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Abstract

Oil droplet size distribution (ODSD) plays a critical role in the rising velocity and transport of oil droplets in
subsurface oil releases. In this paper, subsurface oil release experiments were conducted to study ODSD under
different experimental conditions in a laboratory water tank observed by two high-speed cameras in March and
April 2017. The correlation formulas Oh=10.2Re–1  and Oh=39.2Re–1  (Re  represents Reynolds number and Oh
represents Ohnesorge number) were established to distinguish the boundaries of the three instability regimes in
dimensionless space based on the experimental results. The oil droplet sizes from the experimental data showed
an excellent match to the Rosin–Rammler distribution function with determination coefficients ranging from 0.86
to 1.00 for Lvda 10-1 oil. This paper also explored the influence factors on and change rules of oil droplet size. The
volume median diameter d50 decreased steadily with increasing jet velocity, and a sharp decrease occurred in the
laminar-breakup regime. At Weber numbers (We) <100, the orifice diameter and oil viscosity appeared to have a
large influence on the mean droplet diameter.  At 100<We<1 000, the oil  viscosity appeared to have a larger
influence on the relative mean droplet diameter.
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1  Introduction
Releases of subsurface oil into the water column often occur

with the development of offshore oil and gas exploration, which
may be caused by vessel collisions, well blowout or pipeline rup-
ture (Zhu et al., 2017). Subsurface oil releases may pose a major
threat to the marine environment, such as in the Deepwater Ho-
rizon (DWH) blowout, which released approximately 4.93 mil-
lion barrels of crude oil (Li et al., 2016). During the DWH blo-
wout, the larger oil droplets took a few hours to rise to the sur-
face, while some smaller droplets could stay in the water column
for weeks or months (Brandvik et al., 2013; Ryerson et al., 2012;
Geng et al., 2016). Previous studies showed that oil droplet size
distribution (ODSD) played an important role in the rising velo-
city and transport of the released oil in subsurface oil releases
(Johansen et al., 2013; Chen et al., 2016; Brakstad et al., 2015;
Zheng and Yapa, 2000), and the ODSD determined when and
where oil rose to the surface, and even whether the oil rose to the
surface or not (Niu et al., 2011). Furthermore, ODSD could also
affect the horizontal movement and toxic effects of oil droplets in
the water column (Nissanka and Yapa, 2016). In order to study
the ODSD, in situ and laboratory some subsurface oil release ex-
periments were conducted. In June 2000, the Deep Spill experi-
ment was conducted to observe ODSD at a depth of 844 meters in
the Norwegian Sea (Johansen et al., 2001). In addition, ODSD was
analyzed by laboratory experiments in a water tank with a length
of 0.5 m, a width of 0.5 m and a height of 1.3 m, and certain influ-

ence factors were considered (Masutani and Adams, 2004). Ex-
periments with subsurface oil releases with and without dispers-
ant were conducted in the Tower Basin, which had tested differ-
ent oil types at several temperatures and with different dispers-
ants (Brandvik et al., 2013). The application of a subsurface dis-
persant decreased the average droplet diameter and conversely
increased the number of droplets observed in the water column
(Aprin et al., 2015). Subsurface oil release experiments consider-
ing the various forces affecting the migration of the droplets were
studied in an Ohmsett tank with a length of 203 m, a width of 20 m,
and a height of 3.4 m (Zhao et al., 2016).

In addition to these experiments, some prediction models for
ODSD were built to understand the droplet size distribution. A
two-step Rosin-Rammler scheme was introduced by developing
a Reynolds-number scaling approach to predict droplet size dis-
tribution (Li et al., 2016). Droplet size distribution was studied by
a Weber number scaling approach and a maximum entropy
formalism approach (Chen and Yapa, 2003, 2007). Subsequently,
a modified Weber number scaling approach was developed with
chemical dispersants being applied (Johansen et al., 2013). A
population model was established coupled with the plume mod-
el, and breakup and coalescence were the most important pro-
cesses during the first meters of the oil jet, where turbulence was
dominant (Bandara and Yapa, 2011). Both interfacial tension and
oil viscosity were considered in the VDROP model to resist the
breakup of droplets due to turbulence (Zhao et al., 2014). The  
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model oil droplets was introduced by using an improved theoret-
ical method and agreed well with the experimental data (Nis-
sanka and Yapa, 2016).

