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Chapter 1 Introduction

1.1 Introduction to spilled oil response at sea

Oil consumption has been increased around the world (World Energy Conusil
(WEQ), 2016; British Petroleum, 2017). Although oil spill accidents at sea have
decreased, large and small accidents still occur (Musk, 2011). Thus, as long as
oil transport and consumption are maintained or increased, we must continue
to be prepared for and respond to oil spill accidents. The techniques to be
employed at sea include containment and recovery, chemical dispersants, and
controlled(in-situ) burning - (International Petroleum Industry Environmental
Conservation Association (IPIECA) & International Association of Oil and Gas
Producers (IOGP), 2015). Mechanical recovery is a method to remove spilled
oil while minimizing environmental impact (PIECA & IOGP, 2015). Oil
treatment agents promote oil dispersion by reducing the interfacial tension
between oil and water. Underwater distributed oil is less wind-imposed, which
can reduce the degree of access to coast or sensitive area (International
Tanker Owners Pollution Federation Limited (ITOPF), 2014). In-situ buring can
quickly remove a lot of oil. (IPIECA & IOGP, 2015). In Korea, oil recovery
through oil skimmer is the main method used for oil spill in sea. The
dispersant is applied in some situations and burning is not considered (Kim, et
al., 2016). The response technology for the skimmer and the dispersant are

dealt with in this paper.

Research pertaining to effective response planning for oil spills at sea can

be classified broadly into remote sensing, trajectory modeling, spill modeling,
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and countermeasures (Fingas, 2016). This study focuses on recovery at sea
through spill modeling and countermeasure planning; these topics can be
further divided into oil properties, weathering, and response categories.
Numerous studies have been conducted on spilled oil properties (Antoine, 1888;
Mooney, 1951; Jokuty, et al, 1995, Song & Springer, 1996; Fingas &
Fieldhouse, 2009, 2012) and weathering (Monahan, 1971, Mackay & Matsugu,
1973; Payne, et al., 1984; Delvigne & Sweeney, 1988; Eley, et al.,, 1988;
Zelenke, et al., 2012). Mackay and Matsugu (1973) researched the evaporation
rate of spilled oil, and Delvigne and Sweeney (1988) investigated natural
dispersion. These studies associated sea state and the properties of the spilled
oil with the weathering process, but did not estimate the changes in oil

properties caused by weathering.

The properties of spilled oils undergo continuous change with time due to
weathering processes such as spreading, evaporation, emulsification, and
dispersion (Spaulding, 1988; Sebastizo & Guedes Soares, 1995, Reed, et al.,
1999). Mackay, et al. (1982) developed an oil spill behavior model that
encompasses weathering and changes in oil properties, and Berry, et al. (2012)
modeled oil transport and fate processes. However, these studies did not

include prediction of the response potential.

The performance of response equipment varies with oil fates and sea
conditions and is a critical factor as it has a direct effect on clean-up
potential calculations (Lehr, 2001). Strom-Kristiansen, et al. (1993) represented
the dispersion efficiency as a function of viscosity through experiments,
United States Coast Guard (USCG) (1994) explored the relationship between
burning efficiency and oil layer thickness, and Lorenzo, et al. (1995)
determined the recovery efficiency based on the rotation speed of skimmer
and the oil viscosity. Clean-up potential is affected by oil property, sea state,

weathering, performance of response equipment (ITOPF, 2014). Therefore, all
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of the above studies should be linked to estimate the clean-up potential, but

these studies are insufficient.

1.2 Necessity for analysis of the chemical dispersion considering the

dispersant dosage and change of oil properties by weathering

Dispersant can be used under conditions where mechanical recovery is
difficult. Also, it is recognized as effective control means capable of rapidly
processing large areas (Lessard & Demarco, 2000). Approximately 7,950 kI of
dispersant was used for Deepwater Horizon oil spill (2010) in the Gulf of
Mexico (Kujawinski, et al., 2011). In the case of the Hebei Spirit oil spill in
Korea (2007), about 300 k/ of dispersant was used (Korea Maritime Institute
(KMD, 2008).

However, the toxicity of crude oil (Almeda, et al., 2013; Rico-Martinez, et
al., 2013), dispersant (Almeda, et al, 2014, Wise & Wise, 2011), and
chemically dispersed oil (Cohen, et al., 2014; Goodbody-Gringley, et al., 2013)
can have a impact on marine life. Therefore, careful decision is needed when
using dispersant (Hong, et al., 2014; Lee, et al., 2006). Although the usefulness
of dispersant has been proven, most countries apply restrictively dispersant
due to the negative effects mentioned above (Cho & Ha, 2012), and the area
where the dispersant can be sprayed is designated as water depth and
distance from coast (Korea Institute of Ocean Science and Technology
(KIOST), 2010). Limited use of dispersant is considered based on water depth,
distribution of sensitive areas, and sea flow characteristics in Korea (Lee, et
al., 2006). Therefore, in order to mitigate negative concerns, it would be very
useful to reduce the application amount of dispersant while obtaining the
same dispersion effect. For this purpose, it is necessary to understand the
quantitative correlation between the dispersant amount and the amount of

chemical dispersion.
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The amount of chemical dispersion also varies depending on the timing of
the use of dispersant, since the characteristics of the spilled oil are
continuously changed by weathering effects in case of oil spill in the sea.
Thus, it is necessary to take into account change in the oil characteristics
with time due to weathering, when estimating the amount of chemical
dispersion. However, researches that can quantitatively analyze the correlation
between dispersant amount and the amount of residual oil on the sea and

utilize it for the response strategy are very insufficient (Zhong & You, 2011).

The US. National Oceanic and Atmospheric Administration (NOAA)
developed Automated Data Inquiry for Oil Spills 2 (ADIOS2; Lehr, et al., 2002)
that calculates weathering of the spilled oil. This model calculates spreading,
evaporation, natural dispersion, and emulsification of oil. In addition, ADIOS2
provide users with options for chemical dispersion, mechanical recovery,
in-situ burning, and beaching, thereby estimating the residual oil volume
according to the marine spillage removal option selected. However, this
removal options adopt a method of estimating by the user rather than
calculating the removal amount according to the sea state or the
characteristics of the spilled oil. That is, in the case of the chemical
dispersion option, the amount of chemical dispersion is calculated through a
constant input by the user as how much oil slick is to be treated and how
efficient the dispersant is. Therefore, the calculated dispersion amount is
derived as a constant value regardless of the time. However, as mentioned
above, the amount of chemical dispersion varies continuously with time. As a
result, the ADIOSZ model has a limitation in that it does not take into account
changes in the oil characteristics with time. Also, through the calculation of
ADIOS?2, the quantitative correlation between the amount of dispersant and

the amount of chemical dispersion can not be known.

The purpose of this study is to quantitatively analyze the correlation
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between dispersant dosage and amount of marine residual oil. A numerical
study was conducted to estimate the chemical dispersion amount according to
the dispersant dosage and spraying period, at the same time considering the
weathering effects. The correlation between the amount of the dispersant and
the residual oil derived from this study could be utilized in establishing the

response strategy using the dispersant in case of oil spill at sea.

1.3 Necessity for analysis of the mechanical recovery considering the
spatial thickness distribution

Estimated Recovery System Potential (ERSP; Allen, et al., 2012; Bureau of
Safety and Environmental Enforcement (BSEE) & Genwest System, Inc., 2015)
is a planning tool that estimates the recovery potential based on the oil
thickness; ERSP considers skim, transit and offloading/rigging time related to
the skimming capacity, efficiency, and on-board tankage in the recovery
calculation. However, this model doesn’t reflect oil properties and
environmental conditions. Furthermore, it has a limitation, though the model
includes the tendency of spreading and emulsification among weathering
factors and the efficiency of recovery equipment. It is because these factors

are represented as relatively simple constants.

Response Options Calculator (ROC; Galt & Overstreet, 2009; Dale, 2011) is a
response model used to calculate aspects of the clean-up potential, such as
recovery, chemical dispersion, and in-situ burning, by reflecting weathering
and changes in spilled oil properties and equipment efficiency. ROC also
calculates recovery rates based on oil thickness and includes the time spent
on skimming, transit, and offloading/rigging activities as in ERSP. ROC
considers the substantial role played by weathering in thickness variation, and
the recovery efficiency is calculated over time and applied. The oil

characteristics, such as density, viscosity, and distillation cut, and
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environmental conditions, such as water temperature and wind speed, are

included in these calculations.

