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ARTICLE INFO ABSTRACT

Handling Editor: Raf Dewil In the present study, through the laboratory-to-field scale experiments and trials, we report the development and
evaluation of an integrated oil-spill response system capable of oil collection, recovery (separation), and storage,
for a timely and effective response to the initial stage of oil-spill accidents. With the laboratory-scale experi-
ments, first, we evaluate that the water-surface waves tend to abate the oil recovery rate below 80% (it is above
95% for the optimized configuration without the waves), which is overcome by installing the hydrophilic (and
oleophobic) porous structures at the inlet and/or near the water outlet of the separator. In the follow-up meso-
scale towing tank tests with a scaled-up prototype, (i) we optimize the maneuverability of the assembled system
depending on the speed and existence of waves, and (ii) evaluate the oil recovery performance (more than 80%
recovery for the olive oil and Bunker A fuel oil). Although more thorough investigations and improvements are
needed, a recovery rate of over 50% can be achieved for the newly enforced marine fuel oil (low sulfur fuel oil,
LSFO) that was not targeted at the time of development. Finally, we perform a series of field tests with a full-scale
system, to evaluate the rapid deployment and operational stability in the real marine environment. The overall
floating balance and coordination of each functional part are sustained to be stable during the straight and rotary
maneuvers up to the speed of 5 knots. Also, the collection of the floating debris (mimicking the spilled oil) is
demonstrated in the field test. The present system is now being tested by the Korea Coast Guard and we believe
that it will be very powerful to prevent the environmental damage due to the oil spills.
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1. Introduction

With increasing global awareness of the catastrophic damage caused
by oil spills to the terrestrial and marine ecology and environment,
responsive actions or efforts against the oil spills have attracted sub-
stantial attention of the public and media (Fingas, 2002). In general, the
major marine oil spill refers to the accidental release of a huge volume of
oil into the marine and/or coastal areas. A notable recent example is the
Deepwater Horizon oil spill in 2010, with which nearly 800 million liters
of crude oil were released into the Gulf of Mexico over three months
(Barron, 2012); it subsequently caused a total economic loss of 8.4

billion dollars to commercial and recreational fishing industry alone
(Sandifer et al., 2021). Once the oil spill occurs, the oil tends to spread
fast along the free seawater surface in the form of a thin layer or a
dispersed state (e.g., stable emulsion) (Fingas, 2002). It has been
analyzed that the size and movement (e.g., spreading area and rate) of
the oil in the marine environment, and the effect of weathering process
(e.g., evaporation, dissolution, and dispersion) can influence the extent
of subsequent damage (All6 and Loureiro, 2013; Dhaka and Chatto-
padhyay, 2021; Lee et al., 2023). Thus, it is critical to prevent the oil spill
and/or to focus on the rapid and effective countermeasures for con-
trolling and cleaning it up (Dhanak and Xiros, 2016; Fingas, 2016; Piao
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et al., 2017; Piao and Park, 2019).

The effective countermeasure against the marine oil spills primarily
aims to (i) prevent the oil from spreading to specific regions such as the
shorelines and resources, (ii) to clean it up from the seawater, and (iii) to
degrade any unrecovered oil; these processes are not separable but are
preferentially operated in combination to minimize the impact on the
marine environments (Dave and Ghaly, 2011). For example, the
containment booms (so-called temporary floating barriers) are used to
confine the spilled oil within the designated area and to make the sub-
sequent cleanup and/or degradation processes easier. Depending on the
spill size and cleanup techniques, different types of the booms like the
fence-type, curtain-type, and fire-resistant booms have been used in the
fields (Dave and Ghaly, 2011; Ossai et al., 2020). In addition to the
confinement strategy, many techniques for direct cleanup and degra-
dation of spilled oil have been developed to date, which can be broadly
classified into four categories: mechanical recovery, chemical treatment,
in-situ burning and biological remediation (Dhaka and Chattopadhyay,
2021). The mechanical recovery typically includes the oil skimmer and
oil sorbent. The former recovers the floating oils from water through the
skimming media (e.g., oleophilic belt, rope, and disk) or pump/suction
mechanisms, while the latter is an insoluble, hydrophobic material (e.g.,
polypropylene) that is used to adsorb/absorb the oil phase (Dhanak and
Xiros, 2016). Recently, overcoming the drawbacks of these devices such
as low effective operation in severe environments (e.g., currents higher
than 1 knot or wave height greater than 1 m) and secondary pollution
induced by the oiled sorbent materials (Fingas, 2002; Dave and Ghaly,
2011), Lee et al. (2022a) developed a mechanical type oil recovery de-
vice (scooper) with a slippery, water-infusing membrane surface. This
device allows only the water in the oil-water mixture to pass through
and contain the oil phase on it, and it is currently successfully deployed
into the fields for actual utilization (Lee et al., 2022b). Chemical treat-
ment refers to the use of dispersants and solidifiers to alter the physical
and chemical properties of the oil such that the modified chemical af-
finity for both oil (lipophilic) and water (hydrophilic) will reduce the
interfacial tension between them; this leads to the breakup of the oil
slick into tiny droplets which are easily degraded in the water column
(Lessard and DeMarco, 2000; Dave and Ghaly, 2011). In-situ burning, as
a thermal remediation method, is cited as an effective and viable
response to oil spills (Dave and Ghaly, 2011; Dhanak and Xiros, 2016;
Bullock et al., 2017). For the biological remediation, biodegradation
agents such as hydrocarbon-degrading microorganisms, fertilizers, and
other bio-stimulations are used to accelerate the natural degradation of
petroleum hydrocarbons in marine environments (Si-Zhong et al., 2009;
Fingas, 2016).

