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Chapter 4
Jet Formation at the Spill Site 
and Resulting Droplet Size Distributions

Karen Malone, Zachary M. Aman, Simeon Pesch, Michael Schlüter, 
and Dieter Krause

Abstract  The size distribution of oil droplets and gas bubbles forming at the exit 
geometry of a deep-sea blowout is one of the key parameters to understand its prop-
agation and fate in the ocean, whether with regard to rising time to the surface, drift 
by ocean currents, dissolution or biodegradation. While a large 8 mm droplet might 
rise to the sea surface within minutes or hours, microdroplets <100 μm may take 
weeks or months to surface, if at all. On the other hand, a microdroplet or bubble 
dissolutes faster due to its larger surface to volume ratio and is also more available 
for biodegrading bacteria. To be able to properly model these effects, it is necessary 
to understand the drop formation processes near the discharge point and to predict 
the evolving droplet size distribution (DSD) for the specific conditions.

In this chapter, the general breakup mechanisms and flow regimes of an oil-in-
water jet are discussed in Sect. 4.1. Section 4.2 focuses on the different approaches 
to determine the DSD in the laboratory and field settings and critically reviews the 
existing datasets. State-of-the-art models for the prediction of the DSD of a subsea 
oil discharge are presented alongside a new approach based on the turbulent kinetic 
energy (TKE) in Sect. 4.3, while Sect. 4.4 takes a closer look at the specific effects 
of the deep sea on the DSD. Based on this, Sect. 4.5 discusses the advantages and 
limitations of subsea dispersant injection. Section 4.6 provides a summary of the 
chapter and gives an outlook to unresolved questions.
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Nomenclature

Latin

A	 Empirical coefficient in the modified Weber number scaling
B	 Empirical coefficient in the modified Weber number scaling
CDF	 Cumulative distribution function
D	 Nozzle/discharge diameter
d32	 Sauter diameter
dn50	 Median diameter of number distribution
dp	 Drop/particle diameter
dv50	 Median diameter of volume distribution
DOR	 Dispersant-to-oil ratio
DSD	 Drop size distribution
erf(x) 	 Gauss error function
exp(x) 	 Exponential function
IFT	 Interfacial tension
ki	 Scaling factor
M	 Oil mass inside the nozzle
Oh	 Ohnesorge number
p	 Pressure
Δp	 Pressure drop at the nozzle
Q	 Volume flow rate
Re	 Reynolds number
ul	 Exit velocity of dispersed liquid phase
Vi	 Viscosity number
We	 Weber number
We*	 Modified Weber number

Greek

α 	 Spreading factor of the Rosin-Rammler distribution function
ε 	 Turbulent energy dissipation rate
εu	 Turbulent energy dissipation rate caused by the exit velocity
εpd	 Turbulent energy dissipation rate caused by pressure drop at the nozzle
ηl	 Dynamic viscosity of dispersed liquid phase
ρl	 Density of dispersed liquid phase
ρc	 Density of continuous phase
σ 	 Spreading factor of the log-normal distribution function
σl	 Interfacial tension (IFT) between dispersed liquid phase and continuous phase
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4.1  �Introduction

When crude oil enters into seawater from a pipeline or a well, drop formation will 
occur in different ways based on the characteristics of the discharge. In general, oil 
drop formation is governed by the relation of stabilizing forces (interfacial tension, 
viscosity) versus destabilizing forces such as turbulence within the oil and the water 
phase, friction and cavitation (Lefebvre and McDonell 2017). There are several 
studies distinguishing a number of different flow regimes, ranging from the forma-
tion of single drops at the exit geometry to full atomization of a jet (Masutani and 
Adams 2001; Boxall et al. 2012; Ohnesorge 1936; Lefebvre and McDonell 2017).

Originally, Ohnesorge (1936) identified four different regimes (see Fig. 4.1):

	 0.	 Formation of individual drops at the nozzle without jet formation.
	 I.	 Breakup of a cylindrical jet caused by Rayleigh instability.
	II.	 Breakup caused by sinuous waves along the jet.
	III.	 Atomization of the jet due to turbulent breakup.