Lots of studies related to recovery potential consider weathering, changes in
oil properties, and equipment efficiency were carried out. But the models and
studies to compare and analyze the effect of the oil thickness distribution by
oil recovery are insufficient. It is not easy to quantitatively grasp the effect
of the oil thickness distribution of the skimmed space on recovery amount
using the existing study. Therefore, two models were developed in this study.
One is a spatially uniform model and the other is a spatially nonuniform
model considering the spatial thickness variation by skimming. Recovery
potential and its effect on response were compared and analyzed using two

models.

1.4 Organization of thesis
This thesis was written based on registered papers and research contents.

In Chapter 2, a model was developed to estimate chemical dispersion
potential and the correlation between dispersant dosage and chemically
dispersed oil volume was quantitatively analyzed. Also this contents cited a
study paper (Choe, et al., 2018).

In Chapter 3, a spatially nonuniform model considering the spatial thickness
variation by skimming was developed. this model was compared with a
spatially uniform model. Also this contents cited a study paper (Choe, et al.,

under review).
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Chapter 2 Analysis of Estimation of chemical dispersion
amount considering the dispersant dosage and change of oil

properties by weathering

2.1 Methods for estimating chemical dispersion potential

2.1.1 Algorithm for estimating weathering and chemical dispersion of spilled
oil

Algorithm for estimating oil properties, weathering, and dispersion potential
of dispersant consists of spreading, evaporation, natural dispersion,
emulsification, and chemical dispersion. Oil spilled to the sea spreads and the
oil properties change continuously due to weathering. Therefore, each of the
above elements was calculated at one hour intervals, to reflect this change in
characteristics, and result values become input values at the next time step.

Flow chart of the model’ s calculation algorithm is shown in Fig. 1.
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Fig. 1 Flow chart of calculation algorithm
(Choe, et al., 2018)

In Fig. 1, V is volume of remaining oil (k1), fens is end time of simulation

(s), and the remaining symbols are described in the following equations.

The oil begins to spread as soon as it spills into the sea, resulting in a
large increase of oil slick area. The spreading equation of Fay (1969) was
used to calculate the slick area. The area is expressed as a function of oil
amount initially spilled, density (), viscosity (v ), and time () and spreads

further by wind.

The amount of evaporation was calculated through the mass transfer
equation (Mackay & Matsugu, 1973) to estimate the amount of oil evaporation.
The evaporation rate is affected by factors such as wind speed, slick area,
and water temperature as shown in Eq. (1) and the vapor pressure of each

component is used respectively to calculate the evaporation rate by
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introducing the concept of pseudo component (Payne, et al., 1984):

7

dE, K, U'AV,x,P,

a RT L

where E is evaporation volume (kJ, 7 is number of pseudo component, K is
mass transfer coefficient, U is wind speed (m/s), A is area of the spill (m?), V
is molar volume (m®/mole), 7 is mole fraction, P is vapor pressure (Pa), R is

gas constant (8.314 Pa - m®/mol - K), T is ambient temperature (K).

Natural dispersion of oil is calculated by using entrainment rate equation
(Delvigne & Sweeney, 1988). The equation of entrainment rate is as shown
Eq. (2

Q,=CyDY" S, F.d)’ 2

cov we (e}

where @, is entrainment rate of oil droplets (kg/m’), C, is function of oil
viscosity and volume fraction of water, Dy, is dissipated breaking wave energy
per unit surface area (JIm?), S, is fraction of sea surface covered by oil. F.
is fraction of sea surface hit by breaking waves per unit time (s) and
function of wind speed. d, is oil droplet size (mm). The amount of natural
dispersion is determined by multiplying the calculated entrainment rate, area,

and time.

Eley’ s equation (Eley, et al., 1988) which is expressed as Eq. (3) is used to

calculate water fraction due to emulsification of spilled oil:

S{st'l}
P= o S 3

C SvU

where @ is volume fraction of water. S. is interfacial area of oil-water
(m’cm™), and it is function of wind speed, oil density, and viscosity. d, is

surface area per unit volume mean diameter (. m).

The amount of chemical dispersion that can be obtained by using dispersant
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is calculated through following process. Encounter volume where dispersant is
sprayed during the time step (49 is found using Eq. (4) (American Society
for Testing and Materials (ASTM), 2013; ASTM, 2015):

EV =h*w*v* At 4)
where EV is encounter volume (k), h is slick thickness (m), w is swath

width (m), v is application speed (m/s), 4t is time step (3600 s).

Finally, the volume of chemical dispersion is calculated using Eq. (5) (ASTM,
2013; ASTM, 2015; Fingas, 2010):

d

*
DOR DE 5)

D:

where D is volume of chemical dispersion (k), d is dosage volume (k), DOR
is dispersant to oil ratio, DE is dispersant efficiency. As a result of calculation
of Eq. (5), if d/DOR is greater than EV, d/DOR is replaced with EV to

calculate chemical dispersion.

2.1.2 Dispersion efficiency of dispersant

Dispersant efficiency which is expressed in Eq. (5) is defined as the amount
of oil that the dispersant puts into the water column compared to the amount
of oil that remains on the surface (Fingas, 2010). The results of the preceding
study on the dispersant efficiency are as follows. First, ECO-CLEAN
(Daemyung Chemical Co., Ltd.), one of the dispersant used in Korea, showed
little effect when the kinematic viscosity of oil is more than 2,000 cSt and is
not effective when the oil viscosity is more than 5,000 cSt. Efficiencies were
91.1% at 30 seconds and 41.5% at 10 minutes (Daemyung Chemical, 2005). Jin,
et al. (2015) experimented with 3 types of crude oil and 4 items of domestic
dispersant and the results were expressed as dispersant efficiencies after 30

seconds and 10 minutes. In addition, KIOST (2009) measured dispersant
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efficiency from 20 minutes to 48 hours for one foreign dispersant and one
domestic dispersant. However, in this study, it is difficult to directly utilize the
previous research data mentioned above since the dispersant efficiency is
required for wind speed and viscosity. Therefore, the efficiency data of the
dispersant from abroad was used. If related data on domestic dispersant are

secured in the future, it will be possible to conduct research using them.

Allen & Dale (1995) showed the dispersant efficiencies as function of wind
speed and viscosity. Reconstructed data to utilize these efficiencies to
calculation algorithm in this study are shown in Figs. 2 and 3. Fig. 2 shows
the dispersion efficiency of the dispersant according to the wind speed. Fig. 3
shows the dispersion efficiency of the dispersant according to the viscosity.
Performance test of the dispersants were carried out by MNS (Mackay &
Szeto, 1980) test and IFP (Institute Francais du Petrole; Bocard, et al., 1984)
test using Corexit 9527(United States Environmental Protection Agency (EPA),
2018) and are presented in the range represented by maximum and minimum

values respectively.

MNS test was estimated to correspond to medium to high wave energy by
using wind-induced energy. IFP test is that energy is transmitted in the water
column by a ring that moves up and down and corresponds to relatively low
wave energy (Brandvik, et al.,, 2010; Renard, et al., 1995). In this study, the
dispersant efficiency of Allen and Dale was applied to the model. In the
calculation, the dispersant efficiency was taken by obtaining the dispersion
efficiency of the dispersant according to the wind speed and the viscosity and
using a lower value. Small amount of dispersion is estimated by using lower

efficiency, thereby preventing the dispersion effect from being overestimated.
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Dispersant Efficiency (%)

i _'// —a— MNS test results(Allen and Dale[1995])

b —o— [FP test results(Allen and Dale[1995])

0 — 7
0 5 10 15 20 25 30

Wind Speed (kn)

Fig. 2 Dispersant application performance with wind speed (Choe, et al.,
2018)
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1—=— MNS test results(Allen and Dale[1995])
Ll | IFP test results(Allen and Dale[1995])
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1 10 100 1000 10000 100000
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Fig. 3 Dispersant application performance with viscosity (Choe, et al., 2018)

2.2 Sensitivity analysis of chemical dispersion amount according to
spraying the dispersant

Three sensitivity analyses were performed to evaluate the chemical
dispersion of developed modeling. Three parameters for the sensitivity analysis
are dispersant dosage, efficiency, and spraying period. First, the case of
spraying the dispersant in a constant amount and the case of spraying the
dispersant amount required to disperse all the oil slick encountered by
response were compared. Next, the dispersion amount was calculated using
two dispersant efficiency data based on the viscosity since the dispersion
amount of oil varies depending on the dispersant efficiency. Finally, cases of

spraying the same amount of dispersant for three days and one day
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respectively were compared.