In practical applications of such devices, on the other hand, it is hard
to determine the most effective countermeasures; each has its own ad-
vantages and limitations depending on the marine environment,
weather condition, and the properties and thickness of the spilled oil
slick. Or, some strategies involving the usage of chemicals are consid-
ered to have a harmful influence on the surroundings. For example,
some less ecotoxic chemical dispersants have shown the potentials to
effectively deal with the oil spills in a relatively harsh marine environ-
ment (e.g., high wind and strong waves) where most mechanical means
are not properly working (Dave and Ghaly, 2011; Bejarano, 2018; Cai
et al., 2021); however, their applicability is limited by the type of oil,
sea-water temperature, and marine environment (Michel and Fingas,
2016). Ventikos et al. (2004) performed a compatibility analysis for
remediation techniques/equipment based on the sea state, wind veloc-
ity, wave height, and oil properties, and provided the framework to
determining the efficient oil response methods/equipment. They sug-
gested that the combination of mechanical recovery and containment
booms is the most common oil-spill countermeasure owing to its supe-
rior performance and friendly operability. By evaluating the advantages
and disadvantages of various oil-spill response methods, Dave and Ghaly
(2011) also suggested that the most effective cleanup is the incorpora-
tion of physical methods (e.g., booms and mechanical recovery) and
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bioremediation by dispersants. Following these analyses, on the other
hand, recent studies have shifted their focus from existing (traditional)
remediation techniques to developing new technologies for the early
prevention and remediation to reduce the subsequent damage (Ivshina
etal., 2015; Chen et al., 2019). In the same context, in the present study,
we report the laboratory development and field deployment of the in-
tegrated oil-spill response system including a new mechanical type
oil-water separator to achieve the timely and effective prevention,
collection, and separation (oil recovery) at the early stage of the oil-spill
accident. In the laboratory experiments, the roles of the porous hydro-
philic structures installed at the inlet and/or the water outlet of the
separator on the oil recovery performance under wave conditions were
tested to enable our system to reliably run in the actual marine envi-
ronments. With the meso-scale towing tank flow tests, the maneuver-
ability of the assembled system (in real scale) was evaluated while
varying the speed and wave condition of the flow, and we examined the
viability of oil collection, recovery, and storage with the actual fuel oils.
Finally, we performed the field-scale trials to primarily assess the
operational stability (e.g., floating balance and sturdiness of connection
between each component) of the entire system at different towing
speeds and movements. Also, we confirmed the recovery performance of
the system with floating debris mimicking the oil slick. The present
system is now deployed to the field and being tested by the Korea Coast
Guard, and we believe that it will have a great impact on the fast and
efficient response to the oil-spill accidents, especially dealing with small
oil spills at the early stage of the accident.

2. Conceptualization: Integrated oil-spill response system
against the marine oil spills

Herein, we explain the operational and functional concepts of the
present integrated oil-spill response system for the rapid and effective
prevention and remediation at the initial stage of the oil-spill accident
(Fig. 1). As shown, the present system is basically the mechanical type,
being comprised of the oil containment boom/fence, oil-water sepa-
rator, oil storage tank, and vane deployer. When the system is dis-
patched to the site of oil spills, the assembled system is in principle
driven (towed) by a single small offshore boat (e.g., fishing boat) with
the assistance of the vane deployer (or so-called guide vane) that was
developed to maintain the propulsive performance without the sudden
drop in the lift-to-drag ratio during maneuvering at wide range of
incidence angles (Park and Park, 2019).

The oil containment boom/fence is used to collect and force the oil
slick to flow into the oil-water separator. The oil-water separator is a
novel oil-recovery device developed by the authors and colleagues (Piao
et al., 2017; Piao and Park, 2019), which is a mechanical device based
on the gravitational effect (Behin and Azimi, 2015). Once the influx of
oil-water mixture is first guided downward along U-shaped curved path,
the kinetic energy increased by being accelerated is transferred to the
potential energy as the mixture rises over an uphill. During this process,
the phase separation happens after the flow passes the gap below the
baffle plate (see Fig. 2b) and the separated oils climb up along the
backside of the baffle plate. When the accumulated oil layer becomes
larger than the critical volume, they flow over the weir plate and into the
storage tank with the assistance of a portion of the water layer below
(see the inset of Fig. 3c); on the contrary, the excess water is released out
of the separator through the water outlet at the bottom of the separator.
This mechanism of the oil-water separator has been confirmed numer-
ically by Piao et al. (2017), and the experimental demonstration and
theoretical analysis of the oil-water interfacial flow associated with the
oil recovery were done by Piao and Park (2019). It is worth noting that
the present separator can process the oil-water mixture flow continu-
ously by intensifying the effect of phase separation driven the density
difference through the U-shaped channel (adding centrifugal accelera-
tion to the gravitational acceleration).

