the plumes are the underwater plumes and
are defined as oil submerged for a long time. Smaller droplets increases the probability
of formation of underwater plumes (Yapa, Wimalaratne, Dissanayake and DeGraff Jr.,
2012).

The surface interaction zone is small compared to the plume region and is of large im-
portance for weathering of oil on the surface (Fanneløp and Sjøen, 1980). Figure 2.1
illustrates a subsurface plume with the jet region, plume region and the interaction zone.

2In Yapa and Zheng (1997) the definition of deep water is 1000 meters below the sea surface and deeper.
It is the oil industry’s own definition. At this depth the oil and gas will experience other phenomena compared
to more shallow water regions. However, another earlier European definition was 200 meters, while a new
definition for an online database is now 300 meters (Infield Systems, 2013). Here, deep water will be 1000
meters and deeper.
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Figure 2.1: Sketch of a subsurface plume as presented in Fanneløp and Sjøen (1980).

Experiments are needed to understand the behaviour of oil and gas plumes. Fanneløp
and Sjøen (1980) performed experiments with oil and gas plumes at a maximum depth
of ten meters. Their experiments can be utilized to increase the understanding of plume
structure, such as profile data and entrainment rates. Fanneløp and Sjøen (1980) wanted
to obtain data on the plume-surface interaction as well. The focus was on thickness and
speed of the outward moving layer.

Today there are several models simulates the transport of oil and gas mixtures in deep
water. The Comprehensive Deepwater Oil and Gas, CDOG, model (Zheng, Yapa and
Chen, 2002; Chen and Yapa, 2002; Yapa, 2003) and the DeepBlow model (Johansen,
2000) are two examples, see section 2.2.6 for a short description. Chen and Yapa (2004b)
describes a method on how to visualize multi-phase plumes. Theory on hydrodynamics
is useful as it is important to have an understanding of the processed data, in order to be
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able to develop accurate and robust models.

Oil and gas released from the seabed will break up into droplets and bubbles, respec-
tively. The typical size range for droplets and bubbles are from 1 to 10mm. Formation
of small bubbles are mainly caused by high turbulence at the release point or by addition
of chemical dispersants (Yapa et al., 2012).

The oil droplet size do not significantly affect the transport of the mixture of plume fluid.
There is a substantial quantity of water entrained in the plume. Hence, the phases are
initially clustered together and then move as an integral mixture. The gas bubble size,
will in contrast to the oil droplet size, affect the initial phase of the plume. Dissolution
of gas and hydrate formation are phenomena affecting the bubble sizes. The phases will
move differently with their own buoyant velocity. The movement is dependent on shape,
size and density of droplets and bubbles. The terminal level for plume dynamics, TLPD,
is the level where the plume dynamics is not important any more. Above the TLPD the
oil droplet size distribution become important, as smaller droplets move slower towards
the surface compared to larger droplets. Cross currents move droplets laterally, thus the
droplets can spread in all directions. Turbulent dispersion and diffusion of droplets are
other natural processes occurring in the seawater (Yapa et al., 2012).

The TLPD is illustrated as the terminal layer right above where the plume ends in Fig-
ure 2.2. The figure depict a blowout from 1500 meters depth. The formation of gas
hydrates, will only take place below a certain depth and may not always occur in more
shallow water.

Figure 2.2: Sketch of a subsurface plume as presented by Lane and Labelle (2000).
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Simulations have shown that the TLPD can be calculated based on buoyant oil droplet
velocity, that corresponds to the median oil droplet size. A detailed examination of the
criteria utilized for the TLPD can be found in Dasanayaka and Yapa (2009).

The most important processes for a plume in deep water with regard to change in com-
position and mass are (Johansen, 2003):

• Hydrate formation

• Dissolution of gas

• Separation of gas bubbles and oil droplets from bent plumes

2.2 Subsurface Blowout Models

Three main parts are covered in the section below; existing theory on subsurface blowouts
of oil and gas, a model for blowouts occurring at shallow to moderate depth and a model
for blowouts occurring in deep water.

2.2.1 Existing Theory on Subsurface Blowouts of Oil & Gas

A blowout model developed by Spaulding, Bishnoi, Anderson and Isaji (n.d.) solves the
conservation of oil mass, water mass, buoyancy and momentum equations by using in-
tegral plume theory. A multi-phase flash calculation is utilized in the model to calculate
equilibrium hydrate formation and dissociation for methane gas, the details are found
in Bishnoi, Gupta, Englezos and Kalogerakis (1989). The blowout model predicts the
plume centerline velocity, trapping depth, half width and buoyancy. Released oil and
hydrates are transported as individual particles is assumed. A three dimensional, ran-
dom walk model is utilized to calculate the transport of particles as the plume becomes
trapped (Spaulding et al., n.d.).

An experiment describing the plume trap height for a plume in the water column with
air is presented in Seol, Bryant and Socolofsky (2009). These data can contribute to a
better understanding of oil plumes in seawater.

8



2 THEORY 2.2 Subsurface Blowout Models

A data set or a hydrodynamic model is utilized to predict the horizontal advective cur-
rents, while oil and hydrate rise velocities are determined with Stokes law. In the model,
the plume is predicted to be trapped and it usually occurs within 60 meters of the re-
lease depth. An important process, controlling plume dynamics in deep water, is hydrate
formation affected by the entrainment rate (Spaulding et al., n.d.).

An oil well blowout was performed by Topham (1975) at two different depths, 60 meters
and 23 meters. A few of the conclusions from the work are;

• The rising plume is initially conical in shape, however it becomes cylindrical
above a certain height as long as the release depth is large enough.

• Mean centerline velocities was not affected in considerable amounts by air flow
or depth, for a specific plume height.

• Difficult to extrapolate data considerably outside the range of experiments.

Bettelini and Fanneløp (1993) describes a model for an underwater plume from an in-
stantaneously started source at the seabed, together with a comparison of existing data.

Theory describing general multiphase plumes can be applicable to subsurface blowouts
of oil and gas and can be found in e.g. Socolofsky and Adams (2003), Socolofsky and
Adams (2005) and Socolofsky, Bhaumik and Seol (2008). These papers describes the
multiphase plumes with respect to liquid volume fluxes, the role of slip velocity and a
double-plume integral model for near-field mixing, respectively.

Data from one of the more recent oil spills, the Macondo3 blowout, can be found in
e.g. S.L Ross Enviromental Research Ltd. (1997) and Ryan, Zhang, Thomas, Rienecker
and Cummings (2010). A simulation of underwater plumes originating in the Gulf of
Mexico can be found in Adcroft, Hallberg, Dunne, Samuels, Galt, Barker and Payton
(2010). Analysis of the data from Macondo are utilized to obtain an increased in depth
knowledge for deep water blowouts.

Data from a field experiment performed in June 1996 at 106 meters depth yielded re-

3The Deepwater Horizon spill, also called the Macondo blowout, was an accident with a loss of well
control with subsequent explosions, fire in a well and the loss of 11 lives. The eventual sinking and total loss
of the DEEPWATER HORIZON rig, and the continuous release of hydrocarbons into the Gulf of Mexico. The
flow was stopped on July 15 2010 and the well was declared sealed on September 19 2010 (Republic of the
Marshall Islands Maritime Administrator, 2011).
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sults worth mentioning. First of all, the experiments showed that the field methodol-
ogy utilized for studying blowouts appears to be appropriate. Secondly, the surface oil
slick formed by a subsurface release is thinner and wider compared to a surface release.
Thirdly, only a small amount of oil released was observed at the surface and the quan-
tity is dependent on depth, gas-to-oil ratio, GOR, release velocity and oil type. The
experiments also indicated differences from existing models, thus the data can be uti-
lized for improvements (Rye, Brandvik and Strøm, 1997).

A verification of two field experiments, one in 1995 and the other in 1996, with existing
computer models are presented in Rye and Brandvik (1997). The modelling results are
in agreement with field experiments, however the size of the oil slick at the sea surface
is occasionally overestimated by the computer model.

In Yapa and Xie (2002) the variation of jet/plume4 diameter as a function of depth for
a selection of field experiments was compared with model simulations. A correspon-
dence between experimental data and model simulations was observed. Still, there is
less difference between the results if the jets have high gas-to-liquid ratios (Yapa and
Xie, 2002).

In Lee and Cheung (1990) a general Lagrangian jet model, applicable for jets of oil and
gas from subsurface blowouts, is presented. In Fry and Adams (1983) a general jet was
studied, both experimentally and theoretically. General theory for jets can be utilized to
improve the understanding of oil jets, even though it is not directly attached to jet theory
for subsurface blowouts of oil and gas. Lin and Lian (1998) describes the breakup of
liquid jets and a better knowledge in the area will improve the understanding of an oil
jet created at the sea bed.

It is important to know the buoyant velocity of droplets and bubbles with different
shapes. The knowledge is important for simulating blowouts, e.g. if the assumption
of spherical shape of oil droplets is not valid. A calculation method proposed by Zheng
and Yapa (2000) calculate the buoyant velocity for oil droplets, gas bubbles and hydrate
particles.

4Jet/plume refer to a jet or a plume as it is not necessary to identify where the transformation from jet to
plume occurs. The plume will eventually reach a neutral buoyancy level ,NBL, where the dynamics of the
jet/plume ends (Chen and Yapa, 2004a).
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2.2.2 A Model for Subsurface Blowouts at Shallow to Moderate Depth

A model describing subsurface blowouts of oil and gas at shallow to moderate depth is
presented in detail in (Yapa and Li, 1997). The three-dimensional numerical model can
simulate behaviour of oil in unstratified or stratified ocean environments. The model
utilize a Lagrangian integral technique and considers multi-directional ambient currents.
The buoyant jet can simulate fluids such as liquid, gas or a liquid/gas mixture. Forced
and shear entrainment are included in the model. It includes dissolution and diffusion of
oil from the buoyant jet to ambient surroundings.

A verification of the model is found in (Yapa and Li, 1998), where the model described
in Yapa and Li (1997), is tested with several simulations. Several variable conditions
are tested to validate the robustness of the model. First, the results was validated with
the asymptotic values to see if they matched in the limits. Second, the simulation results
were validated with multiple experimental data for both small and large scale. The
data utilized for comparison with the numerical model include both with and without
ambient current, and two- and three-dimensional jet trajectories. The comparison yields
a coherence between simulations and experimental data.

The model presented above is the basis for an extended model derived in (Yapa, Zheng
and Nakata, 1999). Oil transport further away from the plume, intermediate and far-
field, is added to improve the original model. Scenario simulations was also performed
to demonstrate the model capability.

The model by Yapa and Li (1997) is described with equations in the remaining part of
the section. Significant modifications are performed to adapt the model for blowouts.
Assumptions to the processes are:

• Cross-section of the oil buoyant jet is round and perpendicular to the trajectory.

• The model is quasi-steady.

• The control volume has the shape of a bent cone.

• Variables included in the model represent the average values for the cross-section,
top-hat profile.

• Effect of oil viscosity is neglected when considering the turbulent behaviour of
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the submerged oil buoyant jet.

• Forced entrainment of ambient fluid into the buoyant jet occurs from the frontal
side of the buoyant jet.

• If gas is present in the buoyant jet fluid, then it is assumed that the mass flow rate
of the bubble is constant at each cross-section.

The governing equations for buoyant jets with no gaseous mixtures are presented below.
The control volume is a Lagrangian5 element moving along the centerline of the buoy-
ant jet. The Lagrangian element moves with its local centerline velocity. The element
thickness is calculated by Equation (2.1) and the mass of the element by Equation (2.2).

h = |~V |∆t (2.1)

m = ρπb2h (2.2)

where |~V | is local velocity, ∆t is the time step, ρ is density of buoyant jet and b is radius.

The conservation of mass for a jet/plume fluid is presented in Equation (2.3), where the
second term on the right-hand side represents the dissolution of oil into water.

dm
dt

= ρaQe−
n

∑
i

dmi

dt
− dmd

dt
(2.3)

where ρa is density of ambient fluid and Qe is entrained volume flux due to shear-induced
entrainment, Qs, and forced entrainment, Q f .

The dissolution term can be written as presented in Equation (2.4).

dmi

dt
= KrαiAXiSi , (i = 1,2, . . . ,n) (2.4)

where mi is mass loss due to dissolution of oil component i from the buoyant jet into
ambient fluid, Kr is mass transfer coefficient of dissolution, αi is an empirical constant
equal to 0.7 and A is area of exposed buoyant jet surface equal to 2πbh. Xi is molar
fraction of component i, Si is fresh water solubility of component i and n is number of

5A finite Lagrangian control volume is moving with the fluid, thus the same fluid particles are always
in the same control volume. A finite Eulerian control is fixed in space and the fluid is moving through it
(Jakobsen, 2008).
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oil components utilized in the simulation.

The third term on the right-hand side of Equation (2.3) is the mass loss rate due to tur-
bulent diffusion and can be related to the concentration gradient. The term is presented
in Equation (2.5).

dmd

dt
= ρaKCA

∣∣∣∣∂C
∂ r

∣∣∣∣≈ ρaKcπbh
C−Ca

b
(2.5)

where KC is oil concentration diffusivity, C and Ca are mass fraction oil concentrations
in buoyant jet and ambient flow, respectively.

Equation (2.6) presents the conservation of momentum. The first term on the right-
hand side of the equation represents the momentum from the entrained mass, while the
two last terms represents the net force acting on the control volume. The drag force is
neglected in the simulations, i.e. CD = 0.

d
(

m~V
)

dt
=~Va

dm
dt

+m
∆ρ

ρ
g~k−ρ2bhCD

(∣∣∣~V ∣∣∣−V ′a
)2 ~V∣∣∣~V ∣∣∣ (2.6)

where ~Va is average velocity vector of the ambient flow over the exposed buoyant jet
surface, ∆ρ = (ρa−ρ) is density deficiency, CD is the drag coefficient, V ′a is projection
of ~Va in ~V ’s direction and~k is an unit vector in vertical direction.

Equation (2.7) is an equation for for calculating conservation of heat, oil mass and salin-
ity.

d (mI)
dt

= Ia
dm
dt
−ρaK2πbh

I− Ia

b
(2.7)

where I is a symbol for the scalar parameters of the buoyant jet and Ia is a scalar pa-
rameter for ambient fluid. For the conservation of heat; I = CpT where Cp is specific
heat capacity and assumed constant, and T is temperature. For the conservation of oil;
I = C and for the conservation of salinity; I = S. K represents diffusivities, e.g., heat
diffusivity KT , oil concentration diffusivity KC and salinity diffusivity KS.

When Equation (2.7) is utilized for calculating the oil concentration, an additional term
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accounting for the oil dissolution rate is added on the right-hand side of the equation.
The additional term is presented in Equation (2.8).

n

∑
i

dmi

dt
(2.8)

To fulfill the governing equations to simulate a buoyant jet, a state equation is required.
It describes the change in density due to temperature, salinity and concentration. The
general and functional form of the state equation is:

ρ = ρ (T,S,C) (2.9)

Equation (2.9) will have different forms depending on the type of fluid in the buoyant
jet.

If gas is present in the jet, the governing equations requires modification. In the model
it is assumed that the bubble occupy the inner core even when the jet is bent, as there is
no information available for the phenomena. The ratio between the bubble core width
and the jet diameter is defined as β . β is set to 0.7 in the model. The slip velocity, wb,
is the vertical difference between the bubbles and the liquid part of the buoyant jet. It is
set to 0.3m/s in the model. Within the bubble core, there is a bubble fraction, ε , defined
as presented in Equation (2.10).

ε =
ρl−ρ

ρl−ρb
(2.10)

where ρb is density of a bubble determined by ideal gas law, ρl is density of the liquid
determined by Equation (2.9), and ρ is density of the mixture of liquid and bubble.

Presence of gas bubbles can be included in the existing framework by assuming that
Equation (2.3) is the same for the liquid part. For the gas part, it is assumed that the
mass flow rate is constant at each cross-section, see Equation (2.11).

dmb

dt
= 0 (2.11)

where mb is the bubble mass of the control volume, calculated as ρbπb2β 2hε .
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The momentum equation for the vertical direction is modified to incorporate the slip ve-
locity, as presented in Equation (2.12). The first term on the right-hand side of equation
is the momentum from entrained liquid mass. From the ambient fluid no gas is entrained.
The second term considers vertical force acting in the liquid part. The third and last term
include the vertical forces acting on gas.

d
dt

[mlw+mb (w+wb)] = wa
dml

dt
+(ρa−ρl)gπb2 (1−β

2
ε
)

h (2.12)

+(ρa−ρb)gπb2
β

2hε

where ml = ρlπb2
(
1−β 2ε

)
h is liquid mass of the control volume. wb is slip velocity,

w is vertical velocity of liquid part of the jet/plume and wa is average velocity of ambient
fluid over the exposed jet/plume surface.

The entrainment process can be divided into two separate processes, shear-induced en-
trainment and forced entrainment. The shear-induced entrainment, calculated by Equa-
tion (2.13), is due to shear between the buoyant jet and the ambient.

Qs = 2πbhα

∣∣∣∣∣∣~V ∣∣∣−V ′a
∣∣∣ (2.13)

where α is an entrainment coefficient.

The entrainment coefficient can be calculated by the local Froude number, Fr, and the
local jet spreading rate. Equation (2.14) is one method to calculate the entrainment
coefficient. More details are found in Yapa and Li (1997).

α =
√

2
0.057+ 0.554sinφ

Fr2

1+5 V ′a
||~V |−V ′a|

(2.14)

where Fr is calculated by Equation (2.15).