2.2.1 Setting up a virtual accident scenario

A virtual scenario was set as follows in order to grasp amount of chemical
dispersion through the sensitivity analyses. 1000 k7 of Arabian Heavy is spilled
on sea of Busan with wind speed of 3 m/s and water temperature of 14 C at
5 am. It is assumed that only oil treatment agent is used for the response.
Response vessel No. 18 with dispersant tank of 37 k7 is mobilized. It starts
spraying from the sunrise time at 7 am. two hours after the accident, and it
is finished spraying at 5 a.m. because of sunset. Dispersant is used same time
next day, and a total of 30 &/ dispersant is used for 3 days and 10 hours a
day. Simulation time is 72 hours in total.  The oil treatment agent was
assumed to use Corexit 9527. Dispersion efficiencies of Figs. 2 and 3 are
applied. This is basic case. Table 1 shows the setting values for chemical
dispersion amount. The values in Table 1 apply equally to all sensitivity

studies.

Collection @ kmou



Table 1 Calculation conditions for a hypothetical scenario
(Choe, et al., 2018)

Oil Arabian Heavy
° API 27.4

Viscosity 48 cSt @16 C

Spilled Volume 1,000 k1

Wind Speed 3 m/s
Water Temperature 14 C
Simulation Time 72 h
Swath Width 10 m
Application Speed 5 kn
DOR 0.05

2.2.2 Estimation of the amount of chemical dispersion according to dosage

rate of dispersant

In the first sensitivity study, the case of spraying the dispersant in a
constant amount and the case of spraying the dispersant amount required to
disperse all the oil slick encountered are compared. The basic case is applied
by uniformly spraying 1 k7 of dispersant per hour. The comparative case has
a condition applying the amount of the dispersant required to disperse all of
the amount of encounter volume obtained through Eq. (4). Because the oil
thickness, h, changes due to spreading of oil in calculation process of Eq. (4),
encounter volume varies with time. The amount of the dispersant for
dispersing all the encounter volume of the comparative case was obtained by
using the chemical dispersion amount, D, of Eq. (5) and the encounter

volume, EV, of Eq. (4). Table 2 summarizes the dispersant amount applied per
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hour for the basic case and the comparative case. Likewise, dispersing all of
the encounter oil is the fastest way to remove remaining oil in this sensitivity
analysis. If the required dosage rate is greater than the maximum spray rate
of the dispersant of response vessel No. 18, the dosage rate of the dispersant
is adjusted to the maximum spray rate. The comparative case was assumed to
be capable of providing all of the required amount of dispersant in addition to

the dispersant storage tank of response vessel No. 18.

Table 2 Comparison of calculation conditions of

sensitivity analysis of dispersant dosage (Choe, et al.,

2018)
Case Basic case Comparative case
Dosage rate 1 ki/h DOR * EV / DE

At the beginning of oil spill, slick thickness is relatively thick compared to
elapsed time. Therefore, according to Eq. (4), it is possible to obtain more
encounter volume at the beginning of spill and disperse more oil. Fig. 4 shows
dosage rate and the remaining oil amount in the basic case ( ‘Fixed’ ) in
which the dosage rate is set to 1 &/ per hour, and in the comparative case
( ‘Required’ ) in which it is assumed that all of encounter volume are
dispersed. And ‘No dosage’ case where there are only evaporation and
natural dispersion without spraying the dispersant is shown in Fig. 4. (a) and
(b) in Fig. 4 were calculated by applying high dispersion efficiency (MNS test)
and low dispersion efficiency (IFP test) respectively. As can be seen in the
Fig. 4, the comparative case, which is able to disperse the maximum
encounter volume, has less remaining oil than the basic case after 72 hours.
The final dispersant dosage volume, chemical dispersion volume, and remaining

oil volume after 3 days are shown in Table 3. The difference in the chemical
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dispersion volume between the high efficiency and the low efficiency is
compared with 289 k7 and 385 k7 higher than the basic case, respectively.
Especially, the volume of chemical dispersion was more than two times at
high efficiency, though the volume of dispersant dosage in the basic case and
the comparative case were similar. There are differences of 142~237 kI of the
remaining oil volume between the ‘no dosage’ case and the basic case. In
addition, there is a result that difference between the remaining oil volume in
the ‘no dosage’ case and 253 kI in high efficiency of the comparative case
is 467 ki
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Table 3 Chemically dispersed oil volume and residual oil volume of

sensitivity study on dispersant dosage during 3 days (Choe, et al.,

2018)
Fixed Required
Case No Dosage (Basic) (Comparative)
High Low High Low
Dispersant Dosage (k1) - 30 30 29.9 545
Chemical Dispersion (ki) - 272 164 561 549
Remaining Oil (k1) 720 483 578 253 262

Total amount of 41 k7 is required in low dispersion efficiency of the
comparative case. Therefore, if the dispersant storage tank of 37 &/ is
mobilized alone, there will be a situation where dispersant is not enough. For
this reason, another vessel capable of supplying 4 kI of dispersant in addition
to the response vessel No.18 is required. It is possible to estimate the
optimum amount of dispersant over time after the accident through this

calculation result. It will help establish response strategies.

2.2.3 Estimation of the amount of chemical dispersion according to

dispersion efficiency of dispersant

The second sensitivity analysis is when the dispersion efficiency of the
dispersant is changed. Str e m-Kristiansen, et al. (1993) conducted experiments
to estimate the correlation between the oil viscosity and the performance of
dispersant. The dispersant efficiency was obtained through MNS and IFP tests
using Alaskan North Slope (ANS) and Corexit 9527. The reconstructed data for

use in this study is illustrated in Fig. 5.
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Fig. 5 Effectiveness of the dispersing agents Corexit 9527® according to
viscosity (Choe, et al., 2018)

As shown in Eq. (5), the amount of chemical dispersion also varies as the
dispersion efficiency, DE. The dispersant efficiency of Figs. 2 and 3 were
applied to the basic case and the dispersant efficiency of Figs. 2 and 5 were
applied to the comparative case. In each case, the dispersion efficiency
according to the wind speed and the dispersion efficiency according to the
viscosity were calculated. The lower efficiency value of two was applied and
the calculation was performed for the MNS test efficiency ( ‘High

efficiency’ ) and the IFP test efficiency ( ‘Low efficiency’ ) respectively.

Fig. 6 shows the dispersion efficiency over time. The oil become more
viscous due to evaporation and emulsification. This tends to reduce both the

dispersion efficiencies used in the basic case and the comparative case. Thus,
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the chemical dispersion rate is reduced if the dispersant is used at a point

when viscosity has increased over a period of time after the accident.
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Fig. 6 Dispersion efficiency variation over time (Choe, et al., 2018)

Chemical dispersion rate rapidly decreases than initial one as Fig. 7,
because, the dispersion efficiency decreases over time as Fig. 6. also. It can
be seen that over time, the decrease is rapid compared to the initial one, as
shown in 7. In the low efficiency of Fig. 5, the oil at approximately 3000 cSt
indicates no dispersion of dispersant. The result of the simulation shows that
the viscosity will be more than 3000 cSt after 20 hours. This is why
calculation using the low efficiency of Fig. 5 doesn’ t have the dispersion
rate after 20 hours. Therefore, the chemical dispersion cannot be shown at
from second day in Fig. 7. Based on the above results, spraying dispersant is

recommended at the beginning of an accident. Table 4 shows the volume of
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chemical dispersion and remaining oil during 3 days.
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Fig. 7 Chemical dispersion rate according to dispersion efficiency of
dispersant (Choe, et al., 2018)

Table 4 Chemically dispersed oil volume and residual oil volume of

sensitivity study on dispersant efficiency during 3 days (Choe, et al., 2018)

Efficiency of Efficiency of
Figs. 2 & 3 Figs. 2 & 5

C No D . .
ase 0 Hosage (Basic) (Comparative)
High Low High Low
Chemical Dispersion (ki) - 272 164 244 111
Remaining Oil (k1) 720 483 578 508 628
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2.2.4 Estimation of the amount of chemical dispersion according to dosage

period of dispersant

The amount of chemical dispersion varies depending on the amount and
period of spraying the dispersant. The basic case ( ‘Long’ ) using 30 k/ of
dispersant for 3 days is compared with the comparative case ( ‘Short’ ) using

same amount for a day in third sensitivity study (Fig. 8).