When accidental oil spills occur offshore, it is a general procedure to
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Fig. 1. Schematic diagram to illustrate the concept of the present integrated response system against the oil-spill accidents, which is composed with the oil separator,
oil containment boom/fence, oil storage tank, and vane deployer. Here, darkness level of the oil slick represents its relative thickness on the water surface.
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Fig. 2. Description of the present integrated response system considered for different flow tests: (a) lab-scale version tethered in the large-scale circulating water
tunnel; (b) detailed configuration of the lab-scale oil-water separator and oil storage tank; (c) scale-up version of the system used for towing tank and field tests
(Image credit: KOAI Co., Ltd.).

deploy the containment boom encircling the accident area to prevent mobility of the operation can be maintained for tackling early, small oil
spreading (Fig. 1). However, the delayed deployment or failure of the spills, without the specialized cleanup ships, as illustrated in Fig. 1. The
fence will cause the oil spreading towards the coastal area driven by the overall length and storage capacity of the proposed system are ~ 10 m
wind and current (Fingas, 2002; Ventikos et al., 2004). It is clear that the and ~ 1000 L, respectively, to ensure the lightweight, easy assembly and
economic damage and cost for cleanup will increase significantly once deployment, and low towing drag, for enhanced mobility. The easy
the oil reaches the beaches and shorelines (Dhaka and Chattopadhyay, replacement of the storage tank may allow the system to be operated
2021). Considering the limitations of conventional oil skimmers at the continuously despite its limited storage capacity. For instance, the pro-
early stage of oil spills (for example, when oil spreading is faster than the fessionals (e.g., coast guards) can easily replace the full storage tank
speed of skimming), we suggest that the multiple systems are operated with a new one and continue the operation. As show in Fig. 1, it will
together, of which each is towed by small offshore boats such that the allow the multiple deployments and fast operations to tackle the
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Fig. 3. Surface waves test in lab-scale experiments: (a) wave generation depending on the forcing amplitude (A) and frequency (f,,) of the generator; (b) picture of
typical waveform (top) and instantaneous oil-water flow structure in the oil-water separator with a net at the inlet (bottom left) and a mesh near the water outlet
(bottom right); (c) variation of Or.. with the porosity of the porous structures located at the inlet, according to the wettability and location (Ly;); (d) variation of Orec
with G* = G,/D between the top wall and porous structure near the water outlet. The reference case (without the mesh/net) in (c) and (d) is represented with .

early-stage oil spills.

In the following, we will discuss the feasibility and validity of the
proposed system to collect, recover, and store oil slicks from the water
surface rapidly and successfully based on laboratory-to-field scale ex-
periments and trials. It is noted that a complete assessment on the
functionalities of the system such as the quality of water released out of
the separator and the effects on the marine ecological environments is
beyond the scope of the present work and will be reported once the field
evaluations are done by the Korea Coast Guards.

3. Equipment, materials, and methods
3.1. Integrated oil-spill response system for flow tests

In the present study, we used the prototypes with two different scales
according to the size of flow facility. First, the lab-scale oil-water
separator (and the storage tank) is used for the flow test in the large-
scale circulating water tunnel, of which the test section is 1500 mm x
400 mm x 500 mm in the streamwise (x), vertical (y), and spanwise (z)
directions, respectively (Fig. 2a). As shown in Fig. 2b, the width and
length of the oil-water separator is Ws = 3D and Ly = 15D, respectively,
and the volume of the oil storage tank is 210D3, where D (= 30 mm) is
the height of the inlet of the separator. With this setup, we evaluated the
oil recovery (separation) rate of the present oil-water separator under
the surface wave conditions and also tested the effect of supporting parts
(e.g., porous structures) on the mitigation of the performance degrada-
tion by surface waves. Note that in our previous studies that considered
the same geometry of the separator, the effects of waves and the asso-
ciated countermeasures were not investigated. The properties of the
tested porous structures are summarized in Table 1. Owing to the limited
size of the water tunnel, the separator was tethered such that the

Table 1

Specifications of the porous structures used in the laboratory-scale wave tests.
Here, the fabric composed of microfibers was treated by the oxygen plasma to
have the superhydrophilic property (Lee et al., 2022a).

Location  Materials Wettability Pose size Porosity [%]
[mm]
Inlet Nylon Hydrophobic/ 1-4 45, 50, and
oleophilic 70
Stainless Hydrophilic/ 1 45 and 70
steel oleophilic
Water Teflon Hydrophobic/ 0.75-1 45 and 80
outlet oleophilic
Nylon Hydrophobic/ 1-4 45 and 89
oleophilic
Special Superhydrophilic 0.15 12-25
fabric

position of the water surface is aligned to the horizontal level of the end
of the weir plate (see red line in Fig. 2b or Fig. 3a), which was found to
be an optimal position to maximize the separation performance (Piao
etal., 2017; Piao and Park, 2019). The water flow (including the oil) was
introduced at the speed of 0.1-2.0 m/s. The geometrical details of the
flow facility and the separator such as the baffle plate, weir plate, and
water outlet can be found in previous studies (Piao et al., 2017; Piao and
Park, 2019).

In meso-scale towing tank and field tests, on the other hand, we used
the scale-up version of the entire system, which is composed of the
containment boom (with the assistant collector), oil-water separator, oil
storage tank, and the vane deployer (Fig. 2c). The length of the entire
system is approximately 10 m, and the height of separator inlet (D) is 5
times larger than that of the separator used in the lab-scale experiments.
In addition to the containment boom, the assistant collector (which was
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not considered in the water-tunnel tests) is considered to minimize the
boom failures from drainage and/or critical accumulation (Fingas,
2002). Unlike the laboratory-scale tests with the separator and tank
tethered, the outer profile of the oil storage tank was newly designed to
reduce the drag force applied during the maneuvering in the ocean.
While the maximum volume of the tested system is approximately 1000
L, it can be flexibly varied according to the demand. For the fast and easy
deployment of the system in real environments, we ensured that each
component has a relatively light weight, and they are connected
(assembled) through the ASTM “Z” connector and tong-groove joint. As
explained in Fig. 2¢, polyethylene (PE) is the main material considered
for its lightweight, easy-to-clean impact and corrosion resistance, while
polyurethane vinyl fabric, stainless steel frames, and aluminum plates
are used for their high tensile strength and adaptability (e.g., customized
shaping and foldability), to ensure the durability and chemical resis-
tance of the system in the marine environment. In the below, we will
explain more details on each flow test with different scales and purposes.