The different regimes are distinguished using the relation between the dimen-
sionless Reynolds number (Re)

	
Re

D u
=

⋅ ⋅ρ
η

l l

l 	
(4.1)

Fig. 4.1  Different breakup/flow regimes of Louisiana sweet crude oil discharged into artificial 
seawater at 150 bar, 20 °C from a 1.5 mm nozzle. Volume flow increases from left to right. Far left: 
regime (0), individual drop formation. Mid left: regime (I), Rayleigh instability. Mid right: regime 
(II), sinuous wave breakup. Far right: regime (III), atomization, turbulent breakup

4  Jet Formation at the Spill Site and Resulting Droplet Size Distributions
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and Ohnesorge number (Oh)

	
Oh l

l l

=
⋅ ⋅
η
ρ σD 	

(4.2)

with D as the discharge diameter, ρl is the oil density, σl is the oil-water interfacial 
tension (IFT), ηl is the dynamic viscosity of the oil and ul is the oil exit velocity at 
the nozzle. In each regime, the breakup of the dispersed oil into drops is governed 
by different mechanisms. While the drop diameter is mainly determined by the exit 
geometry, buoyancy and interfacial tension between oil and water in regime (0), the 
atomization regime is mainly governed by turbulence and the shear forces acting 
between oil and water. Since the original work of Ohnesorge, several authors have 
sought to specify the borders of these and additional sub-regimes (e.g. Tang 2004; 
Hsiang and Faeth 1992; Masutani and Adams 2001; Adams and Socolofsky 2004; 
Lefebvre and McDonell 2017), especially with regard to the transition from 
Rayleigh instability to full atomization. In a major oil well blowout, it can, however, 
be assumed that the discharged liquid will be well beyond the atomization boarder 
(Masutani and Adams 2001). In the following therefore only the drop formation 
processes in a fully atomized jet will be considered. As it represents the upper limit 
of the different approaches for classification of the flow regimes, Tang’s expression 
(Tang 2004)

	 Oh ≥ ⋅ −24 9548 1 0027. .Re 	 (4.3)

is chosen to mark the transition to full atomization and turbulent breakup.
The breakup of a turbulent jet consists of two phases, the primary and secondary 

breakup. In the primary breakup, ligaments form at the edge of the cylindrical jet 
due to shear between the continuous phase and the jet, which eventually break up 
into drops. The secondary breakup describes the further disintegration of these ini-
tial drops into smaller drops due to the ambient flow field. The primary breakup 
stage has a major influence on the final droplet size distribution (DSD) and is mainly 
controlled by the discharge conditions at the nozzle (Lefebvre and McDonell 2017). 
The hydrodynamics taking place at this stage of the jet formation are very complex 
and not yet fully understood (Zuzio et al. 2013).

As a result of the turbulent nature of an atomized jet, the formation and size of 
individual drops cannot be predicted. The entirety of all drops in an atomized jet 
can, however, approximately be described using a characteristic average diameter 
and a size distribution function. Depending on the area of application, different 
characteristic diameters are used. In oil spill modelling, the median diameters of the 
number (dn50) or volume distribution (dv50) are most commonly used, describing the 
50th percentile of all drops by number and total oil volume, respectively. With 
regard to mass transfer between the dispersed and the continuous phase, the Sauter 
mean diameter (d32) has been established. It describes a drop with the same volume 
to surface ratio as the overall oil phase and can be calculated using:

K. Malone et al.
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The DSD of a dispersed oil phase is widely discussed in the literature. 
Experimental studies mostly found either a Rosin-Rammler distribution (e.g. 
Johansen et al. 2013) according to

	

CDF d k
d

di
i
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
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
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(4.5)

or a log-normal distribution function (e.g. Malone et al. 2018)

	
CDF erfd

d di( ) = + ⋅
−

⋅











1

2

1

2 2

ln ln

σ 	
(4.6)

with di as median diameter, α and σ spreading coefficients and ki =  −  ln (0.5) = 
0.69. Both functions describe a unimodal size distribution, whereas the Rosin-
Rammler distribution is slightly biased towards larger drop diameters in direct 
comparison of the two.

4.2  �Determination of Drop Size Distributions in Laboratory 
and Field Settings

Today, the knowledge on drop formation processes in a subsea oil discharge is based 
mainly on small-scale experiments in the lab. A single full-scale experiment 
(“DeepSpill”) has been performed off the Norwegian coast in 2000, and some mea-
surements were taken during the Deepwater Horizon (DWH) oil spill in 2010 a 
large distance from the wellhead.

For a better understanding of the available datasets and the possibilities to assess 
the DSD experimentally in the lab during a future spill, the different available 
experimental setups are discussed. Several possibilities for in situ measurements 
during a spill are presented, and the existing datasets are critically reviewed.