Tam Spm
Basic

dispersant dispersant dispersant
case B B P

sunrise sunset sunrise sunset sunrise sunset

Comparative

dispersant
case

spill 12h 24h 36h 48h 60h 72h

Fig. 8 Comparison of calculation conditions for sensitivity analysis of dosage
period of dispersant (Choe, et al., 2018)

According to the result using dispersion efficiency of Flgs. 2 and 3 as can
be seen in Fig. 6, the efficiency starts to decrease at about 30 hours in high
efficiency and at about 18 hours in low efficiency. Thus, the chemical
dispersion effects will be maximized when dispersant can be used intensively
within this time. That is to say, the optimal period for spraying the dispersant

can be derived.

Fig. 9 shows the amount of chemical dispersion and remaining oil by dosage
period for high efficiency case. Despite the same amount of total dispersant,
it can be seen that intensive spraying of large amounts during a day can lead
to more chemical dispersion than to steadily spray smaller amount over 3
days. Fig. 10 shows the calculation results of the residual oil volume according
to the spraying period. As above confirmed, the comparative case has more

chemical dispersion volume and less the remaining oil volume than the basic
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case. Those are compared in Table 5. In the comparative case, the volume of
chemical dispersion was found to be 329~406 &/ by using the dispersant of 30
Kl

Table 5 Chemically dispersed oil volume and residual oil volume of sensitivity

study on dispersant dosage period during 3 days (Choe, et al., 2018)

, Short
No Long (Basic) .
Case (Comparative)
Dosage High Low High Low
Chemical Dispersion (ki) - 272 164 406 329
Remaining Oil (k) 720 483 578 382 444
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The results of the sensitivity analysis showed that the dispersion efficiency
of dispersant tends to be lowered due to change in properties of oil by
weathering. Therefore, even if total amount of dispersant is the same, it can
be understood that it is faster and more oil can be reduced to respond
positively at the beginning of the accident than to respond it persistingly for

a long time.

2.3 Estimation of the amount of chemical dispersion utilizing actual
accident

Hebei Spirit oil pollution accident was selected as a test case in order to

estimate the amount of chemical dispersion for actual accident cases using the
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developed calculation model. Oil information and environmental conditions
were applied by using information of Hebei Spirit oil spill. 12,547 kI of Iranian
Heavy was spilled at 7 am. Wind speed is 7~12 m/s for each day and water
temperature is 12 C by applying sea conditions at the time of accident. It is
assumed that only dispersant is used for the response and used dispersant was
Corexit 9527. Average values between high efficiency and low efficiency in
Figs. 2 and 3 are applied to calculation. Considering decision-making time and
distance to the point of accident, it is assumed that using dispersant starts
after 6 hours from the accident and spraying dispersant proceeds until sunset.
Simulation period is total 15 days. On the first day of the accident, middle
and large-scale response vessels of central regional headquarters Korea coast
guard spray dispersant. On the second day, response vessels of central and
west regional headquarters Korea coast guard are mobilized. And from the
third day, those of central, west and south regional headquarters Korea coast
guard are mobilized. The calculation conditions for estimating the amount of

chemical dispersion using actual accident cases are summarized in Table 6.
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Table 6 Calculation conditions for estimating the
amount of chemical dispersion of actual accident
case (Choe, et al., 2018)

Oil [ranian Heavy
° API 30
Viscosity 17 ¢St @21 C
Spilled Volume 12,547 ki
Wind Speed 7~12 m/s
Water Temperature 12 C
Simulation Time 15 days
Application Speed 5 kn
DOR 0.05

Applying the above conditions, the cases were divided into the basic case
( ‘Modified Hebei Spirit case’ ) and the comparative case ( ‘Dosage
minimization case’ ). In the basic case, it is assumed that 300 k/ of dispersant
is used for 15 days, which is applied at the time of the Hebei Spirit oil
pollution accident, and the amount of dispersant per hour is assumed to be
constant. The comparative case means a calculation condition applying the
smallest amount of dispersant required to obtain the same volume of chemical
dispersion derived from calculation result of the basic case and this case was
selected based on the sensitivity analyses. The other calculation conditions are
the same as in the basic case, and there is a difference in that the

dispersant rate changes per hour.

The calculations of the two cases were compared in Table 7 and Fig. 11.
Table 7 shows the calculation results of the dispersant amount, chemical

dispersion amount, evaporation amount, natural dispersion amount, and
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remaining oil amount of oil after 15 days of accidents. The natural
evaporation amount is found to be larger than the comparative case in the
basic case. The amount of evaporation increased largely at the beginning of
the spill. The evaporation was less and the remaining amount was smaller in
the comparative case because the initial amount of chemical dispersion
through the dispersant was more. Since the amount of natural dispersion is

relatively small, it is almost the same in both cases.

In the case of the basic case, spraying the dispersant was started from 6
hours after the accident, and 300 &7 of dispersant was used for 15 days and a
chemical dispersion amount of 625 k/ was obtained. On the other hand, in the
comparative case, it was calculated that the same chemical dispersion amount
as that of the basic case can be obtained by spraying 105 &/ for 5 hours
from 6 hours after the accident. This shows that the spraying period of the
dispersant is shorter than that of the basic case by 14 days, and the same
chemical dispersion amount is obtained by using about 3 times less dosage

amount.

Table 7 Result using actual accident information
(Choe, et al., 2018)

Case Basic Best
Dispersant Dosage (kI) 300 105
Chemical Dispersion (ki) 625

Evaporation (k) 3,830 3,766
Natural Dispersion (k] 13 13
Remaining Oil (k1) 8,079 8,143
— 99 —
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Chapter 3 Estimation of the Mechanical Recovery Potential
of Spilled Oil at Sea Considering the Spatial Thickness
Distribution

3.1 Methods for estimating recovery potential

The recovery capacity calculation method considering the weathering, oil
property, and equipment efficiency change were implemented in both spatially
uniform model and spatially nonuniform model. The main difference between
two models is that the spatially nonuniform model distinguishes the skimmed
and the unskimmed zones in the oil slick and calculates the thickness

variation of each zone separately.

3.1.1 Spatially uniform model

To calculate the recovery potential, the encounter rate (ER) of the
emulsion, which is a mixture of oil and water, for a single skimmer can be
obtained via Eq. (6) (Dale, 2011; BSEE & Genwest Systems, 2015):

ER=w*v*h, *At (6)

em

where w is the boom swath (m), v is the tow speed (m/s), and A, is the

thickness of the emulsion Af is time step (3600 s).

The amount of recoverable encountered emulsion depends on the oil and
sea conditions. The amount of recovered emulsion, emulsion recovery rate
(ERR), in ER is determined by multiplying the throughput efficiency (7E)
(BSEE & Genwest Systems, 2015). In addition, the oil recovery rate (ORR) can
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be determined by subtracting the amount of water from the amount of
emulsion (Allen, et al., 2012):

ERR= ER*TE 7
ORR= ERR*(1—®) (8)

where ERR is the emulsion recovery rate, TE is the volume ratio of the
recovered emulsion to the encountered emulsion and is a user-specified input,

ORR is the oil recovery rate, and @ is the water fraction in the emulsion.

Spatially uniform model considers oil type and sea conditions and calculates
the oil area and weathering over time. QOil thickness is calculated every hour
using Eq. (9). The emulsion thickness can be obtained by inserting (1-@®) in

the oil thickness equation:

v

hoil = I (9)
hoil

hem 1—@ (10)

where h,; is the average oil thickness, V is the remaining volume of oil on

the sea surface, and A is the slick area.