3.2. Laboratory-scale experiments for advancement of oil-water separator

A series of laboratory-scale experiments for the oil recovery were
conducted under the surface wave conditions in the circulating water
tunnel (Fig. 2a). The wave generator, located at 26D in front of the inlet,
is designed to produce the surface waves periodically by controlling the
forcing.

Amplitude (Ay) and frequency (fy). The resultant height (from
trough to crest, H,,) and wavelength (L,) of the waves vary from
1.0D—-5.0D and 10D—28D, respectively, for the range of flow speed
considered (Fig. 3a). Like the oil recovery measurement (without the
surface waves) reported by Piao and Park (2019), we supplied the oil
and water together through the inlet of the separator that is tethered at
the top of the test section. For the present experiments, silicone oil was
used, of which the density and kinematic viscosity is 935 kg/m® and 10
mm?/s, respectively. The volume flow rate of oil and water measured at
the separator inlet is fixed as Q, = 70 mL/s and Qy = 12 mL/s,
respectively, and the wave height was controlled to be as high as 5D.

While evaluating the effect of surface waves on the performance of
oil separator, we also tested the mitigation of the surface wave effect by
installing the porous structures of net and mesh at the separator inlet
and water outlet, respectively (Fig. 3). The net is installed at a distance
of Lyi/D (= 1.67 — 3.33) from the inlet, of which the pore size and wire
diameter are 0.75-4.0 mm and 0.25 — 1.0 mm (see Table 1), respec-
tively, is expected to play the role of wave (or ocean current) damper,
while the superhydrophilic mesh at the water outlet is applied to directly
prevent the oil loss through water outlet due to the fluctuating flows
inside the separator caused by the interfacial instability (e.g., interfacial
fluctuation and dispersed oils) (Piao and Park, 2019, 2021). We
controlled the location (Lyw) and the gap (G,) between the top wall of
the separator and porous structures erected near the water outlet as
0.08D — 0.12D and 0.5D — 2.5D, respectively (Fig. 3a). Here, we
investigated the effect of wettability, pore size, and porosity of porous
structures on the oil recovery rate. For each experiment, we measure the
supplied (Vg) and recovered oil volume (V;,), and calculated the
oil-recovery rate as Orec = Vio/Vso. After each oil recovery test, we
measured V;, after leaving the tank for a while (e.g., more than 24 h), by
which the separation line between the oil and water was identified
clearly. At the same time, we also visualized and analyzed the oil-water
interfacial patterns inside the separator, using the same experimental
setup used in Piao and Park (2019).

3.3. Towing-tank experiments for evaluating the maneuverability and oil
recovery

We performed a series of towing-tank experiments with the proto-
type system of the same scale as the real product. Depending on the
purpose (or the permission to use the actual fuel oil at the site), tests
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were done at two different flow facilities. First, for the purpose of
checking the maneuverability of the entire system with the waves, we
used the Seoul National University Towing Tank (SNUTT), of which the
length, width, and depth is 100 m, 8 m, and 3.5 m, respectively. The
maximum towing speed is 5 m/s (9.72 knots) and the waves generated
in the tank has length of 0.25-6.25 m, period of 0.4-2.0 s, and height of
0-0.3 m (Park et al., 2022). In the present study, we considered the fixed
towing speed of 3 knots, which is a normal operating condition in a real
marine environment. Then, under the given conditions of the period of 2
s and wavelength of about 6.0 m, we examined the effects of the height
of surface waves (0.15 m and 0.3 m) on the floating balance and the
performance of unfolding the containment boom during maneuvering.

On the other hand, the evaluation of the oil collection, recovery, and
storage using the scale-up version of the present system was carried out
in the towing tank facility (33 m in length, 24 m in width, and 2.6 m in
depth) located at the Yeosu Korea Coast Guard Academy. The facility is
featured by the towing speed up to 1.03 m/s (2.0 knots), generation of
the surface waves, and most importantly the utilization of various fuel
oils. We tested Bunker A fuel oil and olive oil, but also a new low sulfur
fuel oil (LSFO, SK innovation Co., Ltd) that was very recently enforced to
use mandatorily by the International Maritime Organization (IMO) (Lee
et al., 2022b, 2023). The Bunker A is a member of the bunker fuel oil
family (Uhler et al., 2016; Schnurr and Walker, 2019), which is a
mixture of light fuel oils (diesel) and heavy fuel oils in a ratio of 7:3.
Owing to its features such as low viscosity and low content of residual
carbon, it is often used as a fuel oil for media/small marine vessels and
home heating. Note that the LSFO was not mandated at the time of
developing and testing the present oil-recovery system; however, it is
found that the present development shows a reasonably upstanding
performance against the LSFO (see below). In Table 2, we have provided
the relevant properties of the tested oils. Here, instead of using the vane
deployer, the response system was attached to the towing carriage via
the aluminum supporting frame (Fig. 4a) and translated at the speed of
2.0 knots. While continuously releasing the target oils on the water
surface during towing, we recorded the oil flow patterns near the
containment boom (Fig. 4b), and also monitored the entire test pro-
cedure and oil-water mixture flow through the storage tank using the
mobile camera and action camera (Go Pro black 8), respectively. After
the flow testing, we measured the volume of recovered test oils (Fig. 4c)
and calculated the oil recovery-rate (Oye.) that is defined as same as the
water-tunnel experiments.