4.2.1  �Pilot-Scale Jet Experiments

Several studies have been performed to determine drop size distributions from 
downscaled oil jets entering into seawater at surface conditions, especially since the 
DWH oil spill. Masutani and Adams (2001) were one of the first to perform in-depth 
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surveys of the DSD of a vertical oil discharge for several exit velocities and dis-
charge diameters ranging from 1 to 5 mm. A pulse-free gear pump was used to 
inject the oil from a pressure-free reservoir into a water depth of approximately 1 m. 
Droplet sizes were determined using a Phase Doppler Particle Analyzer (PDPA). 
Brandvik et al. (2013) performed a series of experiments using the “Tower Basin” 
facility at SINTEF, Norway, to measure oil droplet sizes with and without subsea 
dispersant injection (SSDI). The water tank used was 3 m wide and 6 m deep; oil 
was injected vertically upward by pressurizing the oil reservoir with nitrogen and 
releasing the pressurized oil through a controlled valve. Size measurements were 
taken with both a LISST-100X laser diffractometer and a macro camera 2 m above 
the nozzle. On the same scale, Belore (2014) investigated the effect of varying 
dispersant-to-oil ratio (DOR) and gas void fraction on the DSD at Ohmsett Wave 
Tank. In this study, two LISST-100X laser diffractometers were used to measure the 
DSD. Zhao et al. (2016) performed experiments at a larger scale also at Ohmsett 
Wave Tank in 2016 with a discharge of 6.3 L/s from a 1 inch horizontal nozzle; DSD 
was again determined using two LISST-100X.

These and other similar studies provide key information on the DSD of an oil-
only discharge in shallow waters. But because of the limitations of the facilities, the 
effects of a deep-sea environment such as in the DWH spill could not be investi-
gated. A deep-sea oil discharge will alter from one in shallow waters not only with 
regard to the water temperature and hydrostatic pressure but also to the high amount 
of short-chained, gaseous hydrocarbons dissolved in the oil and a pressure differ-
ence between the oil reservoir and the surrounding seawater. Recently, two research 
groups investigated these effects by generating jets under artificial deep-sea condi-
tions. Brandvik et al. (2017) used a holocam (Davies et al. 2017) to determine the 
DSD of “live oil”, i.e. oil saturated with natural gas, with and without an additional 
gas void fraction and/or chemical dispersants. The experiments took place in a 
2.3-m-wide pressure tank at the Southwest Research Institute (SwRI) at elevated 
hydrostatic pressures between 59 and 172 bar; jets were generated by overpressure 
in the oil reservoir. Malone et  al. (2018) at Hamburg University of Technology 
performed several studies at 151 bar hydrostatic pressure to quantify the effects of 
gas dissolution, outgassing and sudden pressure loss at the nozzle. Oil DSD was 
determined from an endoscopic imaging system at the centreline of the jet. Oil flow 
was generated either isobarically or with a defined pressure difference using an 
equal-volume cylinder (Seemann et  al. 2014), enabling a wide range of spill 
scenarios.

4.2.2  �Stirrer Cells

A different approach to determine the DSD of an accidental oil discharge is based 
on the turbulent nature of such a discharge. This approach uses a stirrer cell to simu-
late not the oil jet itself, but rather its turbulent flow field by stirring an oil-in-water 
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emulsion at a certain speed. This approach avoids upscaling over several orders of 
magnitude but allows only the investigation of an equilibrated system.

Among others, Boxall et al. (2012) measured the DSD of a water-in-oil emulsion 
with a combination of the focused beam reflectance method (FBRM) and an endo-
scopic imaging system for a wide range of oil blends and stirrer speeds. Aman et al. 
(2015) used the same approach to investigate the DSD under high hydrostatic pres-
sure up to 110 atm in a methane-saturated system using high-speed video image 
analysis.

4.2.3  �DeepSpill: Field Experiment in the Deep Sea

In June 2000, SINTEF performed a field experiment at the Helland-Hansen site off 
the coast of Norway in a water depth of 844 m. Four discharges of dyed seawater, 
crude oil and marine diesel fuel in combination with LNG (liquefied natural gas) or 
nitrogen were conducted in order to test numerical spill propagation models and 
equipment for spill monitoring and surveillance (Johansen et al. 2000). The liquids 
were discharged at a rate of 60 m³/h for 60 min each from a 120 mm nozzle; gas 
flow was between 0.6 and 0.7 Sm³/s. Droplet sizes were evaluated manually from 
ROV video data for one discharge of diesel fuel in combination with LNG at four 
different heights over the discharge point. Images of the drops were taken by a 
colour video camera (resolution 460 TV lines) with a ruler mounted in the fore-
ground to provide scale. The reported volume median diameter varies from four 
distinct values between 3 and 7 mm for the four measurement points (dv50 increasing 
with increasing distance from the discharge point) (Johansen et al. 2000; Socolofsky 
et al. 2015) to a single value of 5.5 mm (Brandvik et al. 2017).

4.2.4  �Equipment for Field Measurements

In situ measurement of the DSD of a deep-sea oil spill remains a challenge. Apart 
from the high-pressure environment, the equipment needs to detect a particle size 
range of three orders of magnitude, from <10 μm to several millimetres. In addition, 
the oil fraction in the jet near the discharge point can be very high, resulting in poor 
light transmittance.