Fr = E

∣∣∣∣∣∣~V ∣∣∣−V ′a
∣∣∣(

g ∆ρ

ρa
b
)1/2 (2.15)

where φ is the angle between the jet trajectory and the horizontal plane, g is standard
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gravity and E is a proportionality constant, equal to 2.0 in the simulations performed by
Yapa and Li (1997).

The forced entrainment is due to advection of ambient current into the buoyant jet. For
a three-dimensional trajectory in a three-dimensional ambient flow field the forced en-
trainment is calculated by Equations (2.16) through (2.18).

Q f x = ρa |ua|
[
πb∆b |cosφ cosθ |+2b∆s

√
1− cos2 θ cos2 φ

+
πb2

2
|∆(cosφ cosθ)|

]
∆t (2.16)

Q f y = ρa |va|
[
πb∆b |cosφ sinθ |+2b∆s

√
1− sin2

θ cos2 φ

+
πb2

2
|∆(cosφ sinθ)|

]
∆t (2.17)

Q f z = ρa |wa|
[

πb∆b |sinφ |+2b∆s |cosφ |+ πb2

2
|∆(sinφ)|

]
∆t (2.18)

where Q f x, Q f y and Q f z are forced entrainment components in x, y and z direction,
respectively. ua,va and wa are components of~Va in x, y and z direction, respectively. The
displacement length, ∆s =

√
∆x2 +∆y2 +∆z2, where ∆x, ∆y and ∆z are displacements

of a control volume during one time step in x, y and z direction, respectively. θ is the
angle between the x-axis and projection of the jet trajectory on the horizontal plane.

The numerical method utilized to solve the governing equations in the Lagrangian frame
is a finite-difference discretization. The numerical solution is explicit. Additional as-
sumptions made to solve the model are found in Yapa and Li (1997).

2.2.3 Subsurface Blowouts at Deep Water

The industry is moving further down into deeper waters where the environmental con-
ditions are unknown. It resulted in the formation of the Deep Spills Task Force in 1998
(Lane and Labelle, 2000). Their task was to improve the understanding of subsurface
releases of oil and gas in deep waters.
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Models for subsurface blowouts at deep water are different from models at shallow to
moderate depths. The main reason for it are the phenomenas occurring at greater depths.
Important deep water processes are (Johansen and Durgut, 2006; Yapa, 2003):

• Shallow to moderate depths, the gas can be considered as an ideal gas. At greater
depths the gas must be assumed to be non-ideal using a compressibility factor with
the pressure-volume relationship.

• Fraction of gas dissolved in the oil will increase with pressure.

• Shallow to moderate depths, dissolution of gas from rising bubbles into seawater
is negligible. In deep waters, dissolution of gas in seawater can cause a noticeable
reduction in buoyancy flux.

• If gas hydrates are formed at larger depths, contribution of gas to buoyancy flux
will vanish. Trapping of plume caused by density gradients in the ambient sea-
water may occur.

• At deep water blowouts, the spreading of the oil is due to droplet size distribution
of oil, the variability and strength of the ambient current. While at moderate
depths, the spreading of oil will mostly be caused by the radial outflow of seawater
entrained by the rising gas bubble plume.

A model of gas separation from a bent deep water oil and gas jet/plume is described in
Chen and Yapa (2004a). It is especially of interest for deep water models when strong
ambient currents are present. The oil and gas jet/plume will be bent and gas may separate
from the plume and rise towards the surface with its own velocity. The separation of gas
from the bent plume can lower the NBL of the plume. Thus, a change in the oil droplet
trajectory and the surface oil slick can be induced. Hence, the location of transition of
the jet/plume mixing to the far-field turbulent mixing has been changed drastically (Chen
and Yapa, 2004a).

A model proposed by Zheng et al. (2002) will be presented in the remaining part of the
section.

Important aspects to consider for a deep water oil and gas blowout model according to
Zheng et al. (2002) are:
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• Kinetics of hydrate formation and decomposition

• Dissolution of gases in deep water plumes

• Buoyant velocity of oil, gas and hydrate particles/bubbles

• Integrate thermodynamics and gas hydrate kinetics with the jet/plume model

• Gas separation from a bent plume

Figure 2.3 shows how Zheng et al. (2002) illustrate a subsurface blowout of oil and gas
from an oil well.

entrainment

bottom sediment

current

near-field far-field

neutral
buoyancy
level

sea  surface

jet

plume

hydrate formation

hydrate decomposition

gas dissolution into water

oil droplets

Figure 2.3: Illustration of a subsurface plume as presented by Zheng et al. (2002).

2.2.4 Gas Hydrates

The gas hydrates consists of water and gas, the combination result in a slush-like com-
pound that are similar to frazil ice 6. The chemical reaction for hydrate formation with
methane, CH4, is shown in Equation (2.19) (Zheng et al., 2002).

(CH4)g +nh (H2O)l ←→ (CH4 ·nhH2O)hydrate (2.19)

6Frazil ice is the first stage in the formation of sea ice and is a collection of randomly, loose oriented
needle-shaped ice crystals in water. It sporadically forms in turbulent, open, supercooled water (Daly, 1991).
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Hydrates have the possibility to be formed when gas is released under high pressures and
low temperatures, it is the case for deep water blowouts. The hydrates rises towards the
surface due to their buoyant nature and they change the overall buoyancy of the plume.
Gas hydrates can transform back to gas as the pressure decreases and the temperature
increases towards the surface (Yapa et al., 2012).

A more detailed model estimating hydrate formation and decomposition of gases re-
leased in a deep water ocean plume is presented in Chen and Yapa (2001) and Yapa,
Zheng and Chen (2001). The model presented in Chen and Yapa (2001) is based on
earlier work from the 1980’s. Another scientific paper published in 1980 investigate
hydrate formation behaviour of natural gas bubbles in the laboratory (Maini and Bish-
noi, 1981). The experiments was performed in a simulated deep sea environment, the
results were utilized to increase the understanding of blowouts in deep waters. More
knowledge about hydrate formation and a review of older literature can be found in e.g.
Englezos (1993) and McCain Jr. (1990).

Topham (1984) describes a model for hydrocarbon plumes to include gas hydrate for-
mation where the results indicate that below 800 meters from the sea surface, all gas will
be converted to hydrate before reaching the surface.

2.2.5 Special Case - A Model for Subsurface Blowouts at Deep Water

Zheng et al. (2002) describe a complete model for subsurface blowouts at deep waters.
The model considers hydrate formation, gas dissolution and gas separation from a bent
plume. The most important equations are presented together with explanations of the
terms. The model is presented as a special case since it should obtain increased attention
during the next couple of years.

2.2.5.1 Kinetics model for hydrate formation

To be able to model hydrate formation in the gas phase of the jet/plume, hydrate kinetics
must be combined with mass and heat transfer. Figure 2.4 shows a sketch of a gas bubble
coated with hydrate. The same methodology, as for the single gas bubble, is applied to
multiple gas bubbles, which is the case for a blowout.
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Gas 

Hydrate 

Water 

r 

rb 

rh 

Figure 2.4: Sketch of a gas bubble with a hydrate shell, similar to a figure by Zheng et al. (2002).

Assumptions for the hydrate kinetics are e.g. mass and heat transfer at any cross-section
is the same at a specific time. More assumptions can be found in Zheng et al. (2002).
The rate of hydrate growth is described by Equation (2.20).

dn
dt

= K f A
(

fdis− feq
)

(2.20)

where K f is a hydrate formation rate constant, A = 4πr2
hψ is hydrate formation surface

area, ψ is overall shape factor to take into account non-spherical shape and f is fuga-
city, subscripts “dis” and “eq” is short for dissolved gas and at three-phase equilibrium
condition, respectively.

The mass transfer rate or the quasi-steady diffusion equation with boundary conditions
for the hydrate zone is presented in Equation (2.21).

d
dr

(
r2 dC

dr

)
= 0 , rb ≤ r ≤ rh (2.21)

C(rb) =C0

C(rh) =Ci

−Dg4πr2
hψs

dC
dr

∣∣∣∣
r=rh

=
dn
dt

where C is the gas concentration, Ci is concentration at the hydrate-water interface, C0 is
concentration at the hydrate-gas interface, Dg is effective diffusion coefficient and rb,rh

is radii of gas bubble and hydrate shell, respectively.
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The heat transfer rate or quasi-steady diffusion equation with boundary conditions for
the water zone is presented in Equation (2.22).

d
dr

(
r2 dT

dr

)
= 0 , r ≥ rh (2.22)

T (rh) = Ti

T (∞) = T∞

−Kw4πr2
hψs

dT
dr

∣∣∣∣
r=rh

= λ
dn
dt

where T is temperature at the hydrate-water interface, T∞ is water temperature before
hydrate formation, λ is latent heat of hydrate formation and Kw is thermal conductivity
of water.

The size of gas bubbles can be calculated by using the non-ideal gas law as expressed in
Equation (2.23).

p∞

4
3

πr3
b = nZRT∞ (2.23)

where p∞ is hydrostatic pressure of surrounding water, n is number of moles, Z is the
compressibility factor and R is the universal gas constant.

The kinetics of hydrate decomposition can be described in a similar way to Equation
(2.20). The difference is that the fugacity terms will be reversed, where fdis will be
replaced with f v

g , the fugacity of gas at the particle surface temperature and pressure of
surrounding water. The kinetic rate constant will be an exponential function of hydrate
particle surface temperature. The effect of heat transfer for decomposition of hydrates
are neglected, the details are found in Yapa et al. (2001).

2.2.5.2 Gas dissolution in deep water plumes

The dissolution rate of gas, Equation (2.24), is proportional to the surface area of the
bubble, concentration difference between surface of bubble and surrounding water, and
magnitude of mass transfer coefficient. It is necessary to calculate since dissolution of
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gas will occur inside the jet/plume in deep waters.

dm
dt

= kMA(CS−C0) (2.24)

where m is mass of a gas bubble, k is a mass transfer coefficient, M is molecular weight
of gas, A is surface area of a gas bubble, C0 is concentration of dissolved gas and CS is
saturated value of C0.

The mass transfer coefficient, k, is expressed with the dimensionless Sherwood number,
Sh, see Equation (2.25) (Johansen, 2003).

Sh =
kd
D

(2.25)

where d is diameter of the droplet or bubble and D is diffusivity of the dispersed phase
in liquid.

The Sherwood number can be described as a function of the Reynolds number, Re, see
Equation (2.26), and the Schmidt number, Sc, see Equation (2.27). An empirical relation
for the Sh number, valid for a rigid sphere in a liquid, is presented in Equation (2.28).

Re =
wd
ν

(2.26)

Sc =
ν

D
(2.27)

Sh = 2+0.95Re1/2Sc1/3 (2.28)

where w is rise velocity of bubbles or droplets and ν is kinematic viscosity of the con-
tinuous phase, water.

2.2.5.2.1 Non-ideal behaviour of gas in deep water

Non-ideal behavior of gas in deep water is another phenomena to consider for a subsur-
face blowout of oil and gas. The reason is the high ambient pressure. The compressibil-
ity factor, Z, describes the deviation of a real gas compared to an ideal gas, as shown in
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Equation (2.29).

Z =
Vactual

Videal
(2.29)

Equation (2.30) is an equation of state for a real gas based on the ideal gas law (McCain
Jr., 1990).

Z =
pV

nRT
(2.30)

2.2.5.2.2 The effect of pressure on solubility of gas

Henry’s law, Equation (2.31), is utilized to calculate the solubility of gas in water for
low pressures.

p = Hxl (2.31)

where H is Henry’s law constant, dependent on water temperature, and xl is mole frac-
tion of dissolved gas in a solution.

With the higher pressure in deep waters it is possible to utilize a modified version of
Henry’s law, as presented in Equation (2.32). The two equations above should be utilized
to include the effect of pressure on solubility.

f g = Hxl exp
(

pvl

RT

)
(2.32)

where f g is fugacity of gas in gas phase and vl is partial molar volume of gas in solution.

2.2.5.2.3 The effect of salinity on solubility of gas

To simplify Equation (2.32), it is rewritten to Equation (2.33) which also includes the
effect of salinity on solubility of gas.

CS = H∗ f g exp
(
(1− p)vl

RT

)
(2.33)
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where H∗ is a different type of Henry’s law constant.

The buoyant velocity of hydrate particles, oil droplets and gas bubbles must be cal-
culated. It is accounted for by determining the terminal velocity of bubbles, which is
assumed to be the same as the slip velocity in a plume. More details of the calculations
are found in Zheng and Yapa (2000).

2.2.5.3 Blowout model with gas hydrate kinetics and integrated thermodynamics

The equations for hydrate formation and decomposition are integrated with the jet/plume
hydrodynamic model. The governing equations of the main jet/plume is described in the
following, starting with the number of gas bubbles, N in a CV in Equation (2.34). The
equation neglects strong cross flows (Zheng et al., 2002).

N =
JNh

w+wb
(2.34)

where JN is number flux of bubbles, h is height of the CV, w is vertical velocity of plume
liquid and wb is gas slip velocity.

If there is strong cross flow conditions affecting the jet/plume it will be bent. Gas may
separate from the main jet/plume and the number of bubbles in a CV is calculated as in
Equation (2.35).

N =
f Jh

v j +wb sinφ
= f Jτ (2.35)

where τ is travel time for one bubble through the CV, v j is jet/plume velocity, φ is
angle of jet/plume axis from the horizontal plane and f is a fraction representing the gas
portion left in the CV.

Conservation of liquid mass, Equation (2.36), is applied to the CV. The last term, on
the right hand side of the equation, is the rate of loss or gain of water mass induced by
hydrate formation and decomposition.

dml

dt
= ρaQe− f · J · τ ·nh

dn
dt

Mw (2.36)

where ml = ρlπb2(1−βε)h is the liquid mass in the CV, β is a ratio between the cross-
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sectional area occupied by gas and cross-section area of the CV, ε = (ρl−ρ)/(ρl−ρcom)

is volume fraction of gas bubbles with hydrate shell where ρcom =
(
ρbr3

b +ρh(r3
h− r3

b)
)
/r3

h .
ρl , ρ , ρcom, ρb, ρh and ρa are the densities of the liquid part of CV, gas-liquid mixture in
plume, combined gas and hydrate shells, gas, hydrate, and ambient fluid, respectively.
rb,rh is inner and outer radii of a gas bubble with a hydrate shell, Qe is entrainment rate
for ambient water, nh is the hydrate number, Mw is molecular weight of water and dn

dt is
hydrate formation rate for one bubble.

The gas loss due to free gas dissolution and hydrate formation is presented in Equation
(2.37).

∆mb =− f · J · τ
(

dn
dt

+
dns

dt

)
Mg∆t (2.37)

where dns
dt is rate of gas dissolution for one gas bubble, Mg is molecular weight of gas

and ∆t is the time step.

Average conditions within a CV are utilized for the momentum equations, Equations
(2.38) through (2.40). The slip velocity between liquid and gas/hydrate is still consid-
ered. The drag force due to the change of flow field is neglected.

d
dt

[(ml +mb +mh) ·u] = uaρaQe−uρcomQg (2.38)

d
dt

[(ml +mb +mh) · v] = vaρaQe− vρcomQg (2.39)

d
dt

[mlw+(mb +mh)(w+wb)] =waρaQe−wρcomQg +(ρa−ρl)gπb2(1−βε)h

+(ρa−ρcom)gπb2
βεh (2.40)

where mh is hydrate mass in a CV, u, v and w is the cross-sectional averaged velocity of
the CV in three orthogonal directions, and Qg is volume flux of gas moving out of the
CV.

The first term on the right hand side of Equations (2.38) through (2.40) represent the
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momentum from the entrained liquid mass. The second term on the right hand side rep-
resents the loss of momentum due to gas moving outside the jet/plume boundaries. The
third term in Equation (2.40) on the right hand side has to do with the vertical force act-
ing on the liquid part. The fourth and last term on the right hand side in Equation (2.40)
describes the vertical force acting on the gas bubbles with the hydrate shells (Zheng
et al., 2002).

Equation (2.41) describes the conservation of heat, where the heat content for gas is
neglected. It is very small compared to liquid and hydrate part. The first term on the right
hand side represents heat input from entrained water. The second term is the change in
heat energy due to loss or gain of latent heat with hydrate decomposition and formation
(Zheng et al., 2002).

d
dt

[(
Cpl ml +Cphmh

)
T
]
=Cpl TaρaQe + f · J · τ · dn

dt
λ (2.41)

where Cpl ,Cph is the specific heat capacity of liquid and hydrate at constant pressure,
respectively. T is temperature of the plume, TA is temperature of ambient fluid and λ is
latent heat of hydrate formation or decomposition.

Conservation of oil mass and salinity can be calculated with Equation (2.42) where the
change of salinity or oil mass in the CV is due to entrained mass input.

d (mlI)
dt

= Ia
dml

dt
(2.42)

where I is either oil concentration by mass, C, or salinity, S.

Tracking the fate7 and trajectories of gas bubbles are important, especially if the gases
are toxic or flammable.

2.2.5.4 Modelling gas separation from a bent plume

If there is a cross flow the plume will be bent. It can result in escaping oil droplets
and gas bubbles. An earlier suggested equation for calculation of the critical separation
height, hs, is presented in Equation (2.43). It was first presented by Davidson and Pun

7Fate is a term utilized to describe the development of the oil or gas in the environment.
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(1999) and does not include the ambient density stratification in seawater.

hs =Cs
M1/2

0
us

(2.43)

where M0 is initial momentum, us is cross-flow velocity and Cs is a constant equal to
1.0.