3.4. Field-scale trials for deployment and operation in marine
environments

After we have confirmed the performance of the present system
through the series of in-door flow tests, finally we performed several
field-scale trials at different ports around the Korea coast for the eval-
uation of the rapid deployment and operational stability of the entire
scaled-up system. The ports we have tested are Pyeongtaek, Mokpo, and
Busan, located along the west and south coast of Korea. The average
wind speed and wave height on the sea varied in the range of 1.5-5.0 m/
sand 0.1 — 0.5 m, respectively, depending on the season and locations.
As shown in Fig. 4d, the entire response system was easily assembled by
3-4 persons on the ground (or on the ship deck) within 10-20 min before
being deployed at sea. Together with the vane deployer, the response

Table 2
Properties of the oils used in the meso-scale towing-tank experiments.

Properties Olive oil Bunker A fuel oil LSFO
Density at 15 °C [kg/m°’] 919 800-900 920
Kinematic viscosity at 50 °C [mmz/s] <538 <20 380
Pour point [°C] <3 5 17
Flash point [°C] 210 2 60 148
Sulfur content [wt%] N/A 2 0.47
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Fig. 4. Evaluation of the system performance with the scaled-up integrated response system: (a) meso-scale towing tank tests for oil recovery; (b) oil collection and
recovery in towing tank tests; (c) measure of the oil recovery; (d) field-scale trials at different ports around the Korea coast.

system was towed (operated) by a single small boat, for example, a
10—ton surveillance boat of the Korea Coast Guard or a 2.55—ton pri-
vate fishing boat. For each test, we set the towing speed in a range of
1.0-5.0 knots (0.51 — 2.57 m/s) and examined the operational stability
under the different towing motions, such as linear and rotary move-
ments. To record the whole operating situation, we used drone aerial
photography technologies for multi-angle views (Fig. 4d). In addition to
the assessment of operational stability, we used the color foam balls (i.e.,
floating debris) with a diameter of 20-30 mm at the Coast Guard
exclusive port area (ensuring that the missing foam balls are in the
controlled region for easy subsequent recovery) to mimic the oil spill in a
real marine environment, aiming to examine the capability of the system
for collecting and recovering spilled materials. We tracked the floating
debris using the different angled drone cameras and used the action
camera installed on the assistant collector to capture the motion of
floating debris near the inlet.

4. Results and discussion
4.1. Porous structures on mitigating wave effects

In our previous study (Piao and Park, 2019), it was well explained
that the highly agitated high-speed flow of the oil-water mixture into the
separator causes the fluctuating oil-water interface and dispersed oil
phase (interface breakup) inside the separator, which are associated
with the degradation of the oil recovery (i.e., loss of oil). Thus, it is
expected that the surface waves in the harsh environmental situation
would be detrimental to maintaining the successful oil recovery and
separation of the present system. To cope with such cases, we compared
the effects of the porous structures located near the separator inlet
and/or water outlet, which are considered as a kind of wave (or ocean
current) damper and/or to keep the stable water layer under the oil to be
separated, respectively. As expected, without any countermeasures, it is
measured that the surface waves decrease the oil-recovery rate notice-
ably (refer to star symbols in Fig. 3c and d, and the typical instantaneous
flow pattern is shown on the right top in Fig. 3c); for example, the wave
with a height of 5D decreases Oye below 80% (92 — 98% without waves)

at the given flow condition of Q, = 70 mL/s and Q,, = 12 mL/s. The
variation of Oy, with the porosity of the net located near the separator
inlet and the typical flow pattern of the oil phase inside the separator are
shown in Fig. 3c. In addition to the porosity and material (wettability) of
the net (see Table 1), we tested different locations as Lyi/D = 1.67 and
3.33. The vertical bar of each data point in Fig. 3¢ denotes the range of
data scattering from repeated measurements. Compared to the reference
case without the net (i.e., 100% porosity in Fig. 3c), it is clear that the
oil-recovery rate of the separator with the net is enhanced; O,.. increases
gradually with decreasing the porosity and recovers Oye. of 95% for the
porosity of 45%. The location and wettability of the net have negligible
influences on Oy for the relatively low porosity of structures but,
interestingly, the wettability affects the impact of location on Oye.. For
instance, at a given porosity of 70%, the hydrophilic net (stainless steel)
installed at Lp;/D = 1.67 results in the higher Oy than that installed at
Lyi/D = 3.33; however, for the hydrophobic net, Orec shows the opposite
trends. This is because the additional hydrophilic feature of relatively
low flow-resistant to the water phase helps keeping the stable water
layer under the oil phase near the water outlet in addition to the
wave-damping role of the net, which may provide a useful guideline to
devise this kind of wave damping porous structure in marine applica-
tion. The typical flow patterns of the oil phase inside the separator reveal
that the oil loss under wave conditions (see the inset figure of Fig. 3c) is
strongly related to the interfacial fluctuation inside the separator (Piao
and Park, 2019), which is not observed when the net is installed (see the
inset of Fig. 3c).