Although originally designed for the quantification of solid particles suspended 
in the water column, the commercially available LISST laser diffractometers by 
Sequoia Scientific Inc. have been widely used in the past years to measure oil drop-
let sizes as well (see Sect. 4.2.1). While the system is easy to deploy on ROVs for in 
situ measurements and also available in a deep-sea configuration (depth rating 
3000 m), its measurement range is limited to a maximum drop diameter of 500 μm, 
a maximum particle concentration of 750  mg/L (less for large particles) and an 
optical transmission rate  >30%. The technology is therefore well suited for 
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measurements in the far-field plume or intrusion layer but less for determination of 
the initial DSD next to the discharge site due to the larger drop diameters and high 
oil concentration that are to be expected there.

As an alternative, video imaging systems can be used for droplet size measure-
ments. A promising approach by Davies et al. (2017) uses a holographic camera 
system to size particles in sample volume with 3–50 mm path length. The large path 
length and adjustable magnification enable sizing in the range of 28 μm to several 
millimetres. Based on backlighted images of small sample volumes, oil concentra-
tion is again a limiting factor in this approach as images should ideally contain no 
overlapping particles in the view plane to enable automated image analysis and siz-
ing. In addition, a narrow path length and small sample volume poses the risk of 
under-sampling large particles (Davies et al. 2017).

At the cost of generating images that might not be automatically evaluable, endo-
scopic systems with incident lighting can handle very high oil concentrations over a 
large diameter range in the order of magnitude from 101 to 103 μm (Maaß et al. 
2011; Malone et al. 2018).

4.2.5  �Critical Review of Datasets

The confident translation of laboratory or pilot-scale experiments to the field 
remains an outstanding research objective. Multiple authors have proposed correla-
tions with the claim of accurately representing the field scale, yet in all cases the 
empirical or semiempirical correlations employed require extrapolation. 
Fundamentally, the scientific method imposes an upper limit on the confidence of 
any extrapolation, particularly in the case it includes any empirical contribution. 
While several scaling quantities may be considered to unite laboratory and pilot-
scale data, including the Reynolds and Weber numbers, it should be recognized that 
these quantities are fundamentally approximations that balance contributions in 
simple turbulent systems. To be clear, the Weber and Reynolds numbers are not 
defined for a turbulent plume and are not defined for a flow system containing dis-
persed phases (oil, gas and potentially hydrate in this case). As a consequence, the 
attempts to unify the datasets reported in Table 4.1 within a single correlation have 
failed to date. One attempt has shown limited success – as discussed in Sect. 4.3.3 – 
where turbulence is evaluated at a more fundamental level than the Weber and 
Reynolds numbers provide.

4.3  �Modelling Approaches

Based on the experimental and field data presented in the previous section and 
Table 4.1, different models were developed to predict the initial droplet size distri-
bution of an accidental subsea oil discharge. These models can be divided into two 
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principal groups: models that use characteristic flow parameters for up- or down-
scaling of a median diameter and models that calculate a complete droplet size 
distribution through mechanistic modelling of the flow. Both groups differ widely 
with regard to the computational effort but also with regard to the level of detail of 
the result.

4.3.1  �Scaling-Based Models Using Dimensionless Numbers

Probably the most widely used scaling approach in the oil spill community is the 
modified Weber number scaling by Johansen et al. (2013). Based on the model of 
Wang and Calabrese (1986) for stirred-tank reactors, they proposed the implicit 
scaling law for the volume median diameter dv50

	

d

D
Av We50 3 5= ⋅ ∗− /

	
(4.7)

with the modified Weber number We*

	

We
We

Vi v

∗ =

+ ⋅ ⋅





















1 50

1

3

B
d

D
	

(4.8)

where We l l

l

=
⋅ ⋅D uρ
σ

2

 is the Weber number,Vi
We

=
Re

 the viscosity number and A 

and B are empirical coefficients. Those coefficients were calculated using the data-
set of Brandvik et al. (2013) to be A = 15 and B = 0.8; a later work based on a larger 
dataset updates these to A = 24.8 and B = 0.08 (Socolofsky et al. 2015). The data 
used to calibrate the model span a range of approximately 103 ≤ We ≤ 104 and jets 
with and without additional dispersant injection. The authors claim the model to be 
applicable to multiphase discharges of oil and gas as well by adjusting the exit 
velocity ul to account for the gas phase and its buoyancy.