An empirical equation developed by Socolofsky (2001), Equation (2.44), describes the
same correlation. It yields an estimate of the characteristic length for phase separation in
the jet/plume with cross flow conditions. The ambient density stratification is indirectly
represented by us. The separation height, hs, for oil droplets and gas bubbles from the
plume, is described in terms of buoyancy flux, B, bubble rise velocity, us, and velocity,
u∞, of cross-current (Johansen, 2003).

hs =
5.1B

(u∞u2.4
s )0.88 (2.44)

where B is defined as:

B =VGg′ (2.45)

where VG is volume flux and g′ is reduced gravity calculated by:

g′ =
g(ρW −ρG)

ρW
(2.46)

where g is the acceleration of gravity, ρW and ρG are densities of water and gas, respec-
tively.

A gas bubble moves differently outside and inside of the jet/plume. Equation (2.47)
describes the velocity of a gas bubble in mathematical terms.

~Vg = a~Vj +b~Va +wb~k (2.47)

where ~Vj is velocity of jet, ~Va is velocity of ambient flow and wb is slip velocity. If
the gas bubble is outside the plume after a very short transition period yields a = 0 and
b = 1. If the gas bubble is inside the plume yields a = 1 and b = 0.
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Usually two criteria are utilized to decide if the gas can separate from the main jet/plume.
Firstly, there is no gas separation if h < hs, meaning that the height must be larger than
the critical height. Secondly, the angle at which the gas will travel immediately after
escaping. If the angle is larger than the angle of the jet, the gas will escape from the
jet/plume.

To test the model proposed by Zheng et al. (2002) the CDOG model was utilized. It
simulates behaviour of oil and gas released from deep water, however the model still
requires verification by comparison with experimental data. The numerical simulations
from the CDOG model were compared with the DeepSpill field experiment. The com-
parison between the experimental data and the numerical simulations yielded results in
accordance with theory. One exception was near the release point for oil and gas (Chen
and Yapa, 2002).

2.2.6 CDOG and DeepBlow Model

A short description of the CDOG and the DeepBlow model are presented below.

2.2.6.1 CDOG

The CDOG model was developed at Clarkson University to simulate behaviour of oil
and gas accidentally released at deep waters. The model is three-dimensional and in-
cludes additional processes, i.e. phase change of gas with associated change in thermo-
dynamics and hydrodynamics of the jet/plume, hydrate formation and decomposition,
gas dissolution, non-ideal behaviour of gas, and thermodynamics and hydrodynamics of
the jet/plume (Yapa, 2013).

CDOG was utilized to analyze multiple deep water blowout scenarios. A summary of
the results from the simulations are listed below (Yapa and Chen, 2004).

• Pure oil, i.e. untreated oil, released; ambient conditions do not affect surfacing
time8. Location and size of oil slick are affected.

• Oil and gas mixes released; gas type do not affect the surfacing time, however it
is dependent on ambient conditions.

8Time for the oil and/or gas to reach the seawater surface.
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• Free gas did not reach the surface for any of the simulations.

• Changing the release temperature had almost no effect.

• Oil type and GOR affected the results.

2.2.6.2 DeepBlow

DeepBlow is a similar plume model based on the Lagrangian integral method which
applies to multiphase discharges in the formation of oil, gas and water in a stratified
water column with changeable currents. Non-ideal gas behaviour is included in the
model by utilizing the compressibility factor, as presented earlier in Equation (2.30).

The results from the model are in accordance with field data from an experiment at 100
meters depth. When the dissolution of gases are included in the model, the results from
the simulation are in accordance with both experimental data and droplet size distribu-
tions predicted by theory (Johansen, 2000).

2.3 Droplet Formation from Oil Jets

The following topics will be covered in the following; general theory for modelling of
droplet formation from oil jets, a new prediction method for droplet size distribution and
a couple of droplet size distribution functions.

2.3.1 Modelling of Droplet Size Formation

Today there is only a limited amount of experiments performed with jets in oil-water
systems, especially in deep waters. It was one of the objectives for Masutani and Adams
(2001), they wanted to conduct laboratory experiments that would support the already
existing predictive models and possibly improve them as well. Experiments with four
different crude oils was conducted. The effects of jet velocity, ambient and jet fluid
properties on the breakup mechanism and the size distribution of droplets were observed
(Masutani and Adams, 2001).

During the last years SINTEF has conducted numerous experiments with their Tower
basin. They have tested different oil types at several temperatures and with different
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dispersants. All the experimental data will improve the oil droplets size calculated by
MEMW. The knowledge is important to obtain improved blowout models compared to
the models existing today (Brandvik, Øistein Johansen, Angell and Leirvik, 2013).

The GOR is important to describe the properties of an underwater release. It has an
impact on the gas volumes which affects the composite release velocities of the oil and
gas mixture, especially at deep waters. The release velocity affects the the turbulence
which influences the oil droplet size distribution. The surfacing time is again influenced
by the oil droplet size (Yapa et al., 2012).

Another name for the droplet size distribution is the bubble size distribution, BSD.
Bandara and Yapa (2011) found that breakup and coalescence are considered to be the
most important processes that control the BSD in turbulent jets. A population balance
equation was suggested to describe bubble volumes and it is utilized to model the evo-
lution of bubble sizes caused by coalescence and breakup. Theory for bubble columns
with coalescence and breakup rates are modified to fit for deep water plumes. Bandara
and Yapa (2011) compares in addition simulated data with experimental data and found
that the theory is in agreement with collected data. The simulations indicates that coa-
lescence and breakup of bubbles are only significant during the first meters of the jet/-
plume, where turbulence is dominant (Bandara and Yapa, 2011).

An article by Chen and Yapa (2007) describes a method on how to determine the droplet
size distribution of oil. A thorough summary of the maximum entropy formalism model
is presented in Appendix A.1. Two types of constraint equations were utilized, i.e. the
mass balance and the specific surface area. The constraint with specific surface area
yielded results in agreement with both theory and experimental data.

There are few studies of droplet splitting in large volume oil jets released into water,
however it is possible to utilize an analogy with splitting of droplets in a turbulent pipe
flow. The maximum oil droplet size is related to the non-dimensional Weber number,
We, at exit conditions of the pipe, see Equation (2.48) (Hinze, 1955; Johansen, 2003).

We =
ρU2d

σ
(2.48)

where U is initial velocity of jet, d is orifice diameter of nozzle. ρ is density of fluid in
jet and σ is interfacial tension between the fluid in the jet and the continuous phase, e.g.
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oil and water.

An empirical relation between the 95 % maximum droplet size, d95, and the Weber
number, valid for one liquid dispersed into another liquid in a turbulent pipe flow, is
calculated by Equation (2.49).

d95 = cdWe−0.6 (2.49)

where c is an empirical coefficient. The best value for a pipe flow is found to be 4.0.
However, the value is not necessarily correct for oil jets emerging into water. The esti-
mated value, based on oil droplet size counts from video close-ups, was approximately
20 (Johansen, 2003).

2.3.2 Basis for a New Prediction Method for Droplet Size Distributions

SINTEF has developed a new prediction method for estimating droplet size distributions
from subsea oil and gas releases (Johansen, Brandvik and Farooq, 2012). The method
is developed with data from measurements with SINTEF’s Tower basin, details for the
Tower basin can be found in Brandvik, Johansen, Leirvik, Farooq and Daling (2012).

The fate of oil in the environment is affected by the droplet size distribution for oil
droplets and gas bubbles, formed at large depths. Small droplets, with a diameter smaller
than 0.5mm, require approximately a day to reach the surface. Larger droplets, diameter
larger than 5 mm, will reach the surface within a couple of hours after release. The
approximated values is based on a 1000 meters depth. The smallest particles, below
100µm can be detained in the water column for a long period of time before they may
reach the surface. In addition, other factors such as, cross flows, vertical turbulence
mixing in the water column and density stratification can detain the smallest droplets for
an even longer period of time (Brandvik et al., 2012).

Oil jets in water breakup regimes can be represented by the two dimensionless numbers,
the Reynolds number, Re, in Equation (2.50) and the Ohnesorge number, Oh, in Equation
(2.51). Re versus Oh predicts a relationship for different droplet breakup regimes.
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Re =
ρUd

µ
(2.50)

Oh =
µ

(ρσd)1/2 (2.51)

where ρ is density of jet fluid, U is exit velocity, d is orifice diameter, µ is dynamic
viscosity of jet fluid and σ is interfacial tension between jet fluid and continuous phase.

The Oh number can be defined as a function of We, earlier defined in Equation (2.48),
and Re, defined above in Equation (2.50), to yield the following coherence in Equation
(2.52).

Oh =
We1/2

Re
(2.52)

There is a boundary between transitional and turbulent or atomization9 breakup, see
details in Johansen et al. (2012), which results in a constant We, i.e. We equal to c2. The
constant is found to be 18, which yields a lower limit for turbulent breakup. It results in
We equal to 324, and yield the lowest limit where there is still atomization of oil in the
jet (Johansen et al., 2012).

A maximum stable droplet size, dmax, from classical theory of droplet splitting in turbu-
lence, is presented in Equation (2.53).

dmax = a
(

σ

ρ

)3/5

ε
−2/5 (2.53)

where a is a constant of proportionality, σ is interfacial tension between oil and water, ρ

is density of continuous phase, i.e. water, and ε is stationary turbulent dissipation rate.

In an oil jet released into water from a nozzle, oil droplets will be transported down-
stream in the jet during the splitting process. Thus, in Lagrangian framework, the
turbulent dissipation rate will diminish rapidly with time. Thus, assuming stationary
turbulence will not be correct. Still, the theoretical model may be a starting point for ex-

9Atomization is a process of breaking up a jet into droplets of diameter much smaller than the jet diameter
(Lin and Lian, 1998).
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perimental design and empirical equations. An example is presented in Equation (2.54),
where the relationship with the exit turbulent dissipation rate, which scales with exit
velocity, and diameter is accounted for (Johansen et al., 2012).

dmax

D
= AWe−3/5 (2.54)

where D is diameter of nozzle and A is a factor of proportionality. The maximum
diameter can be replaced by other characteristic diameters, e.g. the volume median
diameter.

An equation that includes both viscous forces and interfacial tension influencing the
droplet breakup, is presented in Equation (2.55). The equation, is an example where
an other diameter than the maximum is utilized, was originally presented by Wang and
Calabrese (1986).

d50

D
= AWe−3/5

[
1+BVi

(
d50

D

)1/3
]3/5

(2.55)

where

Vi =
µU
σ

=
We
Re

(2.56)

Vi is a dimensionless group named the viscosity number and B in Equation (2.55) is an
empirical coefficient. For large Vi, Equation (2.55) can be approximated as:

(
d50

D

)4/5

= AWe−3/5 (BVi)3/5 (2.57)

By manipulations, Equation (2.57) can be expressed only by Re:

d50

D
= A5/4B3/4Re−3/4 (2.58)

There are different flow regimes for multiphase flows. If the continuous phase is liquid,
it is named bubble flow. If the continuous phase, is gas, it is named mist flow, meaning a
high gas void fraction in the multiphase flow. Here, a bubble flow is assumed as it is the
most probable for deep water oil well blowouts (Gould, Tek and Katz, 1974).
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It is a challenge to understand how the normalized variables, such as Re, Oh and We
numbers, include presence of gas. The presence of gas can be included by e.g. defining
an effective water velocity, UE , see Equation (2.59) and neglecting the contribution of
gas to the momentum flux.

UE =
U

(1−n)1/2 (2.59)

where n is the gas void fraction.

The velocity, U , is replaced with the effective water velocity, UE , in the dimensionless
variables to account for the presence of gas. The presence of gas has effects in the
volume flow as well. By adjusting the volume flow with the void fraction of gas, a new
adjusted volume flow will be obtained, as presented in Equation (2.60).

QE =
Q

(1−n)1/2 (2.60)

where Q is volume flow.

2.3.3 New Prediction Method for Droplet Size Distributions

Based on the experimental data in Johansen et al. (2012) the original representation
of the We number does not fit the data for cases with oil with premixed dispersants.
Experiments conducted in SINTEF’s Tower basin resulted in a modified We number,
We′, presented in Equation (2.61) (Johansen et al., 2012).

We′ =
We[

1+B ·Vi
(

d50
D

)1/3
] (2.61)

Hence, the equation for the volume median diameter is expressed as;

d50

D
= A ·

(
We′
)−3/5 (2.62)

An implicit model for the predicted variable d50/D is obtained and an iterative method
is required in order to solve Equation (2.62). The model is valid for momentum jets and

34



2 THEORY 2.3 Droplet Formation from Oil Jets

single fluid releases. Releases with oil and gas requires additional correction, such as a
void fraction. If there are large volume flows that could be buoyancy dominated, then a
correction with the Froude number, Fr, should be included. The correction for the void
fraction is presented in Equation (2.63) (Johansen et al., 2012).

Un =
Uoil

(1−n)1/2 (2.63)

where Uoil is outlet velocity of oil only and n is gas void fraction at the exit of the nozzle.

A correction can be made for large volume flows that are buoyancy dominated, as pre-
sented in Equation (2.64).

U ′ =Un(1+Fr−1) (2.64)

where

Fr =
Un

(g′D)1/2 , g′ = g
ρW −ρoil(1−n)

ρW
(2.65)

The corrected U ′ is inserted into the equation for the We number to calculate a corrected
We′:

We′ =
ρU ′2d

σ
(2.66)

Finally, We′ is inserted into Equation (2.62) to calculate d50 which yields the oil droplet
size distribution.

2.3.4 Droplet Size Distribution Functions

The droplet size distribution function has also been called a probability density function,
PDF. The PDF is dependent on the characteristic size in order to estimate the droplet
size distribution for a blowout model. If there is a wide distribution of droplets, it is best
described by mean diameters. Two common methods to present the droplet size distribu-
tions are by the Rosin-Rammler distribution function or by the log-normal distribution
function (Johansen, 2003; Johansen et al., 2012).
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The Rosin-Rammler distribution function is presented in Equation (2.67). It is defined
by a characteristic diameter, di, that corresponds to a certain cumulative volume fraction,
Vi, and a spreading parameter, α .

V (d) = 1− exp
[
−ki

(
d
di

)α]
, ki =− ln(1−Vi) (2.67)

If Vi = 50 %, di is the median volume diameter with ki =− ln(0.5) = 0.693.

The log-normal distribution function is a normal distribution function of x = ln(d), with
a mean value, m =< x >, and a standard deviation, σx, based on x. The mean value is
equal to the logarithm of the median volume droplet diameter, m = ln(d50). Only two
parameters is required to calculate the log-normal distribution function, viz. m and σx.

2.4 Oil Chemistry

General properties, typical characteristics and weathering effects of crude oil will be
discussed in the section to follow.

2.4.1 General Characterization of Crude Oils

Crude oils are complex mixtures that can contain thousand of chemical components.
One crude oil is often significantly different from another crude oil. Crude oils are
divided into chemical groups based on their characteristics, where the two main groups
are hydrocarbons and organic non-hydrocarbons. These two groups are divided into
smaller groups and presented in the list below (Sørheim, Leirvik and Brandvik, 2010b;
Sørheim, Leirvik and Brandvik, 2010a).

• Hydrocarbons

– Aliphatics: Paraffins and naphthenes

– Aromatics

• Organic non-hydrocarbons

– Resins
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– Asphaltenes

Crude oil contains mostly hydrocarbons, consisting of approximately 85 to 90 wt% car-
bon, and 10 to 15 wt% hydrogen. The hydrocarbons found in crude oil ranges from the
lightest and simplest molecules to more heavier, complex structures. The hydrocarbons
appears as saturated molecules, with only single bonds, and unsaturated molecules, with
multiple double or triple bonds.

For the aliphatic hydrocarbons, the most important groups are naphthenes and paraffins.
Naphthenes are cyclic alkanes consisting of one or more saturated rings. Paraffins are n-
alkanes, straight chained molecules, and iso-alkanes, branched molecules. Paraffins with
more than 20 carbons are named wax and affect the crude oil properties significantly.
Thus, the wax content in different crude oils affect the flow properties.

The aromatics is a type of unsaturated cyclic hydrocarbons with branched side chains or
straight chains. Hence, they can have a large degree of isomerism.

Non-organic hydrocarbons contains oxygen, sulphur, nitrogen, and trace metals such as
nickel, and vanadium, in addition to carbon and hydrogen. The resins are relatively polar
compared to hydrocarbons and usually have surface active characteristics. Asphaltenes
on the other hand are a group of complex molecules with undefined chemical structure
and consist of condensed polycyclic aromatic compounds.

2.4.2 Classification of Oil Types

Before investigating the weathering, see Section 2.4.3, of oils it is useful to classify the
petroleum products in three categories. They are categorized based on their evaporation,
emulsion and spreading characteristics, and the categories are:

• Condensate: Does not contain heavier components; wax or asphalthenes. A con-
densate will not absorb water, also known as emulsifying, and it will spread over a
large area. It will have an evaporation of approximately 70% at 250◦C. A terminal
film thickness in the order of 0.05mm is predicted from earlier observations.

• Light oil: A definition utilized for weathering studies, usually it is included in the
crude oil definition. It has a high content of lighter components. Evaporation of
50 to 70% at 250◦C is typical, however it will contain heavier components than
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condensate. It can emulsify and the emulsions formed are unstable. Light oil has
a lower spreading than condensate and has a terminal film thickness in the order
of 0.5mm.

• Crude oil: Highest content of heavier components. An evaporation of 40–50 %
at 250 ◦C. Reduced spreading due to formation of water in oil emulsions. The
terminal film thickness is at 1mm water free oil, however it will vary for the
characteristics of the emulsions.

