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Abstract

The rapid development of maritime transport also causes a number of negative environmental impacts. One of these problems is marine pollution
caused by the operation of ships. Pollution from ship sewage includes ballast water (BAL-W) and bilge water (BIL-W), which are regulated under
International Convention for the Prevention of Pollution from Ships Annex IV. Both BAL-W and BIL-W samples were analysed in the study. Many
of the microplastic (MP) particles detected in the BAL-W samples were micro sized, while the majority of MPs found in the BIL-W samples were
macro (>0.5 mm) and micro (1 pm-<5 mm) in size. The findings show that MPs constitute the majority (53%) of the plastics analysed, followed
by 25% mesoplastics and 11% nanoplastics (NPs). Plastics with a size class of 50-300 pm were most abundant in both BAL-W and BIL-W. For
BAL-W and BIL-W sources, the average MP sizes were calculated to be 0.025-4.99+0.050 mm and 0.05-0.1+0.050 mm, respectively. Rubber/
commercial (PNEU), polyethylene (PET) terephthalate, polystyrene (PS), and polyoxymethylene (POM) were the most abundant polymer types
found in the BIL-W samples, accounting for 47.82%, 10.86%, 9.78%, and 6.55%, respectively, while PNEU and PE were the most abundant
polymer types found in the BAL-W samples, accounting for 22.91% and 7.98%, respectively. The pollution load index was calculated 7.75 (Hazard
Category 1V) and 12.17 (Hazard Category V) for BAL-W and BIL-W waters. It is now clear that the BAL-W management system needs to be
evaluated to eliminate MP pollution due to the presence of polymers in BIL-W and BAL-W.
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1. Introduction land, pollution from ships is growing. The pieces of plastic
The massive amounts of plastic in the world’s seas and are categorized based on their size: mesoplastics (5-25
oceans create a serious hazards to their natural ecological ~ mm), MPs (1-5 mm; MPs), and nanoplastics (<1 pm; NPs)
live. It is anticipated that 0.8 to 23.0 million tons of plastic ~ [2-4]. MPs, particularly NPs, are tiny particles that may
wastes are floating in the seas and oceans [1]. Micro and cause a variety of impacts on marine and coastal organisms.
macroplastics (MPs) contribute significantly to marine Ingestion of these plastics may threaten marine organisms’
plastic pollution. With the increase in global maritime trade, growth, survival, and reproduction [5]. They may also be
the number of merchant ships is growing every year. As more hazardous to human health since they accumulate in seafood
ships transport, in addition to environmental degradation on [6].
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Sources of pollution reaching the seas and oceans include
terrestrial origin (44%), atmospheric pollution (33%),
pollution from maritime activities (12%), waste and sewage
dumping (10%), and offshore drilling and mining (1%) [7,8].
While terrestrial or anthropogenic pollutants are the main
sources, pollutants from ships also contribute signific antly
to marine pollution. The International Convention for the
Prevention of Pollution from Ships (MARPOL 1973/78) is
the core international maritime convention adopted by the
International Maritime Organization (IMO) to prevent both
operational and accidental pollution [9]. The Convention
consists of six technical Annexes covering various aspects
of marine pollution prevention, e.g., oil, toxic liquids,
garbage, and emissions. Two of these annexes are “Annex
I. Regulations for the Prevention of Pollution by Oil” and
“Annex IV: Prevention of Pollution from Ship Sewage.”
In addition, The ballast water (BAL-W) Management
Convention or BWM Convention (2004) is a treaty adopted
by the IMO in order to help prevent the spread of potentially
harmful aquatic organisms and pathogens in ships’ BAL-W.
According to all, the discharge of ship sewage also contributes
to marine pollution. Sewage, greywater, debris, oil/water
separator effluent, cooling water, boiler and steam generator
blow-down, and bilge water (BIL-W) are examples of waste
streams on ships [10]. Among these, BAL-W is important
for its water-capacity, BIL-W is another waste source with
high pollutant potential due to ship operational processes
(the engine room and leaks or maintenance operations etc.).
Therefore, these two wastewater types were chosen for this
study.

Marine pollution is widely described as the hazardous
migration of substances or energy that alters physical,
chemical, or biological characteristics due to human
activity (MARPOL Convention, 1973/78) [11]. However,
in this context, organisms carried in BAL-W are regarded
as biological agents rather than “substances”. BAL-W and
BIL-W are regarded as critical vectors for the spread of
various pollutants, including MPs, across the world’s seas
[12,13]. MPs are synthetic plastic particles less than 5 mm
in diameter that are persistent and non-biodegradable in
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the environment [14,15]. These particles not only represent
physical pollution, but also threaten the health of ecosystems
as they act as carriers for toxic chemicals, heavy metals,
and pathogenic microorganisms. BAL-W and BIL-W, in
particular, are thought to be key sources of conveyance
for the spread of biological pollution and pollutants in the
marine environment. However, barely anything has been
revealed about the plastics included in BAL-W and BIL-W.