A second model, called the unified droplet size model, by Li et al. (2017) scales 
the volume median diameter dv50 with a combination of Weber and Ohnesorge num-
ber in an explicit equation:

	

d

D
r

p qv Oh We50 1 10= ⋅ + ⋅( ) ⋅
	

(4.9)

where r = 14.05, p = 0.460 and q = − 0.518 are empirically derived coefficients for 
a liquid-liquid jet. The model is proposed for determining both the dv50 of a jet and 
of wave entrainment at the surface. The coefficients p and q were determined based 
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on 28 wave entrainment datasets, whereas r was calculated from the dv50 of the 
Norwegian DeepSpill experiment. The model was tested against both laboratory 
data and field measurements by a Holocam during the DWH spill (Li et al. 2015).

Both models provide a median volume diameter at very little computational cost. 
As input parameters, both require the same information about the physical pro
perties of the oil, oil exit velocity and exit diameter. Especially with regard to the 
physical properties of “live” oil under deep-sea conditions (high pressure, low tem-
perature), there are often no measured data, and the properties can only be calcu-
lated using empirical correlations (Lake and Fanchi 2006) or numerical models 
(Gros et al. 2016). In addition, they have only been validated for “dead oil” in a 
limited range of We and Oh and require extrapolation over several orders of magni-
tude beyond these limits to provide an estimation for a major spill like DWH.

The scaling laws described above only provide a steady-state volume median 
diameter and no actual size distribution. However, as the size distribution may 
differ widely for different blowout scenarios (Malone et al. 2018), information on 
the spreading factor of the underlying distribution factor is of considerable 
importance for a realistic near- and far-field modelling (see Vaz et al. 2020; Perlin 
et al. 2020).

4.3.2  �Mechanistic Modelling

A different approach by Zhao et al. (2014, 2017) uses a hydrodynamic model of the 
jet to predict the complete drop size distribution. The Lagrangian model, called 
VDROP-J, calculates the DSD of a small portion of the jet based on a population 
balance of drop breakup and coalescence in a given time step. A single large drop 
size is taken as initial input and tracked downstream while the jet widens and takes 
in water, thereby reducing the oil fraction in the considered portion of the jet. 
Breakage rate is determined stepwise by the probability of a drop to collide with a 
turbulent eddy with sufficient energy to cause breakup of this drop; coalescence 
rate  is defined by the probability of two drops colliding and coalescing due to 
turbulence.

As an outcome, this model provides the full DSD of a jet at different positions 
downstream of the orifice, albeit at significant computational cost. Because the 
DSD is directly calculated from the discharge conditions without the need for 
upscaling by several orders of magnitude, it is less sensitive to miscorrelation of 
experimental data than scaling-based models. However, a crucial point in the calcu-
lation of the DSD is turbulent dissipation rate in the jet, which can be seriously 
affected by reactions and interactions of the multiphase flow of oil, gas, water and 
possibly hydrates that are discharged in a major subsea spill like DWH, and which 
are not yet fully understood.

4  Jet Formation at the Spill Site and Resulting Droplet Size Distributions
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4.3.3  �Novel Applications of Energy Dissipation Metrics 
to Understand Droplet Sizes from Experimental Data

To date, the prediction of live oil droplet size distributions has been treated with two 
approaches: (i) the use of a modified Weber number scaling, proposed by Johansen 
et al. (2013), and (ii) the use of Reynolds number, proposed by Aman et al. (2015). 
In both cases, the studies define their respective dimensionless quantities based on 
the physical conditions at the contact point of the blowout preventer (BOP) stack 
and the seawater; that is, the internal oil pipe diameter was employed as the singular 
property to define the length scale of the problem. This understanding clarifies why 
both methods have failed to unify the available data: oil droplets are not created at 
the exit point of the pipe, but rather in the near-field plume. As such, the research 
community must understand and characterize turbulence at the point of droplet cre-
ation using a more fundamental basis of turbulence that can incorporate the known 
contributions.

One such approach may be derived by evaluating both the turbulent kinetic 
energy (TKE) and turbulence dissipation rate (TDR), which, respectively, describe 
the energetic content of the eddies in the flow and the rate at which eddies transfer 
TKE down the so-called energy cascade. As droplets are generated through the 
transfer of TKE, the use of TDR-based scaling provides an attractive opportunity to 
compare the available datasets. To this end, models must consider the three relevant 
contributions to TDR in the context of a subsea blowout: (i) the momentum of the 
gas/oil jet itself, defined between the exit of the pipe and the top of the near-field 
plume; (ii) the additional momentum generated inside the BOP stack, where fluids 
experienced an 84-bar orifice pressure drop imposed by the annular preventer within 
a few diameters of the exit point; and (iii) additional turbulence introduced by the 
evolution of free gas from live oil droplets. To date, computational fluid dynamics 
(CFD) approaches have been unable to rationalize all three contributions together. 
However, the first two contributions may be estimated from experimental laboratory 
studies, to estimate the range of probable TDR in the field case.