2.4.3 Weathering of Crude oils at Sea

Weathering processes can cause changes in the physical characteristics for a crude oil.
These processes occur when the crude oil is exposed to sunlight at sea. The most impor-
tant are:

• Dispersion

• Emulsifying

• Evaporation

• Spreading on the sea surface

Figure 2.5 presents the weathering processes a crude oil is postponed to at sea.
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Figure 2.5: Weathering processes for crude oil in seawater, as presented Sørheim et al. (2010b).

There are several aspects affecting the oil’s behaviour at sea. Three of them are:

• Physical and chemical properties of non weathered crude oil.

• Environmental conditions; e.g. current, wind, waves, temperature and sunshine.

• Characteristics of the water; e.g. density, salinity, oxygen content, temperature,
bacterias, particles and nutrients.

2.4.3.1 Oil-in-water dispersion

It is common to distinguish between natural and chemical oil-in-water, O/W, dispersions.
If breaking waves are present, usually occurring with wind speeds above 5m/s, natural
dispersion may happen. The oil will break into droplets of various sizes and mixed with
the water masses. The effect will gradually decrease as the viscosity increases, mainly
caused by emulsification.

The chemical oil-in-water dispersion is an important weathering process. It occurs when
chemical dispersants are added to an oil and water mixture. The dispersion process can
be divided into three separate processes. First, initial globulization where formation
of oil droplets take place under the influence of wave action. Secondly, water column
transport due to the kinetic energy of oil droplets supplied by buoyancy forces and wave
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action. Thirdly, coalescence of oil droplets (Sterling Jr., Bonner, Ernest, Page and Aut-
enrieth, 2004)

2.4.3.2 Water-in-oil emulsion

Water-in-oil , W/O, emulsions decreases the evaporation rate of oil, causing increasing
viscosity for the oil, and limits the natural dispersion of oil in water. W/O emulsions
is promoted by breaking waves as they require an energy supply. Crude oil has an
absorption level of 30 to 80 % water. Wind speed will in addition affect the water
absorption level.

W/O emulsions can be divided in different classes of stabilities dependent of the as-
phaltene content. A division between mesostable, stable and unstable emulsions are a
common way to classify the emulsions (Fingas, Fieldhouse and Mullin, 1996).

The rate of emulsion formation and the rheological properties of the emulsion are de-
pendent of the release conditions and physico-chemical10 properties of oils that control
the initial film thickness (Daling, Moldestad, Johansen, Lewis and Rødal, 2003).

Asphaltenes, resins and wax are important compounds for stabilizing W/O emulsions.
Asphaltenes and resins are surface active compounds with hydrophobic and hydrophilic
characteristics. These will be found at the boundary layer between oil and water, and
form a boundary surface film. The asphaltene’s hydrophobic characteristics can result
in an increased concentration of wax around the oil droplet causing a larger boundary
surface film between oil and water. The boundary surface film acts as a physical barrier
towards coalescence.

2.4.3.3 Evaporation

The evaporation rate is dependent on spreading o oil, amount of light components in the
oil, wind speed and sea temperature. A rule of thumb is that components with boiling
point below 200 ◦C evaporates within 12–24 hours at sea. Components with boiling point
below than 270 ◦C will evaporate completely from the sea surface within a few days.

The boiling point curve, also called the distillation curve, is a curve where the cumulative

10Relating to physics and chemistry or to physical chemistry
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percentage or percentage volume is a function of temperature. It is based on measure-
ments of evaporation temperature as a function of the amount of distillate.

2.4.3.4 Additional weathering effects

Additional weathering effects that can affect the oil are listed below, however they will
not be described in detail here. See e.g. (Sørheim et al., 2010b) for more details.

• Solubility in water

• Photo oxidation

• Biodegradation

• Sedimentation

• Submergence or “over-washing”

• Spreading

2.4.4 Physical Characteristics of Oil

The most important physical characteristics to consider when dealing with releases of
oil are listed below.

• Viscosity

• Pour point

• Density

• Flame point

Viscosity is a measure of a liquid’s resistance to flow as a function of temperature. To
relate measurements from the laboratory with actual conditions at sea, it is common
practice in Norway to perform viscosity measurements at 5◦C and 13 ◦C, which are the
winter and summer temperature in the North Sea, respectively. Viscosity of the oil will
increase with increasing evaporation (Sørheim et al., 2010b).

The viscosity is sensitive to temperature change and reduces logarithmically with in-
creasing temperature. For Newtonian fluids, the viscosity is independent of shear rate.
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It is the case for light, water free crude oils. For non-Newtonian fluids, the viscosity
reduces with increasing sheer rate. It is the case for very viscous and wax-rich oils. The
phenomena is also called sheer thinning and is applicable the pour point. A method for
calculating the shear rate inside a pipe for a Newtonian fluid is presented in Appendix
A.2 (Darby, 2001).

Water-in-oil emulsions are usually more viscous than the oil residue which constitutes
the continuous phase. It is important to obtain more knowledge of these emulsions as it
can be utilized understand oil spills at sea with weathered oils.

The pour point is defined as the temperature where oil stops flowing, when cooled under
specified conditions in the laboratory. However, the measurement is often inaccurate
compared to the pour point under actual conditions at sea. The pour point is dependent
of the chemical composition of the oil, where the wax content is of special importance.
A partially or completely solidified oil will limit the dispersant effectiveness, thus pour
point is a limiting factor for chemical dispersion of wax-rich oils.

Density is defined as the mass of a substance per unit volume (Green and Perry, 2007).
Other representations of density are relative density and API, see below. The definition
of relative density is the relation between the densities at 15.5 ◦C of an oil and distilled
water. American literature often represent density as ◦ API. It is calculated by Equation
(2.68) (Green and Perry, 2007).

◦API =
141.5

Relative density
−131.5 (2.68)

Low density oils often contain components with lower molecular weights, such as paraf-
fins, while oils with a high degree of asphaltenes have a higher density. The density of
emulsions increases with water content.

Flame point is the lowest temperature where vapour generated, by heating of the oil,
can be ignited by a flame. The flame point is dependent on the chemical composition
of crude oil and is often lower for fresh crude as light components are still present.
Evaporation will occur gradually, thus the flame point will increase with time. Flame
point is utilized as an indication for the explosion risk (Sørheim et al., 2010a).
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Flame point to the oil affect the ignitability of the air above an oil slick, however there are
other factors that has an impact. Such as weather situation, e.g. calm sea and high tem-
perature will lead to a high concentration of ignitable gases above the oil slick. Strong
wind will thin out the concentration of ignitable gases relatively quickly.

2.5 Interfacial Tension and Dispersants

O/W dispersions are strongly promoted by addition of chemical dispersant. The dis-
persant reduces the interfacial tension, IFT, between oil and water. In an effective
chemical dispersion, small droplets are formed in the range from 5 to 10µm (Sørheim
et al., 2010a). Another definition of dispersant is; a formulation containing surfactants
as active ingredients (Brown, Challenger, Etkin, Fingas, Hollebone, Kirby, Lamarche,
Law, Mauseth, Michel, Nichols, Owens, Quek, Shigenaka, Simecek-Beatty and Yender,
2011).

When evaporation has caused the pour point to increase in size, the oil can be difficult
to disperse. Experiments in the laboratory have shown that oil can be dispersible at a
temperature between 10 to 15 ◦C below the pour point of the oil (Sørheim et al., 2010a).
An upper viscosity limit, if the application of dispersants should be effective, is in the
range 2000 to 30000mPas, depending on the oil type.

In Figure 2.6 three different dispersant-to-oil ratios, DOR, are illustrated by pictures of
arbitrary oil.

(a) Pure oil (b) DOR: 1:100 (c) DOR: 1:50

Figure 2.6: Oil droplets of an arbitrary oil with three different DOR. Pictures are taken with the
spinning drop video tensiometer during IFT measurements (Farooq, SINTEF, 2013).
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Dispersants can remove oil from the water surface and mix it into the water column.
It will then increase the total hydrocarbon concentration, THC, in the water column.
The dissolved hydrocarbon concentration may also increase when dissolution of water-
soluble components from the oil droplets occurs. An increase in the potential for toxic
effects is a plausible outcome (Daling, Singsaas, Reed and Hansen, 2002).

IFT is nearly the same as surface tension, however cohesive forces are included in the
definition of IFT (Agrawal, 2013). Another definition of IFT is; a measurement of the
cohesive or excess energy present at an interface arising from the unbalance of forces
between molecules at an interface (Attension, 2012). Another difference between inter-
facial and surface tension are the phases present. IFT is between two immiscible liquids,
while surface tension is between a gas and a liquid (Attension, 2012).

For the O/W dispersion it is important to have a positive spreading coefficient to promote
the dispersion of oil in water. The derivation of the spreading coefficient can be found
in Hiemenz and Rajagopalan (1997).

Chemical dispersants increase the natural process of dispersion by forming smaller oil
droplets. These oil droplets can be mixed into the water column by wave energy. A
typical chemical dispersant consists of a mixture of three different chemicals (United
States Government Accountability Office, 2012):

• Surfactants: Active agents reducing oil-water IFT. Both water-compatible, hy-
drophilic, and oil-compatible, hydrophobic or lipophilic, groups on the same mole-
cule.

• Solvents: Added to promote the dissolution of the surfactants and additives into
the dispersant mixture. Reduces the viscosity of the oil (Committee on Effective-
ness of Oil Spill Dispersants, 1989).

• Additives: Increase the long term stability of the dispersant formula and improve
the dissolution of surfactants.

There is today limited knowledge of utilizing dispersants at large depths, where the
pressure is high and the temperature is low. Valuable knowledge was obtained during
the Deepwater Horizon spill that occurred at 1500 meters. Dispersants was utilized at
the well head, thus the oil was broken into smaller droplets further down in the water
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column. One of the conclusions from the spill is; more knowledge is required at larger
depths to be able to understand the processes occurring in deep waters. (Thibodeaux,
Valsaraj, John, Papadopoulos, Pratt and Pesika, 2011). It is especially the dispersant con-
centrations and DOR that requires further testing in deep water with respect to toxicolog-
ical impacts (Kujawinski, Soule, Valentine, Boysen, Longnecker and Redmond, 2011)

One method utilized to classify surfactants, the main ingredient of the dispersant, is by
the hydrophilic-lipophilic balance, HLB. To determine the size of the HLB, theoretical
equations are utilized where the length of the water soluble portion is related to the oil
soluble portion of surfactant. Dipsersants are in the range of eight to twelve for the HLB.
The range can promote both W/O emulsion, HLB between one and eight, and O/W emul-
sion, HLB between twelve and twenty. However, it most often promotes O/W emulsions
(Brown et al., 2011). The HLB can be utilized to determine the effect of salinity on dis-
persant performance, since hydrophobic portions of the surfactant molecule tend to be
salted out (Committee on Effectiveness of Oil Spill Dispersants, 1989).

A large part of the knowledge, on how and why dispersants work, are based on obser-
vations and empirical tests during sea trials and in the laboratory. Most of the studies
with dispersants are performed with commercially available products, however there are
few studies investigating the interactive phenomena of surfactants, water and crude oil
(Committee on Effectiveness of Oil Spill Dispersants, 1989).

If the concentration of surfactants increases, the IFT between oil and water will decrease
until a critical micelle 11 concentration, CMC, is reached. There is little change in IFT
above the CMC. Additional surfactant only form new micelles. Below the CMC, addi-
tional surfactant molecules accumulate at the oil-water or water-air interface (Committee
on Effectiveness of Oil Spill Dispersants, 1989).

The main purpose with application of dispersants on an oil spill is to lower the oil-
water IFT in order to enhance entrainment of small oil droplets into the water column at
lower energy inputs. The oil-water interfacial area is increased with entrainment of small
oil droplets into the water column. The process requires mixing energy as described
with Equation (2.69) (Committee on Understanding Oil Spill Dispersants: Efficacy and

11Micelles are ordered aggregates of surfactant molecules. With the hydrophobic portions of the molecules
together at the interior of the micelle and the hydrophilic portions facing the aqueous phase (Hiemenz and
Rajagopalan, 1997; Committee on Effectiveness of Oil Spill Dispersants, 1989).
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Effects, 2005).

WK = γo/wAo/w (2.69)

where γo/w is oil-water IFT and Ao/w is the interfacial area.

A reduction in the oil-water IFT will result in an increase in the interfacial area for
the same energy input. Equation (2.69) provides an estimate for the minimum energy
required to disperse oil as droplets in the water column (Committee on Understanding
Oil Spill Dispersants: Efficacy and Effects, 2005).

Khelifa, Fingas, Hollebone and Brown (n.d.) showed that there exists an optimum DOR
where the IFT reduction reaches a maximum value. The effectiveness of the chemical
dispersant will be at the maximum at the optimum DOR. Another paper has found that
change in DOR and mixing energy does not affect the correlation between viscosity
and oil droplet size distribution. More viscous oil produce larger droplets than less
viscous oils. Another characteristic, higher dispersant concentration favoured formation
of smaller droplets (Mukherjee and Wrenn, 2011).

In Appendix A.3 seven requirements for a chemical dispersant to enhance the formation
of oil droplets are presented. They are the same as found in Committee on Understand-
ing Oil Spill Dispersants: Efficacy and Effects (2005) and are based on a report from
Committee on Effectiveness of Oil Spill Dispersants (1989).

Strøm-Kristiansen, Daling, Hokstad and Singsaas (1997) has performed a weathering
and dispersion study on three crude oils, where the waxy Norne is of special interest for
the thesis. The results shows that fresh Norne crude oil at 3 ◦C could not be chemically
dispersed. After emulsification with water, the crude oil was dispersible. Norne is a
crude oil with high viscosity, approximately 2000mPas, and this type of high viscosity
crude oil was considered very difficult or impossible to chemically disperse in the 1980s.
Recent studies, both in the laboratory and in the field, have shown that oils with viscosity
up to 20000mPas could be chemically dispersed with newer dispersants, e.g. Corexit
9500 and Slickgone NS (Committee on Understanding Oil Spill Dispersants: Efficacy
and Effects, 2005).
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2.6 Marine Environmental Modelling Workbench

The simulation software utilized in the Master’s thesis is a simulation model developed
by SINTEF named Marine Environmental Modeling Workbench, MEMW. In the fol-
lowing, an explanation of the main features of the software are presented.

MEMW is a framework for performing analysis, simulations and presentation tasks.
These tasks are related to releases to the marine environment. MEMW utilizes different
numerical models such as (SINTEF Marine Modeling Group, 2012):

• OSCAR: Oil spill contingency and response

• DREAM: Dose-related risk and effects assessment model

• ParTrack: Particle tracking for drilling discharges

In the thesis, two versions of MEMW will be utilized. MEMW v6.2 with the old droplet
size distribution equation and MEMW v6.5β where an improved equation for droplet
size distribution is implemented. The two versions of MEMW will be compared to
each other. Figure 2.7 presents a snapshot of the MEMW’s interface for an arbitrary
simulation.
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Figure 2.7: Snapshot of MEMW for an arbitrary simulation.

A review of the oil spill models existing in 2000, and the important parts implemented in
these models can be found in Reed, Johansen, Brandvik, Daling, Lewis, Fiocco, Mackay
and Prentk (1999). There exist few models concerning the impact oil spills will have on
aquatic organisms and habitats, however one such model is described by French-McCay
(2004).

2.6.1 Plume3D

Plume3D is a stand-alone general multiphase plume model developed from SINTEF’s
DeepBlow model. Near-field far-field coupling and far-field tracking for dispersed drop-
lets, bubbles and mineral particles are also included in Plume3D. The model is utilized
in MEMW to account for the formation of the multiphase plume from the discharge of
oil and gas from the sea bed (Johansen and Durgut, 2006).

Plume3D has advantages of including separation of oil droplets and mineral particles
from the plume. Drift and fate of separated gas bubbles in the far-field. The Plume3D
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model includes several processes to be able to simulate a deep water plume, as listed
below (Johansen and Durgut, 2006).

• Non-ideal gas behaviour

• Dissolution of gas from bubbles to ambient water

• Effects of cross currents

• Formation and dissociation of gas hydrates
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3 Assumptions

The computer simulations will be performed with MEMW v6.2 and MEMW v6.5β .
The location of the subsurface blowout of oil and gas will take place at the Norne field,
located at the Norwegian continental shelf approximately 200 kilometers from the Nor-
wegian coast, see Figure 3.1. The exact location of the blowout is determined to be
66°2′N 8°5′E.

Figure 3.1: Location of the Norne field with coordinates 66°2′N 8°5′E, at the Norwegian conti-
nental shelf from MEMW.

3.1 Information from Simulations

The discharge depth for the blowout is at 367.2 meters below the sea surface, 1 meter
above the sea bed. A detailed description over the input data to MEMW is found in
Appendix B.1. The most important assumptions for the simulations are summarized in
the following list.
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• Simulation time will be twelve hours. Data will be collected after ten hours12.

• Default release rate of oil will be 4800m3/d.

• Three different oil types will be utilized; Alve, Norne and Svale.

• Release diameter of the nozzle is 120mm.

• GOR is varied between 0, 100, 200 and 400.

• IFT for pure oil: 20mN/m.

• IFT for oil with dispersant: 0.1mN/m.

A plume of a subsurface release with pure oil is depicted in Figure 3.2. The red box in the
figure indicate the region of interest which is the plume. Figure 3.3 depict an example of
the maximum concentration in the whole water column for a subsurface release of pure
oil. The figure is similar to the outcome of the simulations in Section 5 Results. These
figures are presented here to illustrate possible outputs from MEMW.

Figure 3.2: Vertical cross-section of a subsurface plume from MEMW. Red box indicates region
of interest.

12The simulation data is collected before end of simulation to avoid influence by other factors. It was
observed during the test simulations and therefore the results are collected before the simulations ends.
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Figure 3.3: Illustration of maximum concentration of oil in the water column, output from
MEMW.