Although the previous studies of ODSD have been conducted
by experiments and model simulations, but the factors to control
ODSD are not clear. In this paper, experiments in water tank and
the image analysis are applied to estimate the size of the dis-
persed droplet phase. We focused on the ODSD of subsurface oil
releases through the use of five orifice diameters, two oil types,
two ambient fluids, and different injection velocities to under-
stand the role of jet velocity, orifice diameter, oil types and ambi-
ent fluids on ODSD.

2  Materials and methods

2.1  Experimental setup
To study oil release behaviors and the distribution of oil dro-

plet size, some water tanks were built in which many experi-
ments were conducted (Tang and Masutani, 2003; Johansen et
al., 2013; Zhao et al., 2016). In this study, experiments on subsur-
face oil releases were conducted in a 2.0 m tall by 1.0 m×1.0 m
square water tank located at The First Institute of Oceanography
(SOA, China). The tank had an effective operating depth of 1.8 m.
Figure 1a presents the schematic diagram of experimental setup
consisting of the oil injection system, tank body and control sys-
tem. The oil injection system structures were relatively complex
and were made essentially of an oil reservoir, gear pump, oil
pipeline, nozzles, temperature sensor, pressure sensor, flowmet-
er and so on. The five injection nozzles had diameters of 1.30,
1.95, 3.33, 4.41, 5.07 mm and were placed at the bottom of the
tank. In the experiment, crude oil in a small (approximately 2.5
liters) reservoir was heated to a set temperature with constant
stirring. A pulseless gear pump (BB-B10Y) coupled to a variable-
speed motor drew oil into the pipeline and was used to adjust jet
velocity. The oil was discharged vertically upward as a constant-
flow oil jet through different nozzles into the water tank. The
temperature, pressure and flow data were detected in real time
by sensors. The flowmeter had an effective monitoring range of
0.3–500 L/h with an error of 0.2%. Two high-speed industrial
cameras were employed to measure oil droplet size. All setup
parameters were controlled by an industrial computer to im-
prove accuracy.

2.2  Experimental materials
The subsurface oil release experiments were conducted in the

water tank in March and April 2017. Two crude oil types (Lvda10–
1 and Fenjin) were investigated under different conditions, resul-
ted in 62 runs for the entire experimental design. Table 1 presents
the physical and chemical properties of the two crude oils. The
specific gravity and viscosity of crude oil varies at different tem-
peratures, so we deduced the density-temperature curve and kin-
ematic viscosity-temperature curve. The interfacial tensions were
25.9 mN/m and 26.6 mN/m between seawater and the Lvda10–1
oil and Fenjin oil, respectively. In contrast, the interfacial tension
was 17.5 mN/m between freshwater and the Lvda10–1 oil. To
more closely imitate the real environment, the seawater for our
experiment was from the coast sea of Qingdao, which had a con-
ductivity and density of 47.1 mS/cm and 1 023 kg/m3, respect-
ively. All experiments were carried out at mean water temperat-
ure Twater=16°C and the oil temperature was set to Toil= (40±0.1)°C
to simulate oil releases from submarine pipelines. The injection
velocity ranged from 0.04 m/s to 11.5 m/s. The settings for experi-
ments in the water tank are listed in Table 2.

2.3  Data collection and analysis
In previous studies, the dispersed oil droplet size was ana-

lyzed by using a LISST-100X (Sequoia Scientific Inc. Seattle, WA),
but its measurements were in the range of 2.5–500 μm (Li et al.,
2011; Tang and Masutani, 2003; Johansen et al., 2013; Zhao et al.,
2014). In addition, the LISST-100X could obtain real-time data,
but it led to repetitive calculation for smaller oil droplets, which
had lower rising velocity, and it could produce an error in the oil
droplet size.

Image analysis used for droplet size measurements was typic-
ally the method of choice that can provide qualitative insight and
quantitative data (Tang and Masutani, 2003; Neto et al., 2008).
Currently, the resolution of high-speed imaging systems can
reach 10 μm (Brandvik et al., 2013; Aprin et al., 2015). Several
tests were conducted, and image analysis was able to measure
single droplets in a dispersed distribution. One of the advantages
of image analysis was that we could select the appropriate im-
ages manually to avoid duplicate calculations.