Zhao et al. (2014) summarized experimental TDR estimates for single-phase jets 
(the first contribution above), deriving a correlation as a function of jet exit diame-
ter, velocity and distance into the plume. The study demonstrated that, within 10 
diameters of the exit, the TDR remains constant and decreases monotonically there-
after; as such, the maximum TDR corresponding to the jet momentum may be con-
servatively estimated. This TDR method can be applied to data collected on the 
apparatus at SINTEF, SWRI and TUHH (as described above). Through the use of 
CFD to map stirred cells, Booth et al. (2018) have further demonstrated the ability 
to correlate TDR for autoclave systems employed at the University of Western 
Australia. For the range of volumetric flowrates reported in the DWH blowout and 
for the relevant range of oil and gas properties, the TDR correlation from Zhao et al. 
(2014) suggests a TDR range of between 10−3 and 10−5 m2  s−3, which only rep
resents the first contribution identified above. For reference, most autoclave 
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experiments are performed between 10−2 and 102  m2  s−3, while most data from 
pilot-scale jets corresponds to TDRs between 103 and 105 m2 s−3.

The DWH jet was also influenced by a partially closed annular preventer, which 
closely resembles a classical orifice and imposed an 84-bar pressure drop within a 
few diameters of the exit point. This contribution of this orifice drop to the TDR has 
largely been neglected to date. Kundu et  al. (2016) provide a well-established 
relation from fluid mechanics to estimate TDR contribution from a restricted 
pressure drop:

	
ε

ρpd
c

Q

V
=

⋅
⋅

∆p

	
(4.10)

where ∆p is the permanent pressure drop applied by the restriction, Q is the volu-
metric flowrate through the restriction, ρc is the continuous phase density and V is 
the volume of energy dissipation (e.g. the volume of the BOP stack). With an 84-bar 
pressure drop, an average fluid density of 700 kg/m3 and a 2 m height of the BOP 
stack with a 0.5 m internal diameter, this orifice contribution to TDR is estimated at 
2700 m2 s−3.

The third contribution above – from live oil degassing – has not been studied in 
sufficient detail to quantitatively inform contributions to TDR. However, the first 
two contributions identified above demonstrate the elegant rationale as to why 
Weber- and Reynolds-based scaling arguments have failed to unify the available 
data: such approaches severely underrepresent the turbulence of the Macondo 
plume, because they only account for the first of two important contributions. That 
is, the TDR contribution from the orifice pressure drop aligns well with the magni-
tude of TDRs captured at high mixing speed in autoclaves or in most pilot-scale jet 
experiments. Importantly, neither Weber- nor Reynolds-based methods are able to 
capture the additional TDR contributions from the orifice pressure drop, resulting in 
the discrepancy of predicted droplet sizes heretofore.

4.4  �Effects of Deep-Sea Blowout Characteristics

In case of a large-scale, deep-sea oil discharge from an uncontrolled well, several 
factors must be considered in addition to the modelling approaches presented in 
Sect. 4.3. These are mainly:

•	 Gaseous components (C1-C5, N2, CO2, H2S) dissolved in the crude oil (“live” 
instead of “dead” oil).

•	 A multiphase flow (oil, gas, water) inside the borehole and at the wellhead.
•	 High hydrostatic pressure and low temperature of the surrounding seawater.
•	 Rapid pressure and temperature changes at the wellhead, inducing phase changes 

in the oil.
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For the DWH spill, the fluid exiting the wellhead consisted of approx. 40–50 vol% 
gaseous components (mainly methane) and 50–60 vol% oil, which was by itself 
saturated with dissolved gases (Reddy et al. 2012; Boufadel et al. 2018). The fluid 
experienced a pressure drop of approximately 86 bar (Lehr et al. 2010) within the 
BOP and cooled from approximately 105 to 4.3 °C within a few meters distance 
from the discharge point (Reddy et al. 2012; Gros et al. 2016).

4.4.1  �Influence of Dissolved Gases on the Droplet Size 
Distribution

As the solubility of many gases in oil rises linearly with pressure (Jaggi et al. 2017), 
the amount of short-chained hydrocarbons such as C1 to C5 dissolved in crude oil 
can be hundredfold at reservoir or deep-sea conditions compared to sea surface 
conditions (Lehr and Socolofsky 2020). For the DWH spill, Gros et  al. (2016) 
calculated the amount of methane dissolved to be 141 times higher at the wellhead 
than at the sea surface. A crude oil with such an amount of dissolved and volatile 
components, such as it exists inside the reservoir itself, is commonly called a “live 
oil”, in comparison to a “dead oil” at ambient conditions with no or just very little 
dissolved gases (Ahmed 2010). While “dead” oil is a nearly incompressible liquid 
and is comparatively unaffected by an elevated hydrostatic pressure, the properties 
of “live oil” will change significantly with increasing pressure due to the increased 
amount of dissolved gas. For more details on the effect of deep-sea conditions on 
physical and chemical properties of oil and gas, please see Oldenburg et al. (2020).