The simulation results presented in Section 5 Results are the droplet size distribution for
a release of pure oil or oil and gas. The default oil type utilized for simulations is Alve
with a default flow rate of 4800m3/d.

The minimum droplet size bin for MEMW v6.2 is ten µm, while for the MEMW v6.5β

the minimum is one µm. The maximum droplet size, dmax, is calculated in MEMW
after a method by Hu and Kintner (1955) and droplets larger than dmax are exposed to
secondary droplet splitting. The large droplets are broken down into smaller and more
stable droplets. The maximum droplet size, also called critical, follows the criteria of
(CDWe) equal to a constant. Hence, an equation for estimating the critical droplet size is
found. It is dependent on the density difference and IFT of a system, e.g. oil and water
(Hu and Kintner, 1955) Another empirical relation for determining maximum droplet
size is presented in (Ceylan, Kelbaliyev and Ceylan, 2003).

3.2 Properties of Crude Oils

Three oil types, Alve, Norne and Svale, from the Norne field will be utilized in the
experimental part of the work, hence they will also be utilized in the modelling part.
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Table 3.1 presents the most important physical properties of the three oils.

Table 3.1: The most important physical properties of Alve, Norne and Svale.

Oil types
(Fresh)

Density Viscosity Pour point Flame point Wax
[g/mL] [mPas] [◦C] [◦C] [wt%]

Alve 0.796 12.5* 0 - 5.0
Norne 0.863 1968† 21 - 13.0
Svale 0.914 257* -33 13 2.12

* Viscosities are found in SINTEF’s oil database and are earlier measured in the laboratory,
at shear rate of 10 s−1 at 5◦C.

† Viscosity is found in SINTEF’s oil database and is earlier measured in the laboratory at
shear rate of 10 s−1 at 13◦C.

54



4 EXPERIMENTAL WORK

4 Experimental Work

The laboratory part of the Master’s thesis was experiments conducted with the SINTEF
MiniTower. In addition, IFT and viscosity measurements were performed. The particle
size analyzer utilized in the MiniTower, a detailed description of the MiniTower and an
experimental procedure are described in the following.

4.1 Particle Size Analyzer

A particle size analyzer, LISST-100X13, by Sequoia Scientific Inc. is utilized to measure
the particle size distributions for the laboratory experiments. The LISST-100X utilizes
laser diffraction, with a 670nm laser, to obtain particle size distributions, PSDs. Laser
diffraction is not affected by composition of particles because the scattering of laser light
is observed at multiple, small forward angles (Agrawal and Pottsmith, 2000; Sequoia
Scientific, Inc., 2012).

The LISST-100X records pressure, temperature and optical transmission as well. If
desirable, a path reduction module can be attached to the instrument to reduce the mea-
surement volume (Sequoia Scientific, Inc., 2012). It is the case for the LISST-100X
utilized in the laboratory experiments and has a measuring volume with one centimeter
in diameter.

The LISST-100X records scattering intensity over a range of small angles with a spe-
cially constructed multi-ring detector, see Figure 4.1 for internal details of the LISST-
100X. The multi-ring detector consists of 32 logarithmically placed rings. Conversion
from the multi-angle scattering to a PSD is performed with a mathematical inversion
(Sequoia Scientific, Inc., 2012).

The LISST-100X was a type C which measures particle sizes from 2.5µm to 500µm.
If the particles are larger than the upper range of the instrument, 500µm, the inversion
will continue to produce particle size distributions where the peaks vary between 250µm
and 400µm. The phenomena is caused by the principal peaks in the scattering that are
moving off the inside of the ring detectors. The remaining peaks in the scattering are

13LISST is short for Laser In-Situ Scattering and Transmissometry.
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interpreted as the principal peaks and will yield a PSD within the range of the LISST-
100X (Davies, Nimmo-Smith, Agrawal and Souza, 2012; Agrawal and Pottsmith, 2000).

Figure 4.1: Overview of the inside of the LISST-100X by Sequoia Scientific, Inc. (2012). The
collimated laser enters the sample volume and light is scattered by particles by the
multi-ring detector behind a receiving lens. A photodiode, behind a centered hole,
measures optical transmission.

4.2 SINTEF MiniTower

To measure the particle size distributions with the LISST-100X, SINTEF’s new Mini-
Tower was utilized A schematic diagram over the MiniTower is presented in Figure 4.2.
The left side of the figure depicts an overview of the most important parts and the di-
mensions of the MiniTower. While the right side of the figure depicts a detailed picture
of the nozzle, which has a diameter of 0.5mm. The dispersant is mixed with the oil six
nozzle diameters below the nozzle tip, see right side of the figure. To create a constant
laminar seawater flow through the whole MiniTower, many small inlet holes for seawater
is placed in the bottom of the tower to distribute the flow evenly.
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Figure 4.2: Schematic diagram over the SINTEF MiniTower setup (Leirvik, SINTEF, 2013).

Figure 4.3 depict the MiniTower, with the LISST-100X, utilized in the experiments.
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Figure 4.3: Close-up of SINTEF MiniTower (Lindersen, 2013).

A close up of the placement of the LISST-100X in the MiniTower is depicted in Figure
4.4.

Figure 4.4: Placement of LISST-100X in the MiniTower (Lindersen, 2013).
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In Figures 4.5a and 4.5b the jet of two different oil types, Norne and Svale, utilized in
the experiments are depicted. Figures 4.6a and 4.6 depicts an oil plume and an oil plume
mixed with dispersant in the MiniTower, respectively.

(a) Norne (b) Svale

Figure 4.5: Oil jet from nozzle in the MiniTower for two of the oils (SINTEF, 2013).

(a) Oil plume (b) Oil mixed with dispersant plume

Figure 4.6: Illustration of an oil plume and an oil plume mixed with dispersant (Brandvik,
SINTEF, 2013).
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4.3 Description of a MiniTower Experiment

A short description of the procedure for performing experiments with the MiniTower
can be summarized as follows:

1. Make sure the drainage is open. Open seawater and fresh water inlet to the system.

2. Check that all equipment has connection with the software.

3. Determine test conditions, flow rates and duration of fluids.

4. Check background values for the LISST-100X and perform a background scatter
in seawater with the LISST SOP software.

5. Prepare all data collection systems.

6. Initiate experiment, start release of relevant fluids, such as; oil, gas and dispersant.

7. Monitor the plume and record the oil droplet size distribution with the LISST-
100X. The LabVIEW14 software will record a log file with flow rates for the
different fluids.

8. Stop the release.

9. Initiate washing cycle with nozzles with hot fresh water for cleaning the Mini-
Tower.

10. Collect data and make an initial quality control of them.

After the procedure is performed, the MiniTower is ready for new experiments. It is
possible to run experiments over a long time period since the seawater is flowing contin-
uously with drainage on the top.

The dispersant can be injected into the oil flow with two different methods:

• Simulated insertion tool. The dispersant is injected six nozzle diameters below the
tip of the nozzle.

• External insertion tool. The dispersant is injected horizontally into the rising
plume. It can be placed at different distances above the nozzle tip.

14LabVIEW system design software is utilized to control the MiniTower and measure the flow rates of
seawater, oil, gas and dispersant.
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For the laboratory experiments only the simulated insertion tool will be considered. The
reason for utilizing different insertion techniques are to investigate if the reduced IFT is
affected with different methods of injection of dispersant (Brandvik et al., 2012). Figure
4.7 depicts the two insertion techniques of dispersant presented above.
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Figure 6.10:  Release arrangement (1.5 mm nozzle) with options for injection of dispersant by the 

"Simulated insertion tool" (1) and "injection in the oil above the nozzle" (2). A: Oil 

released alone, no dispersant, B: Dispersant injected with the "Simulated Insertion 

tool" (DOR: 1:25). 

   
Figure 6.11:  Release arrangement (1.5 mm nozzle) with options for injection dispersant 

horizontally into the oil. A: Oil released alone, no dispersant, B: Dispersant injected at 

DOR: 1:100. 
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Figure 4.7: Release arrangement in SINTEF’s Tower basin where 1 is the simulated insertion
tool and 2 is the external insertion tool. Illustration with an arbitrary pure oil release
(Brandvik et al., 2013).

To obtain reliable and stable data the oil plume will be held at one specific experimental
condition for one minute. A new experimental condition ca be initiated afterwards, e.g
change from pure oil to oil mixed with dispersant. Corexit 9500 will be the utilized
dispersant. The data from the last 20 seconds of each run will be averaged to construct
graphs of the respective oil droplet distributions.

The measured data from the LISST-100X are presented as volume fractions of oil as a
function of droplet size. The droplet sizes are divided into 32 size ranges or bins that
are evenly distributed on a logarithmic scale, ranging from 2.5 to 500 µm. Data in the
three first bins have been omitted from the results due to influence from non-oil particles
or possible background noise. As the upper limit for detection of droplets is 500 µm,
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it is possible that a significant number of droplets are not measured or interpreted as
droplets with a smaller diameter. This phenomena is described more closely by Davies
et al. (2012). Therefore, the characteristic droplet diameter is defined as center of the
bin with peak to the distribution. Assuming that the droplet size distribution follows a
log normal distribution, the peak diameter will coincide with the volume median droplet
size with the uncertainty presented by the finite bin size. However, this may not be true
for other distributions (Brandvik et al., 2012). The details for the case mentioned here,
is discussed in more detail in (Johansen et al., 2012).

4.4 Interfacial Tension Measurements

IFT measurements, of the fresh crude oils and premixed fresh crude oils with disper-
sant, is performed by the spinning drop method15. The Spin Drop Video tensiometer,
SVT 20N, from Dataphysics Instruments is utilized together with calculation and con-
trol software SVTS 20 IFT. To be able to control the temperature at 13 ◦C, the Julabo
F12-ED Refrigerated and Heating Circulator is utilized. To inject the the oil sample into
the SVT-20N capillary tube, a 1mL disposable syringe will be utilized.

The capillary tube will be cleaned thoroughly before each measurement. First, it will be
rinsed two times with dichloromethane, DCM, acetone and deionized water. Secondly,
the capillary is dried with nitrogen gas and finally, it will be rinsed two times with sea-
water. The empty capillary tube is carefully filled with seawater to avoid air bubbles
and the open side of the capillary is then closed with a septum. The closed capillary
is inserted into the measuring cell. The oil sample is injected and the measurement of
the IFT begin with a rotating measuring cell. The procedure is based on literature from
Brandvik et al. (2012).

15A method for surface and IFT determinations. A small bubble/droplet of an immiscible gas or liquid,
“A” suspended in a liquid “B”, is rotated around a horizontal axis. Thus, the centrifugal forces will force “A”
to an equilibrium position and migrate towards the center forming a bubble/drop astride the spinning axis.
When the centrifugal forces reaches a certain value, the bubble/droplet becomes cylindrical(Viades-Trejo and
Gracia-Fadrique, 2007).
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4.5 Quality Assurance and Calibration

Quality assurance of experimental data, as well as simulated data, is crucial for the
credibility of the obtained data. The nozzle of 0.5mm in the MiniTower is earlier utilized
by SINTEF and the droplet sizes produced are in accordance with Brandvik et al. (2013).

The simulated data can be quality assured by comparing them to earlier verified simula-
tions. If the simulated data is verified, the results are easier accepted.

Calibration of instruments utilized in the laboratory experiments are important to per-
form in order to obtain quality assured data. In section 5.2.1 a calibration of the LISST-
100X is performed with two sizes of monodisperse particles. The monodisperse particles
have two different sizes, 80µm and 346µm, to verify the accuracy of the LISST-100X.

63





5 RESULTS

5 Results

The result section consists of four parts; results from simulations with the two versions
of MEMW, i.e. existing v6.2 and new v6.5β , laboratory experiments, IFT measurements
and up-scaling of laboratory data to full scale.

5.1 Simulations with MEMW

The simulation part is divided into five different topics:

• Comparison of oil types

• Flow rate

• Effect of gas

• Effect of dispersant

• Change in DOR

5.1.1 Comparison of Oil Types

The three different oil types utilized in the simulations, Alve, Norne and Svale were
compared to each other with MEMW v6.2 and MEMW v6.5β . The results are depicted
in Figure 5.1. Table 5.1 presents d95 and the peak values, dmax, from the figure. The
default flow rate was found to be 4800m3/d, it was concluded after preliminary sim-
ulations with different flow rates were compared against d95 and dmax values. It was
desirable to have a d95 50% lower than dmax for the default simulation base case. Then
the oil droplet size distributions would be based on d95 and not dmax. In Appendix C.1,
Figure C.1, d95 and dmax are plotted as functions of flow rate.
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Figure 5.1: Oil droplet size distributions for Alve, Norne and Svale. Utilized for comparison
between the three oil types. Simulations with MEMW v6.2 are showed with solid
lines and simulations with MEMW v6.5β are showed with dashed lines.

Table 5.1: Droplet sizes calculated for the comparison of oil types. The peak value, dpeak, and
d95 are presented for MEMW v6.2. The same values are presented for MEMW v6.5β

together with the maximum stable droplet size, dmax. All droplet sizes in µm.

Oil
type

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

Alve 568 1891 1519 4640 8630
Norne 568 1891 3793 10003 10003
Svale 568 1891 3046 7827 10719

Three different values for the viscosity is utilized to obtain the results. The values are
presented in Table 5.2. The first column presents the values found in the oil database at
SINTEF, which is utilized as input to the simulations with MEMW. The second column
presents values calculated by MEMW v6.5β . The third column presents values newly
measured at SINTEF’s laboratory without the correct pre-treatment16 procedure.

16SINTEF standard pre-treatment procedure for viscosity measurements are to keep the oils in the same tem-
perature as the experimental temperature for approximately twelve hours. Before the experiments, presented
in the thesis, they were only kept at 13◦C for one hour.
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Table 5.2: Viscosity for the three different oil types calculated by MEMW v6.5β compared to the
earlier measured, input to MEMW, and the recently measured in the laboratory.

Oil type
Viscosity [mPas]

Measured* Calculated† Measured‡

Alve 12.5 16.4 2.3
Norne 1968 8700 880
Svale 257 254 136

* Found in SINTEF’s oil database as input to MEMW. The vis-
cosities are measured earlier in the laboratory with shear rate
10 s−1. Svale and Alve is measured at 5◦C, while Norne is
measured at 13◦C due to the high wax content, hence the high
pour point.

† Values are calculated by MEMW v6.5β .
‡ Recently measured in the laboratory with shear rate 10 s−1

at 13◦C. The oils were not pre-treated after standard proce-
dure, however the results are more close to the conditions in
the MiniTower.

5.1.2 Flow Rate

Flow rates of 4800, 7200 and 9600m3/d were tested to see similarities and differences
between MEMW v6.2 and v6.5β . A few simulations of a flow rate of 2400m3/d was
performed, however the results did not meet the criteria of d95 < dmax The results from
the simulations with multiple flow rates for Alve are depicted in Figure 5.2. Table 5.3
presents droplet size data from the simulations cases.

In Appendix C.2 the results for Svale are presented in Figure C.2 and Table C.1 to
support the results from the base case with Alve.
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9 600 m3/d, v6.5β

Figure 5.2: Alve: Droplet size distributions at three different flow rates; 4800, 7200 and
9600m3/d. Simulations with MEMW v6.2 are showed with solid lines and simu-
lations with MEMW v6.5β are showed with dashed lines.

Table 5.3: Alve: Droplet sizes for three different flow rates. The peak value, dpeak, and d95 are
presented for MEMW v6.2. The same values are presented for MEMW v6.5β together
with the maximum stable droplet size, dmax. All droplet sizes in µm.

Rate
[m3/d]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

4800 568 1891 1519 4640 8630
7200 405 1162 961 3005 8630
9600 206 823 607 2196 8630
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5.1.3 Effect of Gas-to-Oil Ratio

Simulations with multiple GORs were performed for Alve, Norne and Svale. A GOR
of 0, 100, 200 and 400 was utilized. The results are depicted in Figures 5.3 through
5.5. Tables 5.4 through 5.6 presents the most important diameters to consider when
evaluating the results.
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Figure 5.3: Alve: Droplet size distributions for four different GOR; 0, 100, 200 and 400. Simu-
lations with MEMW v6.2 are showed with solid lines and simulations with MEMW
v6.5β are showed with dashed lines.

Table 5.4: Alve: Droplet sizes for simulations with and without gas. The peak value, dpeak, and
d95 are presented for MEMW v6.2. The same values are presented for MEMW v6.5β

together with the maximum stable droplet size, dmax. All droplet sizes in µm.

GOR
MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

0 568 1891 1519 4640 8630
100 147 479 153 699 8630
200 105 257 61 302 8630
400 53 126 38 119 8630
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Figure 5.4: Norne: Droplet size distributions for four different GOR; 0, 100, 200 and 400. Simu-
lations with MEMW v6.2 are showed with solid lines and simulations with MEMW
v6.5β are showed with dashed lines.

Table 5.5: Norne: Droplet sizes for simulations with and without gas. The peak value, dpeak, and
d95 are presented for MEMW v6.2. The same values are presented for MEMW v6.5β

together with the maximum stable droplet size, dmax. All droplet sizes in µm.

GOR
MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

0 568 1891 3793 10003 10003
100 147 479 3793 10003 10003
200 105 257 3792 10003 10003
400 53 126 2665 6742 10003
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Figure 5.5: Svale: Droplet size distributions for four different GOR; 0, 100, 200 and 400. Sim-
ulations with MEMW v6.2 are showed with solid lines and simulations with new
MEMW v6.5β are showed with dashed lines.