The remaining oil volume over time is defined as the initial spilled volume
minus the naturally removed volume and recovered volume from the start of
spill until time &

t

V(t)=V,— > (W(t)+ ORR(t) (1D

0

The area of the oil slick is expressed as the product of characteristic
lengths /1 and /2

At)=11*12 (12)

where /1 is the spreading length under calm sea conditions, and 2 is the
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length increase due to spreading and wind (Galt, 2014).

In a calm sea, spreading undergoes three steps: an initial step, in which
gravity and inertia are important (Eq. (13)); an intermediate step dominated by
gravity and viscosity (Eq. (14)); and a final step during which surface tension
and viscosity balance each other (Fay, 1969). The transition time from the
intermediate step to the final step is approximately one week. Because this
study focuses within the 72 hours after an accident, only the first two steps
are considered, and the final step is excluded:

2
3

1
11(t)=(V**t*)? (13)

2 4 4

2 4 4 3
11(t)=0.01(100°* V" *¢) +0.006(t—1,)) >

(14)
where ¢ is time in seconds. f, is the transition time from Eq. (13) to Eq.

(14) and is a function of spilled volume, density, and viscosity.

After calculating spreading on a calm sea, the transport distance due to
wind was considered assuming a constant wind direction. Movement by wind

was assumed to occur at 3% of the wind velocity (Kinsman, 1965):
t

2w =nw+ [ 2 (15)
0

where Z(t) is the distance that the oil slick has traveled due to wind at

time ¢ and Z(t) is calculated by multiplying 0.03, wind speed, and time.

3.1.2 Spatially nonuniform model

This model applies spatial and temporal modifications to take account of the
skimmed zone and oil thickness distribution. Applied methods and expected
effects are described below. Concrete results using an accident scenario are

detailed in Section 3.
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3.1.2.1 Spatial improvements

When calculating the amount of recovered oil by the skimmers, studies of
spatially uniform model have assumed that the recovered volume is a
reduction in the total volume of the spilled oil slick as shown in Fig. 12a. The
thickness of the total area decreases at the same rate across the whole oil
slick because spatially uniform model studies assume that oil is recovered at
the same rate in all areas. In uniform models that do not consider the spatial
distribution of oil slick thickness, this thickness is used again in the recovery
rate calculation. However, as shown in Fig. 12b, oil is recovered from only
parts of the spill area rather than over the entire oil slick, and the actual oil
slick thickness changes at different rates in skimmed areas and other areas.
Therefore, the spatial variation in oil slick thickness should be considered, as
the recovery potential of the skimmer is affected by the oil slick thickness as

shown in Eq. (6).
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Fig. 12 Correlation between oil slick behavior and the skimming zone in (a)
the spatially uniform model (b) the spatially nonuniform model. The yellow

area represents a zone where skimming is in progress. A, area of the

unskimmed zone; As area of the skimmed zone (Choe, et al., under review)

Furthermore, spatially uniform model is limited in that it considers neither
the space occupied by an individual skimmer in the spatial scope of oil slick
nor the interactions between multiple skimmers. Thus, when calculating the
response capacity using spatially uniform model, the amount of response
resources (i.e., skimmers, etc.) applied to the oil slick area are essentially

unlimited; spatially uniform models are allowed to apply the infinite quantity
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of response equipment units. However, there is a practical limit to the
number of response resources that can be deployed to the limited size of an
oil slick. Two spatial improvements are applied to the spatially nonuniform

model to ameliorate these two limitations.

First, in order to distinguish spatial differences in thickness, we
differentiated the skimmed and unskimmed zones herein; A,, denotes the area
of the unskimmed zone and As denotes the area of the skimmed zone. Fig.
12a and Fig. 12b illustrate mechanisms from the spatially uniform model, and
the spatially nonuniform model, respectively. As shown in Fig. 12a, the
skimmed zone is not distinguished in the spatially uniform model. The spatially
nonuniform model, however, distinguishes both zones as shown in Fig. 12b.
The yellow section denotes a zone in which skimming is in progress at time ¢t
The skimming zone at time t transforms into a skimmed zone at f + Af In
other words, an area recovered by one skimmer becomes a skimmed zone in
the next time step. The unrecovered oil among the encounter rate where the
skimmer passed is regarded as remaining oil of skimmed zone. The amount of
remaining emulsion in a skimmed zone equals ER minus ERR in Eq. (7), by
the definition of 7E. The legend in Fig. 12 shows the amount of oil remaining

on the sea surface, which can also be thought of as the oil thickness.

The oil thickness in the skimmed zone can be represented differently from
that in the unskimmed zone, because each zone is calculated separately.
Furthermore, oil properties and behaviors such as weathering process including
spreading phenomena are calculated separately in the unskimmed and
skimmed zones; it is assumed that any oil recovery during the next time step

occurs only in an unskimmed zone.

Second, to consider the space occupied by individual skimmers and
interference between skimming systems, the area recovered by one skimming

system and the quantity of skimming systems that can be deployed in the oil
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slick were computed and applied in the model.

To take advantage of the movement of oil due to wind during recovery,
skimmers and oil booms are usually operated counter to the wind direction
(Fingas, 2010). The spatially nonuniform model is thus programmed to recover
oil in the /2 direction. A, the area skimmed by a single skimming system in 4
t, is calculated similar to the volume rate in Eq. (6), as shown in Eq. (16).
Furthermore, because recovery is assumed to occur in the /2 direction, the 12
of the skimmed zone is identical to the /2 of the entire oil slick. The /I
length (/19 of the skimmed zone is defined by dividing the skimmed area As
by 12

A, = wro* At =11.%I2 (16)

where [I; is the [I length of the skimmed zone. To prevent skimmer
collisions, etc., a spatial margin is added as shown in Eq. (17). After this

change, the area occupied by a single skimmer can be defined by Eq. (18):

Apyargin () =11, (t)*12(t) an

margin

A()(J(J'U (t) = As (t) + A,

margin

(t) (18)

where A,y 1S the area occupied by a single skimming system and Apargin 1S
the margin area, excluding the skimmed area, of a single skimming system.
The full A, does not represent the recovered area, but it rather used to
consider the interactions between skimmers. The recovered area As is equal
to Aoccy MINUS Apargine margin 1S the margin length in the /I direction, which is

assumed to be half of /i

Finally, the maximum number of skimming systems, x(¢), that can be

deployed in the unskimmed oil slick area at time ¢ can be obtained via:

2(t) = @

T A @) (19)
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where A,«(t) is the area covered by one skimming system at time ¢ in At
At is 3600 s.

After oil recovery at time ¢ the /I length of the unskimmed zone is
updated via:

i, (t)=11,, (t)—1,(t) (20)

where [1,,(t) is the II length of the unskimmed zone after skimming, and
11,, is the [I length of the unskimmed zone before recovery. If there is no
skimming, /I is zero and /I, is equal to /1, To facilitate understanding,

each space is illustrated in Fig. 13.
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Fig. 13 Definitions of spaces used in the spatially nonuniform model (Choe,

et al.,, under review)

As explained above, the spatially nonuniform model applies two spatial
improvement methods. The first involves distinguishing between skimmed and
unskimmed zones, and the second involves considering the space occupied by
skimmers. In spatially uniform studies, differences in thickness were not
spatially resolved due to oil recovery. The first improvement method allows
the model to distinguish skimmed and unskimmed zones, which in turn
facilitates the individual calculation of the area of and oil thickness in each
zone. As a result, weathering is calculated differently for each zone as well.