Two recent studies performed by SINTEF and Hamburg University of Technology 
investigated the effect of dissolved gas on the DSD of a crude oil under elevated 
hydrostatic pressure (Brandvik et al. 2017; Malone et al. 2018). As Brandvik et al. 
(2017) also reported the formation of gas bubbles in their experiments, the “live oil” 
must have undergone a phase change during the discharge, which means that the 
results cannot be attributed to the “live oil” properties only. They do, however, 
report an underestimation of volume median diameter by the modified We-scaling 
model by approximately 10%.

At Hamburg University of Technology, a direct comparison between two “dead” 
and “live” oils (Louisiana sweet crude oil and n-decane) was performed using the 
same setup and experimental conditions (Malone et al. 2018). Oil jets were gener-
ated quasi-isobaric by using an equal-volume cylinder in order to exclude any side 
effects of a pressure change on the oil (Seemann et al. 2014, Malone et al. 2018). 
Median diameters of “live oil” were increased by 74% to 97% compared to “dead 
oil” under otherwise unchanged conditions. The experimental data was compared 
with the models by Johansen and Li (Johansen et al. 2013, Li et al. 2017), which 
account for changes of the physical properties density, viscosity and IFT by use of 
the dimensionless numbers We and Re (see Sect. 4.3.1). Both models predicted a 
very similar dv50 for “live” and “dead” oil in contrast to the experimental results. 
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A  possible explanation for this unexpected size increase could be the increased 
compressibility of the “live oil” (Satter and Iqbal 2016) which would reduce the 
TKE of the jet by elastic deformation of individual drops rather than breakup.

In addition, the size distribution of the “live oil” was significantly broader com-
pared to the dead oil. While both “live” and “dead” oil discharges followed a log-
normal distribution function, the spreading factor σ varied widely for the different 
oils and increased from “dead” to “live” oil by over 30%.

4.4.2  �Influence of Rapid Pressure Loss at the Wellhead 
and Phase Changes of the Oil

According to Lehr et al. (2010), the pressure of the oil at the DWH spill site changed 
rapidly from 241 bar measured inside the BOP to 154 bar ambient hydrostatic pres-
sure after exiting the wellhead. This change took place over a height of only 16.4 m. 
As a result from this rapid pressure loss and the previous, slow decompression along 
the borehole, a multiphase flow of “live oil” and gas is discharged from the well-
head. Due to the pressure-dependent solubility of gaseous components in the crude 
oil (Chap. 3 and Sect. 4.4.1), such a massive pressure drop can lead to an oversatura-
tion of the oil and therefore outgassing of C1 to C5 in addition to the expansion of 
the already existing gas phase. This outgassing and gas expansion might affect the 
drop formation in different ways. First, the expansion of a separate gas phase will 
add to the overall TKE of the multiphase plume by its expansion energy. Secondly, 
outgassing from the oversaturated oil will lead to the formation of a gas phase 
within the oil drops, which will significantly alter and destabilize the drop. The gas 
microbubbles might either leave the oil drop at its surface, thereby removing parts 
of the oil from the “mother drop” or expand within the drop, thereby forming a two-
phase particle with different breakup and rising characteristics (see also Pesch et al. 
2020 on the rise velocity of live oil droplets). Both effects are depicted in Fig. 4.2.

To assess the effect of such a pressure drop on the DSD, oil jets of both “live” and 
“dead” oil were generated at Hamburg University of Technology with a defined 
pressure difference between oil reservoir pressure and hydrostatic pressure of the 
seawater. For this purpose, a throttle valve was added in front of the nozzle of the 
experimental setup described in Seemann et al. (2014) and Malone et al. (2018) to 
generate the required pressure drop. The oil reservoir was pressurized to 161 bar, 
while the seawater basin was kept at 151 bar pressure like in the earlier experiments. 
The DSD was determined from manually evaluated images of an endoscopic cam-
era system (Malone et al. 2018).