In the experiments, dispersed oildroplet size was measured
by two industrial cameras, which were calibrated using a C4 eye-
piece micrometer scale. The cameras were used to monitor the
process of oil droplet formation and flow pattern in real time, and
they were placed at a height of 150 cm above the nozzle. To im-
prove visual identification of oil droplets and the resolution of the
images, the high-speed, high-resolution camera (ICX625) were
placed inside the water. They were able to capture droplet mo-
tion at 17 frames per second (fps), for which the frame resolution
was set to a maximum of 2 456×2 058 pixels and the lens resolu-
tion was 5.8 μm. By putting it in the water, the image analysis
succeeded in discerning the dense droplets because it could sep-
arate individual droplets from each other. We used the backlight
to provide lighting system which was LED lights (Fig. 1b). It has
15 W power and 6 500 K color temperature. The distance bet-
ween the lighting source and the camera is about 100 mm, and
lighting system could penetrate the oil plume. Under these con-
ditions, images of oil droplets and their size distribution were
clearly captured by the camera (Fig. 1c). The other camera
(CMV2000), used for the larger oil droplets, was placed outside
the tank. It was able to capture 50 fps for which the frame resolu-
tion was set to a maximum of 2 048×1 088 pixels, and the lens res-
olution was 200 μm. The observation of oil-droplet size distribu-
tion lasted at least 2 min to obtain a sufficient number of images.
Video images were subsequently analyzed frame-by-frame by

Table 1.   Physical and chemical properties of the two crude oils
Items Lvda10–1 Fenjin

Density-temperature
curve/(20–40°C)

ρ=950.71exp
(–8×10–4T)

ρ=847.9exp
(–10–3T)

Kinematic viscosity-temperat-
ure curve/(20–40°C)

μ=2 770.8exp
(–0.079T)

μ=19.173exp
(–0.035T)

IFT of the oil-seawater/mN·m–1 25.9 26.6

IFT of the oil-freshwater/mN·m–1 17.5 –

          Note: ρ—density, kg/m3, μ—kinematic viscosity, mm2/s, T—
temperature, °C

Table 2.   Experimental release conditions in the tank
Parameters Values

Oil sample Lvda10-1, Fenjin

Nozzles diameter/mm 1.30, 1.95, 3.33, 4.41, 5.07

Jet velocity/m·s–1 0.04–11.50

Water seawater, fresh water

Water temperature/°C 16

Oil temperature/°C 40±0.1
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soft Image-Pro Plus 6.0 to computer oil droplet size. Then, we
calculated the critical size of the oil droplets de and the spread ex-
ponent m by a Rosin-Rammler distribution function.

3  Results and discussion

3.1  Regimes of droplet formation
For the purpose of observing the transition process of regi-

mes of droplet formation, experiments were performed by in-
creasing the jet velocity while keeping other parameters fixed to
increase the relative Reynolds number between phases in a step-
wise manner. Figure 2 shows experimental images of oil dis-
charged into water at different jet velocity conditions from the
1.95 mm nozzle for Lvda10–1 by using the high-resolution cam-
era. It could be found that the mechanism of oil droplet forma-
tion and droplet size were dynamically evolving in time. Mean-
while, as previously observed from the breakup experiments (Jo-
hansen et al., 2013), the droplet formation regime was divided in-
to three types, i.e., the laminar breakup, transitional breakup and
atomization-breakup regimes. In the laminar-breakup regime
(the first four images of Fig. 2), a stable laminar jet formed at the
nozzle, and the jet rose to a certain height and then broke up into
single droplets. In the atomization-breakup regime (the last two
images of Fig. 2), the jet was fully turbulent and eventually dis-
rupted intensely into a large number of smaller droplets, rising
upwards as a dispersion. The transitional-breakup regime (the
remaining two images of Fig. 2) was located in the transition do-
main. Moreover, it was clear from Fig. 2 that oil-droplet forma-
tion occurred by three absolutely different development regimes.

Oil droplet breakup regimes were represented by two dimen-
sionless numbers (Li et al., 2016; Masutani and Adams, 2004;
Peng et al., 2009; Johansen et al., 2013), the Reynolds number
(Re) and the Ohnesorge number (Oh). The relative Reynolds
number, based on the relative velocity, was introduced to ac-

count for the integration effects of the relative motion of the two
phases and was expressed in Eq. (1). Oh represented the ratio of
viscous forces to surface tension as expressed in Eq. (2).