Thickness of the spatially uniform model and the spatially nonuniform model
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are illustrated in Fig. 14. The spatially uniform model assumes that oil is
recovered at the same rate in all areas. On the other hand, the spatially
nonuniform model supposes that encounter areas where the skimming systems
pass are recovered only. Therefore, thickness in the spatially uniform model
tends to be thinner than that of the unskimmed zone in the spatially
nonuniform model. Furthermore, this figure shows the calculation result taken
for one-hour recovery from 1h to 2h. The area that receives skimming
changes from “unskimmed” to “skimmed” at 2 h as shown in Fig. 12b,
because one skimmer responded beginning at 1 h. A total of two zones exist
at 2 h in spatially nonuniform model and this recovered zone is thinner than
the unskimmed zone. This zone can be computed separately from the

unskimmed zone due to the improvement mentioned below.
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Fig. 14 Comparison between thickness of the spatially uniform model and
spatially nonuniform model; effect of distinguishing between skimmed and

unskimmed zones (Choe, et al., under review)

The second improvement allows the spatially nonuniform model to describe
the space occupied by skimmers and prevent interference between them. The
quantity of skimming systems that can be deployed is also calculated over
time. In other words, the number of skimming systems that can be deployed
is limited by considering interference between skimmers. Fig. 15 shows
skimming systems number used the calculations and maximum number of
skimming systems, x(¢), that can be deployed in the unskimmed oil slick of the
spatially nonuniform model. In both of calculations, 30 skimming systems were
entered as input value. This value is applied continuously in the calculation of

the spatially uniform model. The quantity of skimming systems is 30 until 9 h
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in the spatially nonuniform model. But, this value drops from 10 h in the
spatially nonuniform model as the maximum quantity of applicable skimming
systems decreases below 30. That is to say, the spatially nonuniform model
can consider the space occupied by an individual skimming system and the
interactions between multiple skimming systems. These improvements allow the

model to better reflect actual conditions.
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Fig. 15 Comparison of skimming systems quantity applied in the calculation
and the maximum quantity of skimming systems, x(¢), with time in the
spatially nonuniform model; effect of considering the space occupied by an
individual skimming system and the interactions between multiple skimming

systems (Choe, et al., under review)
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3.1.2.2 Temporal improvement

Oil spreading is a function of the remaining oil volume and time, and
calculations of oil properties, weathering, and skimmer recovery are performed
at every time-step. The oil volume changes continuously with time due to
weathering and clean-up activities such as mechanical recovery. Weathering is
a function of area (i.e., weathering may increase or decrease with the area).
However, the spatially uniform model doesn’t reflect changes in oil volume in

calculations of spreading area as shown in Eqs. (13) and (14).

The spatially nonuniform model uses a remaining volume that changes
continuously, instead of the initial spill volume, to reflect the changes in oil
slick volume over time when calculating spreading. Eqs. (13) and (14) in the
spatially uniform model thus have been modified to Egs. (21) and (22) in the

spatially nonuniform model:

() = (V)3 *2)3 1)

2 4 4

2 4 4 3
11(t)=0.01(100°* V *"*¢) +0.006 (t—t;))

(22)
where V(t) is changed by weathering processes, such as oil evaporation and

oil dispersion, and recovery, as in Eq. (1D).

Next, the area change over time must be calculated separately in each zone
because the skimmed zone and unskimmed zone are distinguished by the
spatial improvement. The /I of the unskimmed zone has been updated to
11’ 4, as in Eq. (20). The [t + 4t) is defined by adding the increase by
spreading and wind, 4/1, to the length /1’ ,,(t)

I, (t+At) =11, (At) (23)

un un

(t)+ All

un

where 411,,(4t) is the difference between the two /1, values calculated at
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time ¢ and f + 4f in Egs. (21 or (22) and can be interpreted as the length

increase due to spreading.

Likewise, the /I of the skimmed zone at t + At is also calculated as the
sum of 4/l; and the /I(t) at the previous time step. The II4(t) value is
obtained by dividing the skimmed area As by /2 as in Eq. (16), and the

spreading at this value is:
11, (t+ At) =11, (t) + All, (At) (24)

The entire change in the length of /I during At (from ¢ to t + A0, Allensre
(t), is equal to the increase in length due to the total spreading in the

unskimmed and skimmed zones:
All,, . (At) = AL, (At)+ Al (At) (25)

The [2 lengths of the unskimmed and skimmed zones can be calculated
using the same equation. As shown in Eq. (15), /2 is defined as the length
added due to wind to /1, which is the length considering spreading. Therefore,
the spreading length 471 in A4t is added to the length at the previous time
step, /2(H), and the increase in length due to wind, 47, is also added:

120+ At)=12()+ AlL(At) + AZ(At) (26)

In Egs. (21 and (22), which reflect the volume change over time, the area
increase due to spreading is reduced in comparison to Egs. (13) and (14) from
the spatially uniform model. Area comparison between two models is shown in
Fig. 16 for no recovery. The area of the unskimmed zone, assumed to be
where recovery occurs in the spatially nonuniform model, is smaller than the
spatially uniform model area. Thus, thickness of the spatially nonuniform

model is thicker than that of the spatially uniform model.
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Fig. 16 Area comparison between the spatially uniform model and the
spatially nonuniform model; difference in effect reflecting thickness

distribution (Choe, et al., under review)

Furthermore, it is possible to calculate the areas of the skimmed and
unskimmed zones separately described above, using the volume of remaining
oil instead of the initial spill amount. As a result, the area changes in the
skimmed and unskimmed zones show different trends. In order to separately
calculate the skimmed and unskimmed zone areas, the unskimmed zone is
defined as the area remaining outside the skimmed zone and spreading of
unskimmed zone during the next time step is calculated in this area.
Therefore, if the skimmed area to be excluded becomes larger than the area
increased due to spreading and wind at time f the area of the unskimmed

zone at t + At decreases. On the other hand, if the area increased due to
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spreading and wind is larger, the area of the unskimmed zone will increase.
3.2 Results

3.2.1 Comparison of calculation results using a virtual accident scenario

In this section, calculation results performed using two models (spatially
uniform model, and spatially nonuniform model) are compared and analyzed.
The scenario was created to compare two models; the inputs used for the
calculations are listed in Table 8. In this scenario, 500 &7/ of Bunker C oil had
been spilled in the sea of Busan, Republic of Korea. The simulation time is 24
hours after the accident. All 20 skimming systems are applied from 1 h to 24
h. The 3-yr average wind velocity and water temperature in the Busan area
between 2014 and 2016 were used. Information of Transrec 100 skimmer,
which are deployed on response vessel Chungryong 108, was used in the
simulation. A 7E of 50% was applied. Recovery efficiency (RE), which is
defined as the percent of emulsion excluding water in the total recovered
volume, was calculated over time. The size of the storage tank is assumed to

be large enough to exclude time for emptying the storage tank.
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Table 8 Scenario and input values in the model comparison (Choe, et

al., under review)

QOil spill scenario Input values
Spilled amount (kJ) 500
Oil type Bunker C fuel oil
Wind speed (m/s) 4.4
Water temperature (° C) 16.8

o Chungryong 108 and Transrec 100
Skimming system . .
information were used.

TE 50%

Efficiency
RE Time-based calculation

1 h after accident -

Operation time .
72 h after accident

The spatially uniform model considers reduction by both recovery and
weathering, which includes evaporation and natural dispersion. The spatially
nonuniform model not only considers removal by recovery and weathering, but
also assumes that thin slicks (with a thickness of less than 0.6 pm) have been
removed, as such slicks dissipate naturally from a response viewpoint (ITOPF,
2011; FIngas, 2016). As shown in Fig. 17, the spatially nonuniform model
shows a total removal of 452 kI of oil during 24 h due to three mechanisms,
namely mechanical recovery, weathering, and dissipation due to exceptionally
low thickness. Of this, 54% is due to recovery, 7% is due to weathering, and
39% is due to dissipation. Dissipation accounts for 39% of the total at 24 h,
while there was no oil dissipation at 12 h. This can be explained by the thin
skimmed zone generated from 17 h onward, which has a thickness of less
than 0.6 ym. For example, 80 skimmed zones have a thickness of less 0.6 um

at 17 h, and the total volume of these 80 zones is approximately 29.7 kI The
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total oil volume removed by dissipation during 24 h is 178 kI with 347
skimmed zones and 20 skimmed zones are left. The same criteria were
applied to the spatially uniform model. But no reduction in thickness to less
than 0.6 pum is observed, as oil decreases over the whole oil slick body rather
than in specific areas. The spatially uniform model shows a total removal of
251 Kkl of oil during 24 h due to two mechanisms. Of this, 230 k/ is due to

recovery, 21 k/ is due to weathering.