Next, we investigated the variation of the oil-recovery rate with the
gap (G* = Gp/D) between the top wall of the separator and porous
structures erected near the water outlet while varying its wettability (e.
g., nylon, Teflon and fabric), porosity (45—89%), and the location (L)
(Fig. 3a and d). With this device, we aim to directly suppress the fluc-
tuating oil-water interface inside the separator while keeping a stable
water layer above the water outlet, which was revealed as the key flow
feature to successfully separate the oil from the mixture (Piao et al.,
2017; Piao and Park, 2019). As shown in Fig. 3d, the existence of the net
next to the baffle plate inside the separator enhances the oil-recovery
rate beyond 90% (96% in average). In particular, for the nylon net
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with a porosity of 45%, O as high as 98% can be achieved even
changing G*. When G* is fixed as 0.5, except for the case of the fabric
net, O decreases as the porosity increases at the given Lyy. It is noted
that the effect of the location is ignorable (less than 1% in Orc) as the
porosity goes below 80%, but for the nylon net with the porosity of 89%,
Orec becomes higher at L,,,/D = 0.08 than that at 0.12 (highlighted with
the red dashed box in Fig. 3d). This is attributed to the higher porosity
(>80%) that tends to lose the suppressing effect of the mesh/net on the
interfacial fluctuation near the water outlet. The maximum enhance-
ment (Orec = 98.6% at G* = 0.5) of the oil-recovery rate was achieved
with the fabric net treated by oxygen plasma to be superhydrophilic (Lee
etal., 2022a). At G* = 2.0, however, both nylon and fabric nets result in
the higher Orec at Lpw/D = 0.12 than that at 0.08 (marked by the blue
dashed box in Fig. 3d). With the mitigated wave effect, it is also
confirmed that the oil-water interface becomes quite stable over the
water layer inside the separator, as shown in the bottom inset figure in
Fig. 3d. The results of laboratory-scale experiments have shown that the
negative effect of surface waves can be effectively mitigated by
installing porous structures in the separator. We believe that the com-
bination of these approaches would allow the present system to operate
reliably in harsh marine conditions.

4.2. Maneuverability of the assembled system

As shown in Fig. 2¢, we scaled up the oil-water separator optimized
for the laboratory-scale study and assembled it with other functional
components such as the vane deployer, containment boom, assistant
collector, buoyant body, and the oil storage tank. To check the maneu-
verability of this assembled system, we focused on testing the floating
balance and the performance of unfolding mechanism of containment
boom with the assistance of the vane deployer. Shown in Fig. S1 in the
Supplementary Materials are temporal movements of the assembled
system during maneuvering in the towing tank, of which the wave
heights are 0.15 m and 0.3 m, respectively, with a wavelength of about
6.0 m and a period of 2 s. For both tests, t = 0 s represents the moment
after the system is deployed on the water surface and before it is towed.
After towing, this system will have the same speed, 3 knots (1.54 m/s) as
the towing carriage. When the surface waves in the towing tank is mild,
(wave height of 0.15 m), the fully unfolded state of the containment
boom is achieved after 10 s, which is sustained stably until the towing
test stops (Fig. S1a; for details, see supplementary movie S1). This shows
that the present system works well achieving a stable floating balance
and fast unfolding characters of the boom even in the situation with
surface waves. The same capability was confirmed when the wave
height increases to 0.3 m (Fig. S1b). Considering the acceptable
maneuverability of this system, we will extend its relevant assessment to
field-scale tests in section 4.4.

4.3. Oil collection, recovery, and storage for the scaled-up response
system

Here, we discuss the operational functionalities of the scale-up
version of the present system, identified during the towing-tank exper-
iments such as the oil collection, recovery, and storage. According to
laboratory-scale tests, in order to maintain the prominent oil-recovery
rate with the scale-up version, we learned that (i) the oil slick should
be collected toward the inlet, (ii) the drag on the oil flow needs to be
reduced, and (iii) the proper inflow of water is needed to maintain the
water layer above the water outlet (Piao et al., 2017; Piao and Park,
2019). This requires the optimization of the collection system as well as
the controllable water level at the inlet of the separator. As shown in
Fig. S2 in the Supplementary Materials, we tried to evaluate different
types of the connection mechanism between the containment barrier
and assistant collector, i.e., the separation type (Fig. S2a) and combi-
nation type (Figs. S2b and c). The former provides easy and fast
connection between the containment boom and the assistant collector
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via the ASTM “Z” connectors (Fig. 2c) but the latter ensures the sepa-
rator, the assistant collector, and the containment boom integration to
keep a relatively stable floating balance and maintain the water level at
the proper position. While the separation type has a better oil collection
functionality (see Fig. 4a), we found that it shows a relatively higher
flow resistance acting on the oil-water mixture inflow causing the crit-
ical accumulation failure of the containment boom (Fingas, 2002). The
combination type, on the other hand, can achieve a sort of floating
balance of the height between the separator inlet and the collection
system by controlling the bulk density of the buoyant bodies. When a
small portion (< 0.1D) of the separator inlet is immersed under water,
which is similar to the experimental setup of the tethered separator in
the water-tunnel experiments, the floating balance is optimized to allow
the collected oil to flow into the separator smoothly with the assist of
inflow water while maintaining the water layer above the water outlet.
If necessary, the length of the containment boom can be changed to
reduce the weight of the system (Fig. S2c). Fig. S2d depicts the easy
assembly process using tong-groove joints; i.e., a person can assemble
the separator and assistant collector (already combined with the
containment boom) when another person holds the assistant collector on
one side.