R e =
½Ud
¹

; (1) 

Oh =
¹

(½¾d)1=2
; (2) 

where ρ is the density of the jet fluid, U is the jet velocity, d is the
orifice diameter, μ is the dynamic viscosity of the jet fluid, and σ
is the interfacial tension between oil and water.

Figure 3 exhibits a plot of Oh versus Re for our data set, where
the data points were illustrated by their corresponding breakup
regimes. The boundaries of the breakup regimes could be re-
lated to a linear relationship of the form Oh=cRe–1 (Tang and
Masutani, 2003; Masutani and Adams, 2004) where c was a con-
stant of proportionality. The dashed line drawn in the diagram
showed the boundary. The correlation equation Oh=10.2Re–1 was
the boundary between the laminar and transitional breakup. In
addition, the correlation equation Oh=39.2Re–1 was the bound-
ary between the transitional and atomization breakup. The con-
stant c was different from previous studies (Tang and Masutani,
2003). One cause for this difference was that droplet breakup may
be caused by different mechanisms depending on the properties
of the fluid.

3.2  Droplet size distribution
Two common methods to present the droplet size distribu-

tions are by the log-normal distribution function or by the Rosin-
Rammler distribution function (Johansen et al., 2003, 2013; Lefe-
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Fig. 1.   Schematic diagram of the experimental water tank.
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bvre, 1989). The former can be understood as a normal distribu-
tion of the logarithms of the droplet sizes. The latter is a two-
parameter distribution function, defined in terms of a critical
particle diameter de corresponding to a certain cumulative vol-
ume fraction R(d), and a spreading parameter m. The cumulat-
ive volume distribution was given as shown in the following Eq.
(3). From Eq. (3), it is clear that the sole size distribution of the drop-
lets is produced when m and de are specified. Equation (3) can be
varied as a logarithmic form as shown in the following Eq. (4).

R (d) = 1¡ exp

·
¡
µ

d
de

¶m¸
; (3) 

where R(d) is the cumulative volume fraction (%), d is the particle
size (μm), de is the critical particle diameter (μm) when d=de, and
m is the spread exponent of particle sizes.

lnf¡ ln [1¡ R (d)]g = m ln d¡m ln de: (4) 
It can be seen from Eq. (4) that the regression is a line in the

(1) V=0.09 m/s (2) V=0.19 m/s (3) V=0.65 m/s (4) V=1.55 m/s

(5) V=2.56 m/s (6) V=4.11 m/s (7) V=8.07 m/s (8) V=10.72 m/s

 

Fig. 2.   Images of oil discharged into water from a 1.95 mm nozzle.
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Fig. 3.   Oh versus Re scatter plot of experimental runs and their
corresponding breakup regimes.
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ln(d) and ln{–ln[1–R(d)]} coordinates provided that the droplet
size satisfies the Rosin-Rammler distribution function. The expo-
nent m and the critical diameter de can be specified as the slope
and the intercept of this inclined line, respectively.

Table 3 shows the corresponding the exponent m, critical
particle diameter de and the determination coefficients R2 of Ros-
in-Rammler distribution function for Lvda10–1 oil under differ-
ent experimental conditions. For the Rosin-Rammler distribu-
tion, the critical diameter ranged from 10.7 to 3 899.7 μm, with a
spreading coefficient m ranging from 0.37 to 1.18. The R2 of the
regression lines of the Rosin-Rammler distribution was from 0.86
to 1.00, suggesting that the oil droplet size from the experimental
data showed an excellent match to the Rosin–Rammler distribu-
tion. Figure 4 illustrated the regression line and the size distribu-
tion of oil droplets calculated by the Rosin-Rammler distribution
function under double logarithmic coordinates. To display this
well display, a portion of the data is listed in Fig. 4. It could be

found that comparison of the oil droplet size with the Rosin-
Rammler distribution function showed good agreement.