500

{ —e— Spatially uniform: (1)

—O— Spatially uniform: (1)+(2)

—4— Spatially nonuniform: (1)

| —%— Spatially nonuniform: (1)+(2)
—&— Spatially nonuniform: (1)+(2)+(3)

400 -

300

200

Removed oil volume (k1)

100 -

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 17 Comparison of cumulative volume of removed oil between the
spatially uniform model and the spatially nonuniform model: (1) volume of oil
recovered by the skimmer, (2) volume removed by weathering, (3) volume
dissipated by thin slicks with an oil thickness of less than 0.6 xm (Choe, et

al., under review)

Fig. 18 shows the quantity of skimming systems used in the spatially
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nonuniform model calculation and the quantity of skimmed zones over time.
Twenty skimming systems begin response 1 h after the accident. Hence 20
skimmed zones and one unskimmed zone exist at 2 h. Likewise, 20 skimmed
zones appear again due to recovery efforts beginning at 2 h, leaving 40
skimmed zones and 1 unskimmed zone at 3 h. In this way, the zones
recovered at time ¢ are converted to skimmed zones at ¢ + Af¢ and calculated
separately from the unskimmed zone. Twenty skimmed zones are newly
generated at 17 h, because 20 skimmers were operational at 16 h. At the
same time, however, 80 of the existing skimmed zones dissipate due to
reduced thickness (.e., < 0.6 xm). Therefore, the number of skimmed zones
decreases by 60 at 17 h compared to that at 16 h. The thickness of the
unskimmed zone is reduced to less than 0.6 pm at 21 h (Fig. 20), and no
further oil is recovered. As a result, no more skimmed zones are generated.
The number of skimming systems applied is initially constant at 20, but then
drops below 20 beginning at 17 h, as the number of skimming systems that
can be deployed decrease with the unskimmed area (Fig. 19). The size of the
unskimmed zone (where skimmers can operate) can be grasped in the spatially
nonuniform model, as the model takes into account the space occupied by
skimming systems and distinguishes unskimmed and skimmed zones to consider
spatial changes in thickness. Therefore, the maximum number of deployable
skimming systems can be also derived at a given time. In contrast, spatially
uniform model does not explore the maximum number of deployable skimming
systems, so 20 skimmers which were initially entered are applied continuously

in the calculations; spatial differences cannot be distinguished, either.
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Fig. 18 Number of skimming systems used in the calculation and the number
of skimmed zones with time in the spatially nonuniform model (Choe, et al.,

under review)

Fig. 19 illustrates the spatially uniform model oil slick area and the
unskimmed zone in the spatially nonuniform model. In spatially uniform model,
the oil slick area is calculated as a function of the initial spill volume as in
Egs. (13) and (14), and it continuously increases without reflecting changes in
volume. In contrast, it is possible to reflect volume changes since the spatially
nonuniform model distinguishes skimmed and unskimmed zones as described
above. As the volume continuously decreases and the unskimmed zone transits
to skimmed zones beginning at 2 h by oil recovery, the unskimmed area is
always smaller than the spatially uniform model area. Furthermore, area

decreases can be seen in the unskimmed area from 6 h to 20 h. It is because
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the area converted from unskimmed to skimmed is larger than the area

increases of unskimmed zone due to spreading and wind during this time.

—e— Spatially uniform
—aA— Spatially nonuniform_unskimmed

Oil area (km’)

Fig. 19 Comparison between the spatially uniform model oil slick area and
the unskimmed zone area of the spatially nonuniform model (Choe, et al.,

under review)

The thickness of the unskimmed zone in the spatially nonuniform model can
be seen in Fig. 20. In spatially uniform model, the volume decreases due to
oil recovery at the same rate in all zones with no spatial distinction. In
contrast, the spatially nonuniform model distinguishes skimmed zones that have
become thin due to oil recovery from the unskimmed zone. Therefore, the
thickness of the unskimmed zone is not directly affected by the removed
amount in the spatially nonuniform model. If there no recovery activity is

undertaken, no zones are converted into skimmed zones. Then /I; in Eq. (20)
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becomes zero and the difference between /I values from the spatially uniform
model and /1,, from the spatially nonuniform model appears by only Egs. (21)
and (22). Because volume decrease over time is reflected in these equations,
the /I, and area in the spatially nonuniform model are smaller than the /1
and area in the spatially uniform model as Fig. 16. As a result, the thickness
of the unskimmed zone in the spatially nonuniform model becomes thicker
than that in the spatially uniform model. However, the oil remaining in the
unskimmed zone decreases to a smaller amount and the thickness is also
reduced, as recovery progresses and unskimmed zone is converted into
skimmed zones. At 21 h, the unskimmed zone dissipates as its thickness
decreases below 0.6 pym, and weathering and recovery of that are no longer

calculated.
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Fig. 20 Comparison of oil thickness in the spatially uniform model and the

spatially nonuniform model for 24 h (Choe, et al., under review)

Fig. 21 shows oil recovery rate and cumulative recovery volume. The
recovery rate features a trend similar to thickness, and the oil recovery rate
is larger in the spatially nonuniform model than in the spatially uniform model
until 14 h. However, the recovery rate of the spatially nonuniform model is
smaller than that of the spatially uniform model beginning at 15 h result from
reduced thickness in the spatially nonuniform model from 14 h. The amount
of oil recovered in 24 h is 230 k/ in spatially uniform model and 243 &/ in the
spatially nonuniform model. Recovery volume of spatially nonuniform model
the is higher by 24 kI than that of spatially uniform model, despite the

smaller quantity of skimming systems applied from 17 h onward.
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Fig. 21 Comparison of oil recovery rate and cumulative recovery volume
between the spatially uniform model and the spatially nonuniform model

(Choe, et al., under review)

The volume of remaining oil on the sea surface over 24 h is illustrated in
Fig. 22. The total volume of spatially nonuniform model is equal to the sum
of unskimmed and all skimmed zones with a thickness of 0.6 um or larger.
The amount of oil remaining (compared to the initial spilled volume of 500 ki)
is 50% in spatially uniform model and 10% in the spatially nonuniform model
at 24 h. However, the recovered volume of the spatially nonuniform model is
calculated using less than 20 skimmers from 17 h onward. Therefore, to
enable comparison of recovery time rather than volume, half of the initial
spilled volume, 250 k7, is indicated in Fig. 22. It took 24 h and 14 h, for the

volume of remaining oil in spatially uniform model and the spatially
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nonuniform model respectively to reach half of the initially spilled volume.
Thus, less time was required to remove half of the initial spilled volume in

the spatially nonuniform model.

500

—e— Spatially uniform
—4— Spatially nonuniform unskimmed
—4— Spatially nonuniform_total

-------- Half of the spilled volume

400 —

300

200

Remaining oil volume (k1)

100 -

Fig. 22 Comparison of remaining oil volume of the spatially uniform model
and unskimmed zone, total zone in the spatially nonuniform model, and half

of the spill (Choe, et al., under review)

3.2.2 Comparison of calculation results using a actual accident information

The calculation was performed using the information of the actual accident
through two models; the inputs used for the calculations are listed in Table 9.
In this scenario, 900 &/ of Basrah light oil had been spilled. The simulation
time is 72 hours after the accident. Information of Normar 200TI skimmer,

which are deployed on response vessel Hwangryong 208, was used in the
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simulation. All 10 skimming systems are applied from 1 h to 72 h. The size of
the storage tank is assumed to be large enough to exclude time for emptying

the storage tank.

Table 9 Input values using actual accident information

QOil spill scenario Input values
Spilled amount (kJ) 900
Oil type Basrah light
Wind speed (m/s) 8
Water temperature (C) 13.5

Hwangryong 208 and Normar 200TI
Skimming system information were used. 10 of skimming
systems were mobilized.

Skimmer performance Time-based calculation

Operation time 1 h after accident - 72 h after accident

The volume of remaining oil on the sea surface over 72 h is illustrated in
Fig. 23. The amount of oil remaining in the spatially nonuniform model are
390 kI after 72 hours and 494 kI in the spatially uniform model. Recovered oil
volume are 97 kI and 109 &/ for the spatially uniform model and the spatially
nonuniform model, respectively. The volume of naturally dissipated oil is 97 I/

in the spatially nonuniform model.
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Fig. 23 Comparison of remaining oil volume of the spatially uniform model

and unskimmed zone and total zone in the spatially nonuniform model

Finally, Table 10 shows number of skimming systems required to recover all
residual oil. About 34 skimming systems were mobilized in the actual accident
(Kim, et al.,, 2018) and this value was found to be closer to the spatially

nonuniform model.