Table 5.6: Svale: Droplet sizes for simulations with and without gas. The peak value, dpeak, and
d95 are presented for MEMW v6.2. The same values are presented for MEMW v6.5β

together with the maximum stable droplet size, dmax. All droplet sizes in µm.

GOR
MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

0 568 1891 3046 7827 10719
100 147 479 607 1806 10719
200 105 257 97 971 10719
400 53 126 97 485 10719
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5.1.4 Effect of dispersant

Simulations with Alve, both with and without dispersant, are performed with MEMW
v6.2 and v6.5β . The results are presented in Figure 5.6 and Table 5.7. Results for Svale
are presented in Appendix C.3 to support the results for Alve.
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Figure 5.6: Alve: Droplet size distributions without and with dispersant. Without dispersant are
blue lines, and with dispersant are red lines. Simulations with MEMW v6.2 are
showed with solid lines and simulations with MEMW v6.5β are showed with dashed
lines.

Table 5.7: Alve: Droplet sizes for simulations with and without simulations. The peak value,
dpeak, and d95 are presented for MEMW v6.2. The same values are presented for
MEMW v6.5β together with the maximum stable droplet size, dmax. All droplet sizes
in µm.

IFT
[mN/m]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

20 568 1891 1519 4640 8630
1 38 79 153 814 894
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5.1.5 Dispersant-to-Oil Ratio

Different values of IFT were chosen to represent the change in DOR. The chosen values
were based on earlier simulations, confer e.g. Brandvik et al. (2013), to include the effect
of dispersant mixed with oil. The IFT values were 20, 5, 1, 0.1, 0.05 and 0.01mN/m,
these values represents a reduction in IFT, from the starting point of 20mN/m, by factors
of 0, 4, 20, 200, 400 and 2000, respectively.

The different DORs were simulated, both with MEMW v6.2 and v6.5β . The results
for v6.2 are depicted in Figure 5.7 and in Figure 5.8 for v6.5β . Table 5.8 presents the
different oil droplet sizes.

To avoid d95 equal to dmax for all the IFT values, a higher flow rate, 7200m3/d, was uti-
lized for Alve. The result was a d95 equal to dmax only for the lowest IFT of 0.01mN/m.
Hence, the oil droplet distribution may not be completely representative.

The results for Alve and Svale at 4800m3/d are presented in Appendix C.4. For Alve,
the two lowest IFTs have d95 equal to dmax. For Svale all the IFTs, except 20mN/m, has
d95 equal to dmax.
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Figure 5.7: Alve: Droplet size distributions for six different IFT values and flow rate of
7200m3/d. Simulations with MEMW v6.2 are showed with solid lines.
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Figure 5.8: Alve: Droplet size distributions for six different IFT values at a flow rate of
7200m3/d. Simulations with MEMW v6.5β are showed with dashed lines.

Table 5.8: Alve: Droplet sizes for simulations with different IFT values at a flow rate of
7200m3/d. The peak value, dpeak, and d95 are presented for MEMW v6.2. The same
values are presented for MEMW v6.5β together with the maximum stable droplet size,
dmax. All droplet sizes in µm.

IFT
[mN/m]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

20 405 1162 961 3005 8630
5 147 506 384 1488 4768
1 75 193 153 827 2394

0.1 19 48 153 606 894
0.05 14 32 153 592 664
0.01 10 20 97 334 334

Another representation of the results from variable DOR is a plot of d95 as a function
of IFT. The results are presented in Figure 5.9. The lowest IFT value of 0.01mN/m is
excluded from the figure since d95 is equal to dmax.
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Figure 5.9: Alve: d95 as a function of IFT, with flow rate of 7200m3/d, without the lowest IFT
value of 0.01mN/m.

5.2 Laboratory Experiments

To obtain an improved understanding of the theory behind the droplet size distributions
and the simulations performed with MEMW, a small quantity of laboratory experiments
were performed. The main objective with the laboratory experiments was to obtain
one oil droplet distribution for pure oil, i.e. untreated oil, and one for oil mixed with
dispersant.

The first section with monodisperse particles is included to verify the LISST-100X
utilized for measuring oil droplet size distributions. In addition, the results from the
experiments with oil is presented in the sections to follow. Table 5.9 presents the
different flow conditions for the fluids utilized in the MiniTower experiment.
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Table 5.9: Flow rates for fluids utilized in laboratory experiments.

Fluid Flow rate

Seawater [L/min] 100
Oil [mL/min] 100
Dispersant [mL/min] 1

5.2.1 Monodisperse Particles

To verify the measurements taken with the LISST-100X, two sizes of monodisperse
polystyrene particles or standards, 80 and 346 µm, were injected into the MiniTower be-
low the LISST-100X to measure their respective size. The results from the experiments
with the monodisperse particles are depicted in Figure 5.10.
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Figure 5.10: Verification of the LISST measurements with monodisperse particles, or standards,
with diameter of 80 µm and 346 µm, respectively.
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5.2.2 Alve Laboratory Results

The laboratory results for Alve are depicted in Figure 5.11. The blue line is the oil
droplet size distribution for pure oil, while the red line is the oil droplet distribution for
the mixture of oil and dispersant with a DOR of 1:100.
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Figure 5.11: Droplet size distributions for Alve, both with and without dispersant, from laboratory
experiment. d50 for pure only: 259 µm, and d50 for oil and dispersant: 157 µm.

5.2.3 Norne Laboratory Results

The oil droplet size distribution from the laboratory results with Norne are depicted in
Figures 5.12 and 5.13. The first figure depicts the same graphs as for Alve and Svale,
while the second figure depicts oil droplet size distributions for four different flow rates.
Table 5.10 presents the d50 values for the respective flow rates.
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Figure 5.12: Droplet size distributions for Norne, both with and without dispersant, from labo-
ratory experiment. d50 for pure only: 219 µm, and d50 for oil and dispersant: 88.2
µm.
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Figure 5.13: Droplet size distributions for Norne, at four different flow rates, from laboratory
experiment. d50 values are presented in Table 5.10.
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Table 5.10: d50 values for Norne with four different flow rates.

Flow rate [mL/min] d50 [µm]

80 259
100 219
120 186
150 157

5.2.4 Svale Laboratory Results

The laboratory results for Svale are depicted in Figure 5.14. The blue line is the oil
droplet size distribution for pure oil, while the red line is the oil droplet distribution for
the mixture of oil and dispersant with a DOR of 1:100.
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Figure 5.14: Droplet size distributions for Svale, both with and without dispersant, from labora-
tory experiment. d50 for pure only: 219 µm, and d50 for oil and dispersant: 128
µm.
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5.2.5 Comparison of Volume Median Diameters

Table 5.11 presents the d50 values for Alve, Svale and Norne. The values are for pure
oil, d50,oil, and for oil mixed with dispersant, d50,disp.

Table 5.11: d50 values for the three oils utilized in the laboratory experiments. Both for pure only
and with dispersant with a DOR of 1:100.

Oil type d50,oil [µm] d50,disp [µm]

Alve 259 157
Norne 219 88.2
Svale 219 128

5.3 Interfacial Tension Measurements

The results of the measurements of IFTs for the three oils, with the spinning drop
method, are presented in Table 5.12. Two values for each oil are reported, IFT for pure
oil and oil mixed with dispersant. The measurements are performed at 13 ◦C for Alve
and Svale, while 25 ◦C is utilized for Norne as it has a high pour point, 21◦C.

Table 5.12: Interfacial tension results for the fresh crude
oils and with premixed dispersant for Alve,
Norne and Svale (Farooq, SINTEF, 2013).

Oil Type IFT [mN/m]

Alve 13.0±0.7
Norne* 18.2±0.2
Svale 13.3±0.1

IFT measurements with premixed dispersant

Alve 0.09±0.05
Norne* 0.007±0.003
Svale 0.4±0.2
* Measured at 25◦C due to elevated pour point.

The densities of the samples with premixed dispersants are slightly higher, 0.1% than
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the samples with pure oil. The densities for Alve, Norne and Svale with dispersant are
0.7969, 0.8639 and 0.9147g/mL, respectively.

(a) Alve (b) Norne (c) Svale

Figure 5.15: Oil droplets with premixed dispersant, with a DOR equal to 1:100. The pictures are
taken with the spinning drop video tensiometer during the IFT measurements.

5.4 Up-scaling from Laboratory to Full Scale Experiments

An up-scaling of the laboratory results to the same nozzle diameter, 120mm, utilized in
the simulations with MEMW was performed. The d50 values was calculated for both the
laboratory data and the up-scaled data for pure oil and oil mixed with dispersant. The
sequence of equations utilized for calculating d50 values are presented in Appendix C.6.

Figures 5.16 through 5.18 compares actual oil droplet size distributions from the labora-
tory with the calculated distributions from the tables. Tables 5.13 through 5.15 presents
the d50 values, as well as input data to the calculation, calculated and modified velocities,
We number and Re number.
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Figure 5.16: Alve: Comparison of calculated and measured droplet size distributions. d50 value
for pure oil; measured was 259µm and calculated was 125µm. For oil mixed with
dispersant; measured was 157µm and calculated was 17µm.

Table 5.13: Alve: Up-scaled data from MiniTower to full scale, with same diameter as utilized in
simulations.

D
Qoil

n Uoil U ′
We′ Re′

d50,oil d50,disp

[mm] [%] [m/s] [m/s] [µm] [µm]

Lab. 0.5 0.1 L/min 0 8.5 8.5 2223 1660 125 17
Full 120 22 m3/h 50 0.6 1.6 19433 76030 7895 438
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Figure 5.17: Norne: Comparison of calculated and measured droplet size distributions. d50 value
for pure oil; measured was 219µm and calculated was 247µm. For oil mixed with
dispersant; measured was 88.2µm and calculated was 140µm.

Table 5.14: Norne: Up-scaled data from MiniTower to full scale, with same diameter as utilized
in simulations.

D
Qoil

n Uoil U ′
We′ Re′

d50,oil d50,disp

[mm] [%] [m/s] [m/s] [µm] [µm]

Lab. 0.5 0.1 L/min 0 8.5 8.5 1257 91 247 140
Full 120 22 m3/h 50 0.5 1.6 10683 4096 11889 2054
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Figure 5.18: Svale: Comparison of calculated and measured droplet size distributions. d50 value
for pure oil; measured was 219µm and calculated was 353µm. For oil mixed with
dispersant; measured was 128µm and calculated was 313µm.

Table 5.15: Svale: Up-scaled data from MiniTower to full scale, with same diameter as utilized
in simulations.

D
Qoil

n Uoil U ′
We′ Re′

d50,oil d50,disp

[mm] [%] [m/s] [m/s] [µm] [µm]

Lab. 0.5 0.1 L/min 0 8.5 8.5 2489 31 353 313
Full 120 22 m3/h 50 0.5 1.6 20697 1380 9723 4388
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6 Discussion

The discussion is divided into three sections representing the main results from the sim-
ulations with MEMW, i.e. effect of oil type, GOR and dispersant. In addition, sections
addressing the laboratory experiments, up-scaling of the laboratory experiments and a
few general considerations are added.

6.1 Effect of Oil Type

When the oil types were compared with MEMW v6.2, equal oil droplet size distribu-
tions and identical peak values were observed for the three oils, Alve, Norne and Svale.
MEMW v6.5β , with the new implemented droplet size algorithm, calculate different
peak values for the three oil types. Alve had the lowest peak value at 1.5mm followed
by Svale with a peak value at 3.0mm. Norne had the highest peak value at 3.8mm.
A reason for the differences in the peak values in MEMW v6.2 compared to MEMW
v6.5β is the large difference in viscosity between the three oils. In the new algorithm,
see Equation (2.62), the Vi number is included with an additional term compared to the
existing algorithm. The new term will contribute to oil droplet size distributions with
larger droplets. The added term is implicitly dependent on the viscosity through the Vi
number, as well as IFT and initial velocity of the jet.

Results from the simulations with several flow rates yields oil droplet size distributions
with smaller droplets as the flow rate increases. To avoid distributions with secondary
droplet splitting as a dominating process the 95% maximum droplet size, d95, must be
smaller than the maximum stable droplet size, dmax. For the default flow rate value of
4800m3/d, Alve yielded a d95 that was 54% of dmax. It was considered to be an accept-
able starting point for the simulations. When the flow rate was halved, i.e. 2400m3/d
and still utilizing the default outlet nozzle diameter, d95 was equal to dmax. Thus, the
flow rate was omitted from the simulations.

Svale with a flow rate of 7200m3/d and 9200m3/d with MEMW v6.5β , equal peak
values were observed. With MEMW v6.2 different peak values for all three flow rates
were observed. Higher outlet velocity of oil jet, i.e increased flow rate, broke the oil
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down into smaller droplets. The oil droplet size distribution was then shifted towards
smaller sizes .

The same situation was not observed for Alve. Here, the peak values differ from each
other for both MEMW v6.2 and v6.5β . The difference between the oil types, when com-
paring flow rates, are caused mainly by the difference in viscosity for the oils. Density
and IFT also comes in when comparing the flow rates.

In the simulations with MEMW the peak values attained are not necessarily equal to
the volume median diameters. Assuming a logarithmic linear plot of the distribution,
the maximum peak will be representative for the volume median diameter. The volume
median diameters can be obtained if the cumulative volume fraction is depicted as a
function of droplet sizes. This was not performed in the results as the shape of the oil
droplet size distribution with mass fractions is easier to interpret than the cumulative
volume fraction.

6.2 Effect of GOR

A GOR of 100 in MEMW v6.5β yields a higher peak value for all three oil types com-
pared to MEMW v6.2. With a GOR of 200, v6.5β predicted smaller droplets than v6.2
for Alve and Svale. A possible reason for the observed effect can be the correction for
buoyancy included in MEMW v6.5β . For Norne, the oil droplet size distributions were
always larger in v6.5β compared to v6.2. The main reason was the high viscosity of
Norne utilized as input in the simulations. It resulted in a d95 equal to dmax. A GOR of
400 predicted an oil droplet size distribution not limited by the maximum stable droplet
size for Norne. Hence, the distribution can be compared with Alve and Svale at a GOR
of 400.

A GOR of 400 for Alve and Svale yields two different oil droplet size distributions,
where for Alve MEMW v6.5β predicted a lower peak value than v6.2. The opposite oc-
curred for Svale where MEMW v6.2 predicted the highest peak value. Possible reasons
for the droplet size distributions observed with different GOR are probably the buoyancy
and void fraction corrections included in MEMW v6.5β . They cause a higher turbulence
in the plume for the simulations with MEMW v6.5β compared to v6.2. The sensitivity
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for change in GOR is increased in MEMW v6.5β compared to v6.2. In MEMW v6.5β ,
Equation (2.63) is included to correct for void fraction.

6.3 Effect of Dispersant

The simulations where the effect of dispersant was studied yield results in accordance
with theory, where v6.5β predicted oil droplet size distributions with higher peak values
compared to v6.2. It can be explained by the implementation of new and modified
algorithm for calculating the median volume droplet size diameter. The new added term
will calculate larger oil droplet size distributions compared to the existing algorithm.

Simulations with several DORs yield oil droplet size distributions in accordance with
the new droplet size algorithm implemented into MEMW v6.5β . Peak values from
the simulations with v6.5β are consistently higher than peak values from v6.2. With
decreasing IFT, the oil droplet size distribution decrease, i.e. the oil droplets become
smaller.

For Alve the default flow rate of 4800m3/d yields a d95 equal to dmax for the two lowest
IFTs, 005 and 0.01mN/m. The flow rate for Alve was increased to 7200m3/d and
only the lowest value of 0.01mN/m had a d95 equal to dmax. Alve with a flow rate of
7200m3/d yields the the best prediction of oil droplet size distributions, thus presented
in the results. To avoid a d95 to be equal to dmax for the lowest IFT, a flow rate 3.5 times
larger than the default flow rate, 16800m3/d, must be used. As this correspond to a flow
rate twice the size of the flow rate in the Macondo blowout, the flow rate was considered
unrealistic and simulations was not performed.

The IFT measurements confirmed differences between the three oils. Norne, with a
value of 18.2mN/m, had the highest IFT for fresh oil due to the high content of wax.
Svale and Alve had approximately equal values, i.e. approximately 13mN/m. The IFT
of oils with premixed dispersant rendered Norne with the lowest value, followed by
Svale and Alve. The values for Alve, Norne and Svale were reduced 140, 2600 and 30
times, respectively. The oil droplet size distributions measured in the MiniTower were
in accordance with the simulations. An exception was the laboratory results for Alve
with larger droplets than both Norne and Svale.
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As depicted in Figure 5.9, where d95 is plotted as a function of IFT, it is a distinct
difference between MEMW v6.2 and v6.5β . d95 in MEMW v6.2 has a linear decrease
towards smaller droplets. For the existing algorithm in v6.2, it is possible to obtain
droplets with an infinite small diameter by decreasing the IFT values. d95 for v6.5β will
decrease towards an asymptotic value and at a specific point additional dispersant will
not decrease the droplet size. Thus, there exists an absolute minimum droplet size, even
though the IFT is further decreased. If the IFT is small enough the droplet size is no
longer dependent on the We number, instead it is dependent on the Re number. It may
be the reason for the inconsistency observed for low IFTs. Another possible reason is
that d95 is equal to dmax and the correct oil droplet size distribution is not obtained.

The IFT measurements were performed at 13 ◦C for Alve and Svale, and at 25◦C for
Norne. To obtain the most correct values for the conditions in the MiniTower, the tem-
peratures should have been lower, as the actual seawater temperature was lower, dur-
ing the experiments. In addition, the dispersant was premixed with the pure oils. In
experiments performed in the MiniTower the dispersant was injected into the jet, six
nozzle diameters below the outlet of the jet. Thus, the mixtures may not have the same
characteristics.