Figure 5 demonstrates the variation-of-spread exponent m
and the critical diameter of ODSD with increasing jet velocity for
the 1.30 mm nozzle diameter for Lvda10–1 oil. It could be found
from Fig. 5 that the spread exponent and critical diameter varied
with the jet velocity. In the laminar-breakup regime of droplet
formation, the spread exponent decreased with increasing jet ve-
locity, which varied from 1.01 to 0.54. In the transitional-breakup
regime, the spread exponent increased with increasing jet velo-
city, which varied from 0.54 to 0.90. As the jet velocity increased,
after entering the atomization-breakup regime the spread expo-
nent first decreased and then increased, and ranged from 0.90 to
0.40. It could also be seen that the critical diameter decreased
continuously according to increasing jet velocity, which varied
from 3 248.3 μm to 10.7 μm. In addition to this, the values of the
spread exponent m and critical diameter from Table 3 definitely
showed a consistent change trend. This implied that the uni-
formity and characteristic diameter of ODSD may have been re-
lated to the jet velocity. The most likely cause for the variation
was the transformation between the balance and imbalance of
gravity, buoyancy, interfacial tension and viscous force. Mean-
while, small droplets were mainly caused by high turbulence at
the release point at a higher jet velocity (Yapa et al., 2012).

3.3  Influence factors of droplet size
Jet velocity, nozzle diameter, ambient fluid and oil properties

Table 3.   The corresponding values of the spread exponent m,
critical particle diameter de and the determination coefficients of
the Rosin-Rammler distribution function

Orifice
diameter/mm

Jet velocity/
m·s–1 m

Critical
diameter/μm

R2

1.30 0.21 1.01 2 793.1 0.94

0.48 0.96 3 248.3 0.91

1.14 0.54 1 316.0 0.88

2.59 0.63 1 237.3 0.92

4.37 0.90 969.6 0.98

6.95 0.47 27.5 0.99

7.50 0.40 10.7 0.98

8.85 0.64 68.4 1.00

10.44 0.63 50.9 0.99

1.95 0.09 0.73 1 519.2 0.93

0.19 0.71 1 617.7 0.86

0.65 0.63 1 419.1 0.99

1.55 0.67 1 825.6 0.90

2.56 0.87 959.7 0.97

4.11 0.78 630.4 0.98

4.63 0.49 51.4 0.98

8.07 0.41 11.1 1.00

10.72 0.73 42.6 1.00

3.33 0.04 1.17 3 899.7 0.95

0.07 0.80 2 425.9 0.87

0.21 0.68 2 287.0 0.88

0.58 0.62 2 258.3 0.88

0.94 0.78 2 204.5 0.96

1.66 0.96 1 114.0 0.97

3.16 0.37 11.0 0.95

6.52 0.53 25.3 0.99

11.09 0.55 15.5 1.00

4.41 0.02 1.18 3 271.3 0.95

0.04 1.08 3 379.5 0.89

0.12 0.89 3 108.5 0.87

0.33 0.75 2 779.8 0.90

0.55 0.64 1 888.4 0.95

0.92 0.87 1 913.3 0.99

5.07 0.02 1.17 2 734.3 0.92

0.12 0.47 381.2 0.90

0.27 0.71 1 787.5 0.94

0.47 0.86 1 801.5 0.96

0.74 0.99 1 847.8 0.98
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Fig. 4.   Expressions of linear regression for Lvda10-1 oil.
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Fig. 5.   Variation of the spread exponent and the critical diameter.
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all had effects on the size distribution of the droplets (Masutani
and Adams, 2004). Because there was a wide distribution of
droplet size, the volume median diameter of the droplets d50

could reflect the droplet size distribution (Zhao et al., 2014; Li et
al., 2016). In this study, d50 was also used to research the influ-
ence factors of droplet size distribution. The computing method
was the following equation:

d50 = de
m
p
¡ ln 0:5; (5) 

where d50 is the volume median diameter, de is critical particle
diameter, and m is the spread exponent.

3.3.1  Jet velocity
Figure 6 shows a plot of the results of the volume median dia-

meter d50 vs. jet velocity for Lvda10–1 oil. It could be found that
d50 decreased steadily with increasing jet velocity. This can also
be explained by the fact that the jet velocity affected the turbu-
lence, which influences the ODSD (Yapa et al., 2012) and that the
jet velocity could yield oil droplet size distributions containing
smaller droplets. A sharp decrease occurred from 2 848 to 670 μm
in the laminar-breakup regime, followed by a milder decrease in
the transitional-breakup regime ranging from 759.1 to 24.4 μm,
with essentially no change in the atomization-breakup regime.
There was a reason that the ODSD was shifted towards smaller
sizes with larger jet velocity. In other words, the larger the droplet
was, the more likely it was to break up.