Table 10 comparison of result using actual accident information

c Spatially Spatially Actual accident
ase
uniform model nonuniform model (Kim, et al., 2018)

No. skimming
95 31 34
systems
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Chapter 4 Conclusions

4.1 Analysis of Estimation of chemical dispersion amount considering
the dispersant dosage and change of oil properties by weathering

Dispersant can be used under conditions where mechanical recovery is
difficult and it is recognized as effective control means capable of rapidly
processing large areas. However, the toxicity of crude oil, dispersant, and
chemically dispersed oil can have a impact on marine life. Most countries
apply restrictively dispersant due to the negative effects although the
usefulness of dispersant has been proven. Therefore, in order to mitigate
negative concerns, it would be very useful to reduce the application amount
of dispersant while obtaining the same dispersion effect. It is necessary to
understand the quantitative correlation between the dispersant amount and the
amount of chemical dispersion. However, researches that can quantitatively
analyze the correlation between dispersant amount and the amount of residual
oil on the sea and utilize it for the response strategy are very insufficient.
The amount of chemical dispersion also varies depending on the timing of the
use of dispersant, since the characteristics of the spilled oil are continuously

changed by weathering effects in case of oil spill in the sea.

The calculation algorithm considering oil property change due to weathering
was developed and sensitivity studies were conducted to estimate the chemical
dispersion amount according to the dispersant dosage and spraying period, at
the same time considering the weathering effects. Also, Hebei Spirit oil

pollution accident was selected as a test case in order to estimate the amount
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of chemical dispersion for actual accident cases using the developed
calculation model. The basic case which applies information on dosage period
and amount at the time of the Hebei Spirit oil pollution accident and the
comparative case means a calculation condition applying the smallest amount
of dispersant required to obtain the same volume of chemical dispersion
derived from calculation result of the basic case were calculated and

compared. Conclusions of this study are as follows.

The dispersion efficiency of dispersant is affected by wind speed and
viscosity. Oil evaporates and emulsifies over time, resulting in higher viscosity.
It was found that dispersion efficiency of the dispersant is lowered with time
since oil does not disperse well even when dispersant is used. Thus, it is
faster and more oil can be reduced to respond positively at the beginning of
the accident than to respond it persistingly for a long time. Therefore, when
sufficient dispersant is used at the beginning of the accident, the same
amount of chemical dispersion can be obtained even with a smaller amount of

dispersant.

In the case of the basic case, spraying the dispersant was started from 6
hours after the accident, and 300 &7 of dispersant was used for 15 days and a
chemical dispersion amount of 625 k/ was obtained. On the other hand, in the
comparative case, which is derived from sensitivity studies, it was calculated
that the same chemical dispersion amount as that of the basic case can be
obtained by spraying 105 &/ for 5 hours. This means that in the case of
increasing the amount of dispersant used at the beginning of the accident, the
same volume of chemical dispersion was obtained, while the dosage period of
the dispersant was shortened by 14 days and reducing the dosage amount by

three times.

The quantitative correlation between the amount of the dispersant and the

remaining oil on the sea derived from this study will be useful in establishing
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the response strategy using the dispersant. It is meaningful that dosage period
and amount of the dispersant can be minimized to obtain the same chemical
dispersing effect and at the same time the concern about the toxic effect due
to the spraying the dispersant can be reduced. If related data on domestic
dispersant are secured in the future, it will be possible to conduct research

using them.

4.2 Estimation of the Mechanical Recovery Potential of Spilled Oil at
Sea Considering the Spatial Thickness Distribution

Numerous studies have been conducted to predict recovery potential and
establish response strategies for oil spill accidents at sea. However, researches
remain insufficient on recovery potential estimation methods that consider
weathering, oil properties, and equipment efficiency. General studies
considered all of these factors can’t distinguish difference between recovered
region and non-recovered region. Two models were developed in this study.
One is spatially uniform model which doesn’t consider skimmed zone and
thickness distribution and the other is model considering skimmed zone and
thickness distribution (spatially nonuniform model). Three improvements that
allow the model to better reflect actual conditions, were applied to the
spatially nonuniform model. Calculation of two models were conducted through
the virtual accident scenario to compare the effects of considering the
thickness distribution between skimmed and unskimmed zones. The recovery
potential and its effects on the responses were compared and analyzed.
Improvements methods applied to the spatially nonuniform model, and the

effects of these features are described below.

First, spatially uniform studies are limited in that all oil had the same
thickness and are considered a single oil slick, with no spatial variations in

thickness. The first improvement in the spatially nonuniform model considers
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these spatial changes in thickness by distinguishing areas where oil recovery
was performed from those where it was not. Through this change, a more
realistic recovery volume can be calculated using the thickness of each zone;
the area of and weathering in each zone can also be calculated. This zone
distinction in the spatially nonuniform model allowed the model to represent
thin slicks, which could not be distinguished in the spatially uniform model,
and reflect natural oil dissipation effects. In the calculation result through the
spatially nonuniform model, a total of 367 skimmed zones were generated. 347
zones of total skimmed zones and the unskimmed zone with thin thickness

dissipated during 24 h, leaving 20 skimmed zones at 24 h.

Second, spatially uniform models don’t take into account neither the space
occupied by a single skimmer nor spatial inference with other skimmers.
Therefore, any quantity of skimming systems could be applied by the user in
the calculations with no spatial constraints. The second improvement of the
spatially nonuniform model involved the calculation of both the space occupied
by a skimmer and the interactions between skimmers. This allowed the model
to estimate the maximum applicable number of skimming systems over time
and apply this number in the recovery potential calculation. The unskimmed
area in the calculation of spatially nonuniform model decreased over time. As
a result, the actual quantity of deployable skimming systems also decreased,
and this decrease was reflected in the recovery volume calculation, which
applied less than 20 skimming systems from 17 h onward. The upper limit to
the number of skimming systems used depends on the oil area, and thus the
number of skimming systems applied in the calculation changes with the oil
area. This enables the application of more realistic quantities of available

skimming systems in the model.

Third, spatially uniform studies calculate oil spreading using the initial spill

volume, and changes in the residual oil volume due to weathering processes
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(such as evaporation and natural dissipation) and mechanical recovery were
not considered. This must be corrected, as oil volume and area are important
factors in recovery rate calculations. The third improvement applied in the
spatially nonuniform model involved application of residual oil volume changes
the at the sea surface with time. Furthermore, this enables area calculations

of each zone by using the volume of each zone.

The calculation comparing the spatially nonuniform model which is applied
its three improvements with the spatially uniform model revealed the following
results. The total recovered oil volume was 230 &/ in the spatially uniform
model and 243 k7 in the spatially nonuniform model during 24 h. Finally, 50%
and 10% of the initially spilled volume remained in the spatially uniform and
nonuniform models, respectively. Furthermore, it took 24 h and 14 h for the
volume of remaining oil in the spatially uniform and nonuniform models
respectively to reach half of the initially spilled volume. Thus, less time was
required to remove half of the initially spilled volume in the spatially
nonuniform model. Moreover, the spatially nonuniform model calculated the
recovery potential using less than 20 skimmers from 17 h onward due to
potential interference between skimmers. Thus, in order to recover more oil,
the spatially uniform model can apply more skimmers (which is unrealistic, as
skimmers may interfere with each other). On the other hand, if the oil
recovery systems exceed the oil slick size, the spatially nonuniform model

must perform oil recovery for a longer period of time.

Even though the spatially nonuniform model in this study does not perfectly
reflect all conditions seen in actual accidents, it can allow a greater
understanding of trends in spilled oil behavior after the application of
mechanical skimmers and be used for preparedness and response in the event
of oil spills at sea. Regarding accident preparedness, this model can be

utilized to estimate and reserve the required response resources in the event
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of oil spill accidents. Regarding accident response, specific accident
information can be applied in this model, and the trends presented by the
model can be utilized to make decisions such as when, how many, and what

skimmers to deploy.

This thesis was written based on registered papers and research contents.
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