To measure IFT with high density oils, e.g. Svale, can be a challenge. It is challenging
to create droplets inside the capillary test tube. When injecting the oil with a needle,
the droplets may stick to the needle tip and create too large droplets which renders IFT
measurements unattainable. In addition, there is often a variation in the IFT values and
a distribution of dispersant in the oil sample may be the reason. It could be a possible
explanation and must be tested further to be proven or disproved.

An important field of interest these days is the effect of dispersant on different oil types.
Understanding the effect of different dispersants are crucial to develop improved dis-
persants, which can handle the large variety of crude oils. There are large differences
between dispersants and different dispersants have different advantages. One dispersant
can e.g. be mixed with oil for a long time period, while another dispersant can disappear
from the oil after a short time period.
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6.4 Laboratory Experiments

The laboratory experiments were conducted to increase the understanding of underlying
theory for oil droplet size distributions. In addition, the experiments was utilized to test
a prototype of SINTEF’s new MiniTower. The available quantity of Alve and Svale
limited the experiments to one run with pure oil and one run with oil mixed with Corexit
9500 dispersant. A larger quantity of Norne was available, thus experiments with four
different flow rates were performed. The seawater flow of 100L/min produced small
concentrations of oil, measured by the LISST-100X and could have been substantially
higher.

The d50 values for the three oil types alone yielded almost equal oil droplet size distri-
butions. Norne and Svale had the same peak at 219µm, while Alve had a slightly higher
at 259µm. There were larger differences when the oils were mixed with dispersant at a
DOR of 1:100. After addition of dispersant, the peak values were found to be 88.2µm,
128µm and 157µm for Norne, Svale and Alve, respectively. The results for Alve, Norne
and Svale, as pure oils, were in accordance with the IFT values measured in the labora-
tory. Norne and Svale had d50 values in the same bin, while Alve had the d50 value in a
larger bin, right next to Norne and Svale.

The IFT measurements for pure oils indicates that Norne should produce the largest
droplets, followed by Svale and Norne. The result for the oils was Alve with the largest
droplets, followed by Svale and Norne with equal d50 value. The oil droplet size distri-
bution for Alve is not necessarily incorrect as the difference in IFT measurements were
within the same range, a deviation of 5mN/m is not a large correction. A significant cor-
rection would be the IFT values for oil mixed with dispersant where the IFT is reduced
30 times or more.

Comparing the IFT measurements for the three oils mixed with dispersant, Norne should
produce the smallest droplets according to IFT theory, which it did. Alve should produce
larger droplets than Norne, due to increased IFT and was confirmed by the resulting oil
droplet size distributions. However, Svale should yield the largest droplets due to the
highest IFT of the three oils when mixed with dispersant. This was not the case as the
volume median diameter for Svale was between Alve and Norne.
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To further verify and improve the models for subsurface blowouts of oil and gas a
more comprehensive quantity of laboratory experiments will be required. Laboratory
experiments yields crucial information to improve the existing blowout models for pre-
dicting subsurface releases of oil and gas. Experiments resembling an actual blowout,
e.g. field scale or full scale experiments, would yield valuable data required to fully
understand the phenomena occurring during a blowout. However, it is difficult to obtain
permissions for these experiments due to environmental regulations and restriction on
quantities of oil released in seawater. In addition, field experiments are very expensive
and requires extensive planning.

For the viscosity measurements, the standard pre-treatment at SINTEF was not followed.
A consequence may be different values compared to earlier measurements performed at
SINTEF of the three oils. The tests are nevertheless performed at a temperature close to
the seawater in the MiniTower.

6.5 Up-scaling of Laboratory Experiments

The calculated oil droplet size distributions, based on the inlet flow of oil, nozzle diameter
in the MiniTower and physical characteristics of the oils, resulted in both too low and too
high values compared to the oil droplet size distributions measured in the MiniTower.
Physical parameters affecting these calculations are especially viscosity and IFT. Both
were measured at SINTEF, to obtain equal conditions as the MiniTower. Another pa-
rameter affecting the calculations can be the flow rate from the oil pump. However, the
uncertainty of the pump is very low and should not affect the results.

The actual shear rate inside the nozzle in the MiniTower was calculated to be very high.
With a nozzle diameter of 0.5mm and an oil flow of 100mL/min, the value is approxi-
mately 135000 s−1. This will affect the viscosity of the oil, especially for an oil with a
non-Newtonian behaviour, e.g. Norne. As the viscosity is very sensitive to temperature
change, it is desirable to measure the viscosity in the laboratory as close as possible to
conditions out at sea.

To perform experiments in the MiniTower with Weber numbers comparable to field con-
ditions, e.g. DeepSpill, the flow rate of oil should be increased to at least 500mL/min
or the nozzle should be reduced to 0.1mm. The modified We number will increase to
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approximately the same value obtained in the Tower basin and by an eventual up-scaling
of these results, the volume median diameters will probably be closer to the field data
from DeepSpill and Macondo. However, the intention with the MiniTower was origi-
nally screening of different dispersants and the results from these experiments are not
necessary to up-scale.

6.6 General Considerations

The results from the simulations with MEMW could have been illustrated with cumula-
tive volume fractions compared to the utilized, mass fraction in percent versus droplet
diameter. The diameters are divided in multiple bins and if the droplets are small enough
a standard distribution is utilized. The size range is between 10 and 6000µm, and be-
tween 1 and 6000µm for MEMW v6.2 and v6.5β , respectively. If the droplets are larger,
e.g. at low flow rates, the bin with largest droplet size will have the value of dmax of the
respective oil.

Division of oil droplets in bins with determined sizes may contribute to not observing
the differences in oil droplet size distributions, even though there is a shift in the volume
median diameter. If one oil has a d50 in the lowest part of the bin, while another oil is
in the upper part of the bin, their distributions will appear to be the same. For bins with
larger diameters, their range can be several hundred micrometer. For bins with smaller
diameters, the range is smaller and it will be easier to see a shift in volume median
diameter.

The run-time for subsurface blowout simulations was set to twelve hours. Data was
collected after ten hours due to unstable oil droplet size distributions in the last time step.
The number of particles in the water column representing liquid oil droplets after ten
hours was very different from simulation case to case. A larger number of particles were
present for a few of the cases. Increased number of particles would have been achieved
by decreasing the run-time. With shorter time steps as input to the model, it performs a
larger quantity of calculations. The main outcome of increasing the number of particles
in the water column would probably been smoother oil droplet size distributions.

The bin sizes for the droplets can affect the distribution of oil droplets. It can be a chal-
lenge to shift a distribution, e.g. from a higher to a lower droplet distribution, by chang-
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ing the IFT. It was the case for simulations with different DOR of 1, 0.1 and 0.05mN/m
where the same peak value at 153µm was observed. In reality the oil droplet size distri-
bution should shift towards smaller droplets when decreasing the IFT. However, as the
droplets are placed in predetermined bins where only the peak diameter is utilized for
representation of the bin, the peak value for the distribution may not be entirely correct.

To obtain quality assured and robust simulations, with MEMW v6.2 and v6.5β , as few as
possible changes in parameters should be utilized. Multiple release locations, multiple
depths, numerous oil types, flow rates, IFTs and GOR could form a more solid basis for
the oil droplet size distributions.

Robust-and-close to reality simulation models are important for understanding subsur-
face releases of oil and gas, due to the increased search for oil and gas in more vulnerable
areas, e.g. the search for oil is moving further north. If the models predict the location of
the oil and its condition, preventing or partially preventing the oil from reaching wildlife
reserves and other vulnerable areas will have an increased likelihood of success. If a
blowout preventer, BOP, breaks down, oil and gas will flow out of the reservoir and if
a cap and contain system is not in place the oil will reach the water column and con-
sequently the sea surface. The best method to find escaped oil would be to predict the
location with simulations. A simulation model as MEMW would be invaluable for au-
thorities and companies trying to prevent oil from reaching habitats, settlements and
other vulnerable areas.

The new and modified We number scaling, utilized to calculate the oil droplet size dis-
tributions, in MEMW v6.5β represents only minor changes. As it is based on data
acquisition from many experiments performed in SINTEF’s Tower Basin, it will prob-
ably estimate more correct oil droplet size distributions compared to earlier versions of
MEMW.
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7 Conclusion

The new modified algorithm for determining oil droplet size distributions, implemented
in MEMW v6.5β , produces oil droplet size distributions with larger droplets compared
to MEMW v6.2. MEMW v6.5β yields results in accordance with the new modified
algorithm when effect of oil type, GOR and dispersant was investigated.

The inclusion of the new algorithm in MEMW v6.5β , which is dependent on differences
in viscosity for different oil types, is especially important when predicting the efforts
required to inhibit or prevent subsurface blowouts of oil and gas.

In MEMW v6.5β , a reduction in DOR does no longer create infinite small oil drop-
lets when the interfacial tension becomes low enough. Rather, it decreases towards an
asymptotic value which is an improvement from MEMW v6.2.

The laboratory results were in accordance with both theory and simulations. The up-
scaled laboratory results, predicted volume median diameters of oil droplets larger than
the maximum stable droplet size. Hence, the oil droplets will be exposed to secondary
droplet splitting.

Interfacial tension measurements yield similar interfacial tension values for pure Alve,
Norne and Svale. With addition of dispersant, the values decreased in accordance with
the theory. The values for Alve, Norne and Svale was reduced 140, 2600 and 30 times
with a DOR of 1:100, respectively.
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8 Recommendations

Many of the obtained results may be of interest for further investigation. The coherence
between viscosity and shear rate, and its effect on oil droplet size distributions may be
interesting to explore in more detail.

Only a small part of the required verification work with MEMW v6.5β has been per-
formed during this Master’s thesis. A comprehensive set of simulations must be per-
formed to investigate the robustness of the model. To further validate the oil droplet size
distributions from MEMW v6.5β , a comprehensive set of field data should be compared
with simulated distributions.

Possible improvement, at least if the oil’s properties considerably differ from the rest, is a
procedure to estimate IFT as a function of dispersant type, DOR and oil type in MEMW
automatically when changing oil type. The connection between dosage of dispersant,
IFT between oil droplets and water should be areas for increased research. A reason is
the many unresolved challenges on how to apply the dispersants most effectively.

For the future experiments performed in the MiniTower, a higher concentration of oil
should be achieved. With the seawater flow of 100L/min, utilized in the laboratory
experiments, a partially horizontal movement was observed in addition to the main ver-
tical flux. Lowering the seawater flow, higher oil concentrations can be attained in the
MiniTower. Hence, the flow will be less turbulent.

Accidents with subsurface releases of oil and gas will definitely occur in the future. In
case of a blowout, operational models predicting the fate of oil are essential to be able to
reduce the environmental impact. The models can be utilized during oil spills to predict
where the oil will be located at any given time. The models for simulating the blowouts
are of great importance for oil companies, national authorities and the population in
areas that can be affected of a release of oil and gas.

When, and if, oil droplet size distributions are measured in the sea at an actual subsur-
face blowout, entrainment of sediment particles can affect the droplet distribution. It is
important to do field measurements to create field datasets for validating models. These
data should be collected when the next accidental blowout of oil and gas occur.
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If the work performed in this Master’s thesis is to be utilized in further and expanded
work, gaining more insight to the link between simulations and experiments with the
MiniTower is recommended.
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A Additional Information Theory

A complete method on how to derive a droplet size distribution is presented in the follow-
ing, together with a section on calculation of shear rate and a section with requirements
for a dispersant on how to enhance the formation of oil droplets.

A.1 Derivation of a Droplet Size Distribution

An article written by Chen and Yapa (2007) describes a thorough method on how to
determine the droplet size distribution of oil droplets. A summary of the equations
required for it, will be presented in the following appendix. The earlier defined oil
droplet diameter, d is replaced by δ through the whole appendix.

The probability density function, PDF, must be connected with a characteristic size in
order to estimate the droplet size distribution for a spill model. If there is a wide distri-
bution of droplets, then it is best described by mean diameters, see Equation (A.1).

δ
(q−p)
qp =

∫
∞

0
f ·δ qdδ∫

∞

0
f ·δ pdδ

(A.1)

where f is the probability density function, δ is droplet size and p = 2 or 0, q =1,2 or
3. These are the most common values for p and q.

To calculate the mass mean volume-equivalent diameter of oil droplets, δ30, Equa-
tion (A.2) is utilized. The Sauter mean diameter, δ32, also called the volume-surface
diameter, is calculated by Equation (A.3).

δ30 =

(∫
δmax

0
f ·δ 3dδ

)1/3

(A.2)

δ32 =

(∫
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0
f ·δ 2dδ

)−1

δ
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30 (A.3)

(A.4)

A-1



A.1 Derivation of a Droplet Size Distribution A ADD INFO THEORY

A.1.1 Maximum Entropy Formalism Model for Oil Droplet Size Distribution

A model for the PDF for oil droplet size distribution is the maximum entropy formalism,
MEF, model. The statistical inference method provides the least biased estimate of a
probability distribution. In order to obtain an accurate distribution of droplets, physical
conservation principles are utilized with a set of constraint equations (Chen and Yapa,
2007).

The continuous integral form of the constraint equations are utilized. The normalization
constraint is presented in Equation (A.5).∫∫

f ·dδ
∗du∗ = 1 (A.5)

where f = f (δ ∗,u∗) is the joint PDF, δ ∗= δ/δ30 is the non-dimensional droplet diameter,
u∗ = u/U0 is the non-dimensional droplet velocity and U0 is the jet release velocity.

Conservation of mass is presented in Equation (A.6), where Sm is the source term for
mass conservation. ∫∫

f ·δ ∗3dδ
∗du∗ = 1+Sm (A.6)

Conservation of momentum is presented in Equation (A.7), where Smv is the source term
for momentum constraint. The term accounts for the momentum flux exchanged with
the ambient fluid. ∫∫

f ·δ ∗3dδ
∗du∗ = 1+Smv (A.7)

Conservation of surface and kinetic energy is presented in Equation (A.8), where Se is the
source term for energy conservation. The term accounts for the energy flux transferred
into ambient fluid. ∫∫

f ·
(
δ
∗3u∗2 +δ

∗2B
)

dδ
∗du∗ = 1+Se (A.8)
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where B is defined by;

B =
2s
We

(A.9)

and where s is a shape factor, defined in Equation (A.10). The Weber number, We, is
defined in Equation (A.11).

s =
A
V
·δ (A.10)

where A is surface area and V is volume of a droplet. For a spherical shape, Sm is
assumed to be zero and s = 6.

We =
ρoilU2

0 δ30

σ
(A.11)

where ρoil is the oil density, U0 is initial velocity of oil and σ is interfacial tension
between oil and water.

The PDF is found by maximizing Shannon’s entropy, see Equation (A.12).

S =−k ·
∫

f (δ ∗,u∗) · ln( f ((δ ∗,u∗))dδ
∗du∗ (A.12)

If Shannon’s entropy is maximized with k = 1 and with the constraints in Equations
(A.5) to (A.8), the joint PDF will have the form presented in Equation (A.13).

f = 3δ
∗2 exp

[
−λ0−λ1δ

∗3−λ2δ
∗3u∗−λ3

(
δ
∗3u∗2 +δ

∗2B
)]

(A.13)

The Lagrangian multiplier, λi, must be evaluated by solving the above constraints, then
Equation (A.13) can be integrated over the velocity axis, du, to obtain the number-
based droplet size distribution. With boundaries from minimum to maximum normalized
droplet velocity, the equation becomes as presented in Equation (A.14).

fN =
dN
dδ ∗

=
∫ u∗max

u∗min

f du∗

=
3
2

(
πδ ∗

λ3

)
·A(δ ∗)exp

[
−λ0−λ3Bδ

∗2−
(

λ1−
λ 2

2
λ3

)
δ
∗3
]

(A.14)
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where

A(δ ∗) = erf
[(

u∗max−
λ2

2λ3

)√
λ3δ ∗3

]
− erf

((
u∗min−

λ2

2λ3

)√
λ3δ ∗3

)
(A.15)

where erf() is the error function and the minimum velocity is set to zero. The upper
integration limit domain must be chosen in such a way that the PDF at the limit of
integration approaches zero.

When a number-based PDF is obtained, it is possible to find the volume-based PDF.
In Equation (A.16) it is assumed spherical droplets, thus the volume of the droplets is
proportional to δ 3.

fV =
δ 3

δ 3
30

fN = δ
∗3 fN (A.16)

A.1.1.1 Numerical procedure for solving the PDF

For solving the PDF numerical, five steps have to be followed:

1. Estimate the constraints in the source terms with conditions at the release point.

2. Calculate the mass mean diameter, δ30, based on earlier information.

3. Calculate the Weber number with respect to δ30.

4. Solve Equations (A.5) to (A.8) for the four Lagrangian multipliers, λi, with a
modified Newton-Raphson method.

5. Calculate the droplet size distribution with Equations (A.14) and (A.16).

The conditions in Equation (A.17) usually have to be satisfied for the initial guess of λi

(Chen and Yapa, 2007).

λ1 > 0, λ2 < 0, λ3 > 0, λ1 +λ3 > |λ2| (A.17)
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A.1.2 Simplified Maximum Entropy Formalism-Based Models

The MEF model for oil droplet size distributions yields reasonable results for several
cases, however it has disadvantages which are listed below (Chen and Yapa, 2007).

• Difficult to define the full set of constraints and they may be inaccurate.

• A challenge to obtain convergence, especially if the number of equations with
constraints are increased.

• Difficulties with defining constraint equations for each case.

• An implicit relationship between model and parameters. Leads to difficulties with
the understanding of certain parameters.