3.3.2  Orifice diameter
Figure 7 demonstrates a plot of the relative median droplet

diameter (d50/D) vs. the Weber number (We), where D is the size
of the nozzle diameter. These data were from the injection of Lvda10–
1 into seawater through difference orifices. It was clear that a
smaller orifice produced a modestly larger value of d50/D at low
We, but this effect diminished with increasing values of We. At
100<We<1 000, the orifice diameter appeared to have a smaller
influence on the mean droplet diameter. However, at We>1 000,
the value of d50/D had almost no effect for different orifice dia-
meters. This suggested that the formation mechanism of the small
droplets became relatively independent once a threshold droplet
diameter was reached. The reason was that surface instabilities
may be sensitive to the orifice diameter at lower values of We.

3.3.3  Types of oil and fluid
Figure 8 shows a plot of d50/D vs. We for different oil types

from a 3.33 mm orifice. These data corresponded to two oil types
with kinematic viscosities that ranged over two orders of mag-
nitude. The viscosity of the Fenjin oil was 8.2 mm2/s, but the vis-
cosity of the Lvda10–1 oil was 464.7 mm2/s. At low values of We,
the jet viscosity seemed to have little effect on the relative medi-
an droplet diameter. As We increased, the relative median
droplet diameter appeared to increase slightly with the oil viscos-
ity. At 1<We<1 000, the oil viscosity appeared to have a larger in-
fluence on the relative mean droplet diameter. At We>1 000, the
oil viscosity appeared to have a smaller influence on the relative
mean droplet diameter.

The effect of two different values of interfacial tension, i.e.,
25.9 and 17.5 mN/m on the volume median diameter was ana-
lyzed. Figure 9 shows a plot of d50 vs. the jet velocity for different
ambient fluids from a 1.95 mm orifice. As shown in Fig. 9, the me-
dian droplet size ranges from 4.6 to 1 053.9 μm for seawater, but
the median droplet size ranges from 6.7 to 698.7 μm for fresh wa-
ter. This implied a change in the mean droplet diameter with in-
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Fig. 6.   The volume median diameter under different jet velocity
for Lvda10-1.
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creasing jet velocity for different values of interfacial tension. The
mean droplet diameter was larger in seawater than in fresh wa-
ter. At a low jet velocity, the interfacial tension seemed to have a
larger effect on the median droplet diameter. When the jet velo-
city was >8 m/s, the interfacial tension had little effect on the
droplet diameter.

4  Conclusions
Subsurface oil release experiments have been performed to

study ODSD under different experimental conditions in a labor-
atory water tank. We acquired experimental data for subsurface
oil releases through orifices of five different diameters, two oil
types, two ambient fluids, and different injection velocities. De-
tailed measurements of the size distribution and of the forma-
tion of oil droplets were obtained, and the main conclusions are
as follows:

(1) Regimes of oil droplet formation were divided into three
different developing regimes: laminar breakup, transitional
breakup and atomization-breakup regimes. In addition, the cor-
relation formulas of the boundaries were established based on
the Reynolds number and the Ohnesorge number, which were
Oh=10.2 Re–1 and Oh=39.2 Re–1, respectively.

(2) The oil-droplet size showed an excellent agreement with
the Rosin–Rammler distribution function with determination
coefficients ranging from 0.86 to 1.00 for Lvda10–1 oil. The critic-
al diameter decreased continuously according to increasing jet
velocity, varying from 3 248.3 to 10.7 μm. In addition, the spread
exponent changed differently in each of the three droplet forma-
tion regimes.

(3) Based on the experimental data analysis, the jet velocity,
orifice diameter, ambient fluid and oil type all had an effect on
ODSD. The volume median diameter d50 decrease steadily with
increasing jet velocity, and a sharp decrease occurred in the lam-
inar-breakup regime. At We<100, the orifice diameter and oil vis-
cosity appeared to have a larger influence on the mean droplet
diameter. Moreover, at 100<We<1 000, the oil viscosity appeared
to have a larger influence on the relative mean droplet diameter.
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