The most important check point is to confirm that the similar level of
the oil recovery is achieved with the scale-up version of the system while
being towed. Fig. 5a compares the oil-recovery rate of the scale-up
version of the integrated oil-spill response system measured in the
towing-tank tests with that of the laboratory-scale separator in the
circulating water-tunnel tests. Although the oil was released in different
ways in the laboratory-scale and towing-tank tests, the oil-water mixture
inflow rate was measured to be similar to each other as the towing speed
of 1.03 m/s (2.0 knots). During the oil-recovery tests, we observed that
separated oil is safely stored in the storage tank, of which the surface is
made to be transparent intentionally (Fig. 4c). As shown in Fig. 5a, the
oil-recovery rates of the Bunker A fuel oil and olive oil were measured to
be 80% and 83.3%, respectively, in the towing tank tests, which are
close to the averaged recovery rate (85.8%) of the silicone oil measured
in the laboratory-scale experiments. This demonstrates that the scaled-
up integration response system has a reliable oil recovery performance
and works well for various oils with relatively low viscosities (see sup-
plementary movie S2).

While the present system shows an excellent performance against the
originally targeted fuel oils, the oil-recovery rate drops to 50% for the
low sulfur fuel oil (LSFO), a new generation marine fuel oil (see Table 2),
under the same test condition. Considering that this rate may underes-
timate the actual performance because most LSFO was observed to stick
to the walls of the collector and separator due to its higher viscosity
(Fig. 5b), we think this is a quite encouraging result. Lee et al. (2022b,
2023) reported that the adhesion behavior of the LSFO is attributed to
the solidifying viscous properties elevated at the relatively low tem-
peratures; however, our understanding to date is still insufficient. To our
best knowledge, this is the first time to cope with the meso-scale spill of
the special LSFO using the mechanical type of the separator. Further-
more, we are also currently working on developing novel devices
specified for collecting the LSFO with higher viscosity.

4.4. Rapid deployment and operational stability in marine environments

So far, the results of the laboratory-scale and towing tank tests have
clearly shown that the present integrated oil-spill response system can
recover the oil slicks on the water surface reliability and effectively
under wide range of conditions. We now turn to the analysis on the
feasibility of its rapid deployment and stable operations in the real
marine environment. Fig. 6a—c exhibit the exampled photographs taken
during the maneuver of the full-scale integrated response system towed
by a small boat and vane deployer (see supplementary movie S3). In the
field-scale trials, the curtain-type containment barriers were used
instead of the simple booms, and also the vane deployer with multiple
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Fig. 5. (a) Comparison of the oil-recovery rate achieved in the laboratory-scale experiments and meso-scale towing tank tests of the scaled-up integrated response
system. (b) Residue of the LSFO, owing to the higher adhesive property and viscosity, in the system after the flow tests.

response
system
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Fig. 6. Performance assessment of the integrated oil-spill response system in field-scale trials: (a-c) stable operation (at the speed of 1.29 m/s) of the integrated
response system driven by a small boat and a vane deployer. Here, the containment boom has the underwater curtain; (b—c) Linear and rotational movements of the
system at the speeds of 3-5 knots; (d-h) sequential tracking of the floating debris (colorful foam balls) through drone cameras; (i) motion of floating decries near the
inlet captured by the action camera. Here, the green solid and red dashed arrows represent the primary direction of the movement of floating debris and the direction

of the towing boat #2, respectively. The towing speed is 2.5 knots.

hydrofoils was used like the towing tank tests (Park and Park, 2019).
Each component of the present system weighs less than 20 kg and is
assembled with a simple detachable design (e.g., ASTM “Z” and
tong-groove connectors), which greatly reduces the loading (unloading)
time and the manpower input required for the assembly (see Fig. 2c).
Moreover, combined with the capability of the present separator to treat

different oils (reducing the time spent on selecting viable equipment for
special oil types), we found this significantly saves the total deployment
time that is critical for fast prevention and cleanup at the early stage of
oil-spill accidents. As the importance of floating balance to the suc-
cessful oil recovery was highlighted in the towing tank tests, we also
examined the operational stabilities, e.g., the floating balance and the



L. Piao et al.

sturdiness of the connection between each part during various maneu-
vering modes. As shown in Fig. 6b and c, for example, the total system
still shows a stable operation during the rotational movement at the
towing speeds of 3-5 knots (1.54 — 2.58 m/s). The detailed videos on
field-scale tests also can be found on the homepage of the KOAI Co., Ltd.
(https://koai.co.kr/great-dionaea-v1/).

4.5. Collection of the floating debris (mimicking the spilled oil) in real
environments

Finally, we assess the collection performance of the spilled materials
in the real marine environment by using the floating debris (i.e., color
foam balls) which are used to mimic the relatively large sizes of scat-
tered oil phases in the oil spill accident site. Fig. 6d-h provides the
sequential operation of tracking some floating debris from their release
from Boat #1 (Fig. 6d) to their collection and inflow into the oil-water
separator that is towed by Boat #2 (see supplementary movie S4).
Here, the considered towing speed is 2.5 knots (1.29 m/s) at which the
integrated oil-spill response system shows relatively stable operation, as
shown in Fig. 6a. In the present field-scale test, we found the integrated
response system has impressive maneuverability, e.g., the stable floating
balance and full level of the unfolding performance (Fig. 6e and f), as
well as the adequate capacity for collecting the spilled materials
(Fig. 6g—i), which will make it a promising candidate to realize rapid and
effective marine oil spill cleanup.