A simplified model with mass balance as basis is presented in the nest paragraph, Model 1.

A.1.2.1 Model 1: Conservation of mass

The solution of the number-based PDF can be obtained by utilizing the constraints from
Equations (A.5) and (A.6). It results in the following, with λ0 = 0 and λ1 = 1;

fN =
dN
dδ ∗

= 3δ
∗2 exp

(
−δ
∗3) (A.18)

Utilizing the Sauter mean diameter in Equation (A.18), Equation (A.19) can be obtained
(Chen and Yapa, 2007).

fN =
dN
dδ̄

= 3C1δ̄
2 exp

(
−C2δ̄

3) (A.19)

where

δ̄ =
δ

δ32

δ32 = A ·δ30

δ
∗ = A · δ̄

C1 = A2 and C2 = A3
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The distribution presented in Equation (A.18) has the same form as a Nukiyama and
Tanasawa number-based distribution, see Equation (A.20) (Chen and Yapa, 2007).

fN =
dN
dδ

= Bδ
m exp [−Cδ

q] (A.20)

where m is usually equal to two, B, C and q are constants.

Equation (A.18) has similarities with the Rosin-Rammler distribution. The volume-
based Rosin-Rammler distribution function is presented in Equation (A.21) (Chen and
Yapa, 2007).

Φ(δ ) = 1− exp
[
−C′

(
δ

δC

)q]
(A.21)

where Φ(δ ) is the fraction contained in drops of diameter less than δ , δc is characteristic
droplet size and C′ is a constant related to δc.

The volume-based size distribution is presented in Equation (A.22), where δ ∗ = δ/δC.

fV =
dV
dδ ∗

=C′q(δ ∗)q−1 exp [−Cδ
q] (A.22)

The Rosin-Rammler number-based size distribution is presented in Equation (A.23).

fN =
dN
dδ ∗

=C′q(δ ∗)q−4 exp [−Cδ
q] (A.23)

Equation (A.18), (A.20) and (A.23), have the same form, however with different param-
eters. Since the equations have these similarities, it is reasonable to say that both the
Nukiyama and Tanasawa model, and the Rosin-Rammler model can be derived by using
the MEF model.

A.1.2.2 Model 2: Averaged specific surface area

A simplified model with the averaged specific surface area as basis is presented below.

Assuming a spherical droplet with size δ . Then the specific surface area is proportional
to δ−1. A proposed model is to assume an averaged value of δ−1 for the whole sys-
tem with quasi-steady conditions. This is 1/δ32, presented in Equation (A.24) and was
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proposed by Ogawa, Sha, Palosaari and Ok (2001).

∫
∞

0
f
(

1
δ

)(
1
δ

)
d
(

1
δ

)
=

1
δ32

(A.24)

The normalization condition utilized to be able to apply the MEF approach is presented
in Equation (A.25). Shannon’s entropy, S, for the simplified model is presented in Equa-
tion (A.26).

∫
∞

0
f
(

1
δ

)
d
(

1
δ

)
= 1 (A.25)

S =−k
∫

∞

0
f
(

1
δ

)
ln
[

f
(

1
δ

)]
d
(

1
δ

)
(A.26)

An estimate of the PDF, fL0, is found by maximizing S, with k = 1, and utilizing the
constraints in Equations (A.24) and (A.25). The result is presented in Equation (A.27).

fL0

(
1
δ

)
= δ32 · exp

(
−δ32

δ

)
(A.27)

The equation above is not realistic since it states that larger droplets always has a larger
probability. The statement is not true, however it is more reasonable that the probability
of larger droplets is always smaller. It results in Equation (A.28) which is based on δ32

and the oil droplet number. B′ and C′ are two adjustable parameters.

fL =
dN
dδ

= δ32 · exp
(
−δ32

δ

)[
−B′

(
δ

δ32

)C′
]

(A.28)

The droplet size is normalized by replacing δ32 with δ30, then Equation (A.29) is ob-
tained.

fN =
dN
dδ ∗

= A · exp
[
− 1

δ ∗
−B ·δ ∗C

]
(A.29)

where fN is a number based PDF, δ ∗ = δ/δ30 and A is a parameter to account for the
normalization condition,

∫
fNdδ ∗.
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Since there are two tuning parameters, B and C, in Equation (A.29) it is easier to fit
experimental data than in the first simplified model. These two tuning parameters can be
dependent of other variables, e.g. surface tension, release velocity or viscosity of liquid.
More details for the parameters are found in (Chen and Yapa, 2007).

In (Li and Garrett, 1998) a relationship between oil droplet size and upper ocean turbu-
lence is discussed. A couple of the equations utilized in the scientific paper can be related
to the equations utilized in above to calculate the oil droplet sizes from a jet/plume.

A.2 Shear Rate

The shear rate inside a pipe can be calculated by Equation (A.30) and the method is
described in more detail in (Darby, 2001).

γ̇ =
8u
d

(A.30)

where γ̇ is the shear rate, u is linear fluid velocity and d is inner diameter of pipe. The
linear fluid velocity is calculated by Equation (A.31).

u =
Q
A

where A = πr2 (A.31)

where Q is volumetric flow rate, A is cross-sectional area of pipe and r is inner radius
of the pipe. Equation (A.30) can be simplified to Equation (A.32), and will then only be
dependent of flow rate and radius.

γ̇ =
4Q
πr3 (A.32)
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A.3 Dispersant Requirements

Seven requirements for a chemical dispersant to enhance the formation of oil droplets
according to Committee on Understanding Oil Spill Dispersants: Efficacy and Effects
(2005) are:

1. The dispersant must hit the target oil at the desired dosage.

2. The surfactant molecules in the dispersant must have enough time to penetrate and
mix into the oil.

3. The surfactant molecules must orient at the oil-water interface with the lipophilic
groups in the oil phase and the hydrophilic groups in the water phase.

4. The oil-water interfacial tension must decrease due to the presence of surfactant
molecules at the oil-water interface, thereby weakening the cohesive strength of
the oil film.

5. Sufficient mixing energy must be applied at the oil-water interface, by wind and/or
wave action, to allow generation of smaller droplets, with a concomitant increase
in interfacial surface area.

6. The droplets must be dispersed throughout the water column by a combination of
advective and diffusive processes to minimize droplet-droplet collisions and coa-
lescence to form larger droplets. The larger droplets can resurface in the absence
of continued turbulence.

7. After entrainment, the droplets must be diluted to nontoxic concentrations and
remain suspended in the water column long enough for the majority of the oil to
be biodegraded.
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B Additional Information Simulations and Laboratory
Experiments

B.1 Input Data to MEMW

• Simulation Information

– Start time: May 1, 2000, due to the limited amount of current data available.

– Duration of simulation: Twelve hours.

• Release Information

– Selected site: Norne field, 66°2′N 8°5′E, approximately at 370 meters sea-
water depth.

– Profile: Change between Alve, Norne and Svale with their respective com-
position files. Exception for Norne where the composition file for Norne
Blend is utilized, due to it does not exist a composition file for Norne.

– Release rate: Default is 4800m3/d. 7200m3/d and 9600m3/d are also
utilized.

– Duration of release: Twelve hours.

– Depth: One meter above sea floor.

• Near Field Model

– Near field model: Plume3D

– Release diameter: 120 mm.

– Gas/Liquid ratio: 0, 100, 200 and 400. Where e.g. 960000Sm3/d gas is
equivalent to 4800m3/d oil release for a GOR of 200.

– Gas density: Default value of 0.8kg/Sm3.

– Hydrate formation: Neglected.
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– Oil/Water Tension [N/m]: Standard value utilized will be 20mN/m, not
the default of 30mN/m. The value is assumed to be 200 times smaller
when dispersant is utilized, hence the value utilized if dispersant is present
is 0.1mN/m.

• Environmental Parameters

– Grid: A grid size of 200x153 will be utilized.

– Wind: No wind, because then the quantity of liquid droplets in the water
column will not be affected of entrained droplets from the surface.

– Current: dmni_2000_4km.dir, found in the basic edition of MEMW.

– Salinity and temperature profile: Actual profiles for the Norne field, de-
scribed more closely in Appendix B.2.

• Model Parameters

– Liquid/Solid particles: 30000, maximum allowed.

– Dissolved particles: 30000, maximum allowed.

– Gas particles: 30000, maximum allowed and is only applicable for MEMW
v6.5β .

– Concentration grid: 200x153x10, the same size as the grid in environmen-
tal parameters and the Z direction is divided in 10 layers.

– Surface grid dimensions: 200x153, the same size as the grid in environ-
mental parameters.

– Concentration grid depth: Min: 0, Max: 400.

– Output interval: One hour, i.e. write data to log file every hour.

– Time step: Five minutes, i.e. the model does calculations every fifth minute.

The values not discussed above, the default values from MEMW will be utilized.
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B.2 Salinity and Temperature Profile

The temperature and salinity profile utilized as input data in the simulations at the Norne
field are found in Rye, Nordtug and Skognes (2003). Figures B.1 and B.2 are the same
as from an article by Rye et al. (2003). The figures are reproduced with the hydrographic
data from Henrik Rye at SINTEF (personal communication).
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Figure B.1: Salinity profile for the Norne field, Rye et al. (2003).
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Figure B.2: Temperature profile for the Norne field, Rye et al. (2003).
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B.3 Size Ranges for LISST-100X Type C

Table B.1: Size ranges for spherical particle inversion method for the LISST-100X Type C
(Sequoia Scientific, Inc., 2012).

Size bin number Lower [µm] Upper [µm] Median [µm]

1 2.50 2.95 2.72
2 2.95 3.48 3.20
3 3.48 4.11 3.78
4 4.11 4.85 4.46
5 4.85 5.72 5.27
6 5.72 6.75 6.21
7 6.75 7.97 7.33
8 7.97 9.4 8.65
9 9.4 11.1 10.2

10 11.1 13.1 12.1
11 13.1 15.4 14.2
12 15.4 18.2 16.8
13 18.2 21.5 19.8
14 21.5 25.4 23.4
15 25.4 30.0 27.6
16 30.0 35.4 32.5
17 35.4 41.7 38.4
18 41.7 49.2 45.3
19 49.2 58.1 53.5
20 58.1 68.6 63.1
21 68.6 80.9 74.5
22 80.9 95.5 87.9
23 95.5 113 104
24 113 133 122
25 133 157 144
26 157 185 170
27 185 218 201
28 218 258 237
29 258 304 280
30 304 359 331
31 359 424 390
32 424 500 460

B-4



C ADD INFO RESULTS

C Additional Information Results

The appendix contains additional information to section 5 Results. The subsections are
named analogous to the results section. Here, extra figures and tables are presented
to support the already presented data. In addition a complete table of droplet size raw
data is included. A graph from the IFT measurements and a graph from the viscosity
measurements are attached, as well.

C.1 Comparison of Oil Types

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
2000

3000

4000

5000

6000

7000

8000

9000

d
9
5
[µ
m
]

Flow rate [m3/d]

 

 

d95 Alve
dmax Alve

Figure C.1: d95 as a function of flow rate, blue line, and dmax is the asymptote, red line.
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C.2 Flow Rate
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Figure C.2: Svale: Droplet size distributions at three different flow rates; 4800, 7200 and
9600m3/d. Simulations with MEMW v6.2 are showed with solid lines and simu-
lations with MEMW v6.5β are showed with dashed lines.

Table C.1: Svale: Droplet sizes for three different flow rates. The peak value, dpeak, and d95 are
presented for MEMW v6.2. The same values are presented for MEMW v6.5β together
with the maximum stable droplet size, dmax. All droplet sizes in µm.

Rate
[m3/d]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

4800 568 1891 3046 7827 10719
7200 289 1162 1519 5518 10719
9600 206 823 1519 4313 10719
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C.3 Effect of Dispersant
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Figure C.3: Svale: Droplet size distributions without and with dispersant. Without dispersant
are blue lines, and with dispersant are red lines. Simulations with MEMW v6.2 are
showed with solid lines and simulations with MEMW v6.5β are showed with dashed
lines.

Table C.2: Svale: Droplet sizes for simulations with and without dispersant. The peak value,
dpeak, and d95 are presented for MEMW v6.2. The same values are presented for
MEMW v6.5β together with the maximum stable droplet size, dmax. All droplet sizes
in µm.

IFT
[mN/m]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

20 568 1891 3046 7827 10719
1 38 79 243 1110 1110
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C.4 Dispersant-to-Oil Ratio
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Figure C.4: Alve: Droplet size distributions for six different IFT values at a flow rate of
4800m3/d. Simulations with MEMW v6.2 are showed with solid lines.
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Figure C.5: Alve: Droplet size distributions for six different IFT values at a flow rate of
4800m3/d. Simulations with MEMW v6.5β are showed with dashed lines.
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Table C.3: Alve: Droplet sizes for simulations with different DOR at a flow rate of 4800m3/d.
The peak value, dpeak, and d95 are presented for MEMW v6.2. The same values are
presented for MEMW v6.5β together with the maximum stable droplet size, dmax. All
droplet sizes in µm.

IFT
[mN/m]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

20 568 1891 3324 4640 8630
5 206 823 961 2245 4768
1 105 313 384 1184 2394

0.1 38 79 153 814 894
0.05 19 52 153 664 664
0.01 10 20 97 334 334
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Figure C.6: Svale: Droplet size distributions for six different IFT values at a flow rate of
4800m3/d. Simulations with MEMW v6.2 are showed with solid lines.
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Figure C.7: Svale: Droplet size distributions for six different IFT values at a flow rate of
4800m3/d. Simulations with MEMW v6.5β are showed with dashed lines.

Table C.4: Svale: Droplet sizes for simulations with different DOR. The peak value, dpeak, and
d95 are presented for MEMW v6.2. The same values are presented for MEMW v6.5β

together with the maximum stable droplet size, dmax. All droplet sizes in µm.

IFT
[mN/m]

MEMW v6.2 MEMW v6.5β

dpeak d95 dpeak d95 dmax

20 568 1891 3046 7827 10719
5 289 823 2401 5922 5922
1 185 313 961 2974 2974

0.1 38 79 243 1110 1110
0.05 19 52 243 825 825
0.01 10 20 153 414 414
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C.5 Droplet Size Raw Data for Simulations

Table C.5 contains all the raw data information available in the two log files, .prt and
.p3d, from MEMW for droplet sizes that characterizes the oil droplet size distribution
functions. The interpretation of the different droplet sizes are:

• d95,max is the 95% maximum droplet size from the .prt log file. It is the same
number as d95,old, from the .p3d log file from MEMW v6.5β , for MEMW v6.2.

• d95,old is calculated in MEMW v6.5β and is utilized for comparison with the new
calculated droplet size.

• dpeak is the peak value from a graph and is the bin with the largest percentage of
oil droplets.

• dmax is presented in the .p3d log file from MEMW v6.5β and is the largest stable
droplet size. It is calculated by a correlation presented by Hu and Kintner (1955).

• dchar is a characteristic size that MEMW calculates internally, however it is not
describing the oil droplet size distribution correctly and will not be utilized further.
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C ADD INFO RESULTS C.6 Up-scaling of Laboratory Results

C.6 Up-scaling of Laboratory Results

It is possible to predict the volume median diameter, d50, for both laboratory experiments
and full scale tests. To find the values, Equations (C.1) through (C.12) are utilized.

Q =
π

4
D2U (C.1)

We =
ρ

σ

(
4
π

)2 Q2

D3 (C.2)

Qeq =
π

4
We1/2

(
σ

ρ

)1/2

D3/2 (C.3)

Uoil =
Q

π

4 D2 (C.4)

Un =
U

(1−n)1/2 (C.5)

U ′ =Un
(
1+Fr−1) (C.6)

Fr =
Un

g′D
(C.7)

g′ =
g [ρw−ρoil (1−n)]

ρw
(C.8)

We′ =
ρU ′2D

σ
(C.9)

Re′ =
ρU ′D

µ
(C.10)

Vi =
We′

Re′
(C.11)

d50

D
= AWe′−3/5

[
1+BVi

(
d50

D

)1/3
]3/5

(C.12)
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C.7 Viscosity Measurements C ADD INFO RESULTS

C.7 Viscosity Measurements

Viscosity measurements were performed at different shear rates with the pure oils of
Alve, Norne and Svale. The standard pre-treatment procedure for SINTEF Sealab was
not followed. The oils were tempered to 13◦C before the tests were performed. The
results from the measurements are presented in Figure C.8.

10
0

10
1

10
2

10
310

−1

10
0

10
1

10
2

10
3

10
4

Shear rate [1/s]

V
is
co
si
ty

[m
P
a·
s]

 

 
Alve
Norne
Svale

Figure C.8: Viscosity measurements of Alve, Norne and Svale performed at SINTEF Sealab to
check and verify the already earlier measured viscosities.

C-10



C ADD INFO RESULTS C.8 Interfacial Tension Measurements

C.8 Interfacial Tension Measurements

IFT measurements were performed with the spinning drop video tensiometer for the
three oil types; Alve, Norne and Svale. Experiments were performed for both the pure
oils, as well as for oils with premixed dispersant. The results from the measurements as
a function of time are presented in Figure C.9.
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Figure C.9: IFT measurements of Alve, Norne and Svale as a function of time from the spinning
drop video tensiometer.

C-11
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D Health, Safety and Environment

The Health, Safety and Environment, HSE, evaluation for the Master’s thesis is attached
in the following. The next pages contains one page describing the mapping of high-risk
activity, and two pages with a risk assessment for the Master’s thesis. The evaluation is
mandatory and must be completed before the thesis can commence. HSE has become
more important these days, hence it has been a valuable experience to complete a risk
assessment before the laboratory experiments were carried out.
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