With this pressure drop of Δp = 10 bar, the “dead oil” droplet sizes were distrib-
uted log-normally as expected, whereas the “live oil” was distributed bimodally. 
This bimodal distribution could very well be described by superposing two log-
normal distributions. It is assumed that this bimodality is caused by the processes 
hypothesized above and depicted in Fig.  4.2. Under this assumption, the larger 
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mode is formed by those drops where no or very few gas bubbles nucleated. The 
smaller mode consists of drops that were split up when the gas bubbles nucleated, 
expanded and exited the oil drop. That gas bubbles did in fact form and expand prior 
to the measurement point is evident from the footage of the surveillance camera 
(Fig. 4.3), though those bubbles were not captured by the measurement system in 
sufficient numbers to allow for quantification. This interpretation of the bimodality 
is supported when plotting the median volume diameter of both modes over the 
modified Weber number (Fig. 4.4). While the dv50 of the larger mode lies in approxi-
mately the same range as the quasi-isobaric live oil from Malone et al. (2018) and is 
significantly enhanced compared to the “dead” oil and the model prediction by 
Johansen et  al. (2013), the dv50 of the smaller mode is significantly smaller than 
either the “live” or the “dead oil”. In terms of the TKE, the pressure drop from the 
oil reservoir and subsequent outgassing of methane from the oil provide an addi-
tional energy source in the jet leading to further breakup of the oil droplet and con-
sequently a smaller median drop diameter.

Plotting the volume median diameters from both the quasi-isobaric and the 
“pressure drop” experiments at Hamburg University of Technology over the maxi-
mum TKE according to Zhao et al. (2014)

	 εu u D= ⋅0 003 3. /l 	 (4.11)

reveals the good correlation of the different data sets to the assumptions on the 
effects of gas dissolution and pressure drop/outgassing (Fig. 4.5).

Fig. 4.2  Possible effects of oversaturation and outgassing on the drop formation and drop size 
distribution after a rapid pressure drop (not to scale)
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Fig. 4.3  Methane-saturated n-decane discharged into artificial seawater at 150 bar ambient pres-
sure, 20 °C. Methane bubbles form from the oversaturated n-decane after a pressure drop of 10 bar 
from the oil reservoir

Fig. 4.4  Comparison of experimental result from jet experiments at Hamburg University of 
Technology to We*-scaling model proposed by Johansen et al. (2013)

4  Jet Formation at the Spill Site and Resulting Droplet Size Distributions



60

4.5  �Capabilities and Limits of Subsea Dispersant Injection

The above-referenced autoclave and pilot-scale jet studies have also considered the 
effect of dispersant injection, typically at dispersant-to-oil ratios of between 1:100 
and 1:20. Interestingly, the results demonstrate minimal dependence between the 
reported average droplet size and the maximum TDR in any system, including wave 
tank studies from the EPA (Fig. 4.6). Within the context of the estimated TDR con-
tributions for Macondo, the data show that oil droplet sizes are similar with and 
without dispersant application. Further studies across multiple mixing geometries, 
DORs and gas/oil properties are required to fully contextualize the critical TDR 
range under which dispersant application may benefit droplet size.

4.6  �Conclusions and Outlooks

The determination of the initial size distribution of oil drops and gas bubbles is still 
a major challenge in modelling of deep-sea oil spills.

The state-of-the-art knowledge on drop formation is mainly based on small-scale 
lab experiments of liquid-liquid jets at ambient conditions. For a better understand-
ing of future oil spills, investigations at deep-sea conditions as well as in situ 
measurements with capable equipment are critical. Despite numerous attempts, a 
reliable translation of laboratory or pilot-scale experiments to the field conditions 
including a turbulent, multiphase plume remains an outstanding research objective. 

Fig. 4.5  Effects of deep-sea oil characteristics on the volume median diameter and the maximum 
turbulent kinetic energy. Dashed lines are provided to guide the eye
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A new approach to predict the median drop diameter based on the turbulent energy 
dissipation rate was presented in this chapter. To be able to generalize this approach, 
further studies across multiple mixing geometries, DORs and gas/oil properties are 
required.

Recent studies at artificial deep-sea conditions at Hamburg University of 
Technology showed a significant influence of dissolved gases and outgassing on the 
drop size distribution. In a first attempt, these influences could be modelled with 
good accuracy using the turbulent energy dissipation rate. Especially the outgassing 
of short-chained hydrocarbons from the oil might lead to a significant decrease in 
the median drop diameter, as oil drops are broken up by expanding gas bubbles.

To be better prepared for a possible future spill in the deep-sea, it is necessary to 
investigate the high-pressure, multiphase plume near the exit at a more detailed 
level and at a larger scale than heretofore. Only by a thorough understanding of the 
drop formation processes and turbulent conditions in this multiphase plume is it 
possible to find a knowledge-based mitigation strategy, which might or might not 
include subsea dispersant injection.
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Fig. 4.6  Average reported droplet size as a function of maximum TDR for sapphire autoclave 
measurements (left-hand grouping), wave tank studies (blue circles) and pilot-scale blowout jets 
(grey squares) containing dispersant; DORs relative to each study are shown in parentheses. The 
dashed line is provided to guide the eye
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