As explained, we have evaluated the feasibility and validity of the
proposed system to collect, recover, and store the oil slicks from the
water surface, which is expected to achieve the fast and efficient pre-
vention and remediation at the initial stage of small oil spills. To clarify
some other practical features of the present development in detail, we
have compared it with existing mechanical methods in terms of the
working mechanism, response stages, operational limitation, perfor-
mance, benefits, and drawbacks according to previous studies (Fingas,
2002; Ventikos et al., 2004; Dhaka and Chattopadhyay, 2021) (see
Table S1 in the Supplementary Materials). Based on it, the specific
features of our development can be summarized as follows.

(i) The developed system has a comparable performance (recovery
volume, percent oil, and recovery rate) to the conventional oil
skimmers at the same operational conditions (current velocity <
1.0 knots and wave height < 1.5 m) but can work in faster current
condition (~ 5 knots). The working mechanism of the system is
the density difference/gravitational effect-driven separation, and
its feature of mobile oil recovery allows it to apply in the initial
physical response stage along with the mechanical containment
boom/fence/curtain. This early prevention and remediation are
expected to minimize the subsequent negative effects, for
example, difficult recovery due to weathering processes on the
sea.

(ii) In addition to the environmental factors, the performance of oil
skimmers depends on the oil thickness and oil type, but the pre-
sent system is affected by the towing speed and storage capacity.
Unlike the usage limitation of oil skimmers in the relatively fast
current condition (>1 knot), we can manipulate the towing speed
and direction (lowing the inlet oil-water mixture velocity) to keep
the recovery performance regardless of the type and thickness of
the oil.

(iii) Since the present system is not yet commercially available, we
assumed that the price of the system is comparable (or cheaper)
as that of the typical oil skimmers and compared the total cost, i.
e., the sum of the consumable materials and maintenance
(cleaning and storage) fees. In this context, we think the cost of
the present system is expected to be cheaper since it does not use
the consumable (non-repeatedly useable) oleophilic surfaces (e.
g., belt, disc, and rope) during the long-term use (Fingas, 2002;
Dhaka and Chattopadhyay, 2021).

Journal of Environmental Management 345 (2023) 118833
5. Concluding remarks

Through the series of systematic laboratory-scale experiments, meso-
scale towing tank tests, and filed-scale trials, in the present study, we
presented a novel marine oil-spill response system that can achieve the
collection, recovery, and storage of the oil slick floating on the water
surface, targeted for the initial prevention and remediation of the spill
accident. Following the series of previous studies, we have already re-
ported the detailed design and the functionalities of each compartment
of the system, and the present study focused on the integration of the
total system, and its validation and advancement throughout the larger-
scale experiments. In the laboratory-scale experiments, first, we
measured that the surface waves tend to degrade the oil-recovery rate
below 80%. To sustain the effective oil recovery even in the harsh ma-
rine environment (e.g., surface waves and high-speed currents), we
suggest the installation of the porous structures (e.g., mesh/net) at the
inlet and water outlet of the separator. The net located at the separator
inlet plays the role of wave (current) damper and that installed near the
water outlet helps to maintain the stable water layer above the water
outlet, which mitigates the fluctuating oil-water interface to keep the
relatively higher oil-recovery rate. The results of laboratory-scale ex-
periments show that the use of porous structures can recover the oil-
recovery rate above 90% even under the high surface-wave conditions.

Further study on the scale-up (full-scale) integrated oil-spill response
system was performed to evaluate its reliable collection, recovery, and
storage of the oil slick in the simulated environment, i.e., towing tank
tests. The oil collection part in front of the separator was optimized to
have a good floating balance, assisting the collected oil to flow into the
separator easily and maintaining the water layer stably above the water
outlet. We also tested the oil collection with actual olive oils and bunker
A fuel oil, in which the recovery rate as high as 80% (same as that
measured in laboratory-scale experiments) was confirmed. Finally, the
rapid deployment and stable operation of the full-scale system was
tested in the actual marine environments. In addition to minimal
manpower input, the system’s lightweight and capability to handle
different types of the spilled oil can reduce the overall time from ship-
ping, loading/unloading, and assembly to deployment at sea. The entire
response system is driven and controlled by a small boat (< 10 tons) and
a vane deployer; importantly, it is able to operate in a linear as well as a
rotating movement at the speeds of 3-5 knots while maintaining a good
floating balance and a strong sturdiness of the connection between each
component.

The proposed integrated system and each component are well
patented and the full-scale systems are now being dispatched to several
posts of the Korea Coast Guard and tested under different situations; this
is expected to bring us the quantitative analysis of the time required for
oil spill detection, decision-making, and dispatch of vessels. On the other
hand, it is quite promising to find out the present system can also cope
with the new marine fuel oil, low sulfur fuel oil (LSFO) with a special
temperature-dependent solidifying viscous behavior. Compared to other
mechanical skimmers of which the performance varies significantly
depending on the oil types, we believe the present system has the po-
tential to treat the spill accidents of various oils, but it is still required to
be improved to cope with the unexpected situations in practical situa-
tions, such as the viscosity increase of the spilled oil due to emulsifica-
tion and fast spanwise oil spreading. In future work, we will also analyze
the properties of the water released from the water outlet and explore
some methods, for example, the installation of the novel oil-repellent
superhydrophilic mesh (Ko et al., 2021; Lee et al., 2022a) at the water
outlet to treat released water, advancing its feasibility for practical
applications.
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