BAL-W: Maritime traffic continues to increase, with
around 51,400 merchant ships in operation worldwide
and around 3 to 5 billion tons of BAL-W carried by ships
every year [7]. Today, BAL-W is one of the most important
maritime pollutants and is associated with about one third
of documented infestations worldwide. One of the biggest
challenges for maritime transport is to find safe solutions
for BAL-W management that minimize the environmental
impact. To address this issue, following its regular meetings,
the IMO has revised Annex IV of MARPOL 73/78 and made
it mandatory for large ships to be equipped with a BAL-W
management system (BWMS) from September 2025 [11].
This reduces the potential of invasive species spreading as
a result of ships discharging untreated BAL-W. However,
these waste waters, which are discharged and distributed
in vast amounts across the world, are only disinfected for
microbiological causes (Table 1) [16,17]. It still allows
for the transfer of other pollutant factors, such as MPs.
During ballasting, large amounts of seawater are pumped
into the ballast tanks of ships. As a result, various creatures
and particles prevalent in the maritime environment,
including plastics, enter the ballast tanks with the brine and
accumulate. Consequently, the collection of BAL-W from
polluted territories could lead in MPs entering the port of
destination when water treatment does not occur out [18].
In this way, MPs might contribute to marine pollution by
BAL-W or BIL-W during marine transportation and act as a
reservoir of pollutants.

To meet discharge standards, almost all ships are expected
to be equipped with BWMS. Although various technologies
such as filtration, chlorination, ozonation, pasteurization,

Table 1. IMO D-2 ballast water discharge standard.

Parameter

The limits for the indicators in the ballast discharge

USCG standards [10]

IMO D2 standards [4]

Zooplankton, organisms >50 pm

<1 viable organisms/100 m?

<10 viable organisms/m?

Phytoplankton, organisms 10-50 pm

<1 viable organisms/100 mL

<10 viable organisms/mL

Vibrio cholerae

<1 CFU/100 mL

<1 CFU/100 mL

Escherichia coli

<126 CFU/10 mL

<250 CFU/100 mL

Enterococci

<33 CFU/100 mL

<100 CFU/100 mL

CFU: Colony-forming unit, IMO: International Maritime Organization, USCG: United States Coast Guard
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and ultraviolet radiation (alone or in combination) are
used for water purification [19,20], these are not effective
methods for combating MP pollution. Studies have found
that the average content of MPs in ship BAL-W and seawater
samples were 12.53 and 11.80 units/L, respectively, with
a high concentration of MPs in the 50-300 pm size class.
The findings identified the main sources of MPs (such
as BAL-W), their transport pathways and the associated
ecological risks to marine ecosystems [12].

BIL-W: Various harmful substances, consisting of MPs
and heavy metals, might enter the sea from ships through
a variety of sources, including grey water, wastewater, ship
cooling water, and treated sewage. Wastewater from regular
ship operations persists and poses a significant risk to coastal
aquatic ecosystems [21,22]. The wastewater has a pH range
of 6.8 t0 9.0, a salinity of 25 to 35 g/L, an oil concentration of
36 to 2953 mg/L, and a high chemical oxygen demand> 3-15
g/L. [23]. In addition, studies have found MPs in wastewater
[12]. For these reasons, strict environmental regulations
on wastewater discharges and the tendency to reuse treated
water make wastewater treatment a critical factor. MARPOL
73/78 regulates BIL-W management, limiting oil content
to <15 mg/L. when discharged into the sea. The literature
reports on various types of BIL-W treatment methods,
including coagulation, flocculation, membrane filtration,
electrocoagulation, flotation, and combinations of these
processes [24,25].

In addition, investigations have demonstrated that MPs
accumulate in a variety of marine animals [26-28], and
because of their small size, these particles can be ingested
by a wide range of marine organisms [12]. Also, MPs have
the ability to adhere to a variety of marine contaminants,
including heavy metals, and accelerate their build up in the
marine environment [29,30]. Human exposure to MPs and
other contaminants that build up in marine food webs may
have negative consequences [ 14]. All of this emphasizes how
our seas are affected by MP contamination. Although there
is few research on the migration of MPs through BAL-W,
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there aren’t many on the migration of MPs through BIL-W.
BAL-W and BIL-W pollutants, which have been studied in
small quantities for MPs [12].

The aims of this study were to investigate MPs abundance
and their characteristics, including size, polymer type, and
chemical composition, in the BAL-W and BIL-W of ships,
and to determine the pollution load index (PLI) of MPs in
the BAL-W and BIL-W.

2. Materials and Methods

2.1. The Sampling Stations

The sampling work was conducted from April to September,
2024. There were seven sampling stations (Table 1) set
up, 4 BAL-W and 3 BIL-W in the different type of ships,
and seven waste water samples from ship-originated were
obtained by collecting sample at each station. The vessels
from which water samples were selected at random from
three seas: the Black Sea, the Mediterranean Sea, and the
Marmara Sea, regardless of type or tonnage. Table 2 shows
information about each of the ships that were sampled for
ship sewage, and Table 3 shows the physical and chemical
measurement results of the samples. The BAL-W volume of
the ships ranged from 500 m? to 10,000 m?.

2.2. Sample Collection

Samples were collected from 7 sampling station (Table 3)
as vertically water column. BAL-W sampling depth varied
from 2 m to 6 m, while the BIL-W samples were taken from
a depth of around 1 m below the surface. For this purpuse,
7 samples the volumes are given in Table 2, were collected
with containers to include MPs. Then all the samples were
transferred into the glass bottle and treated with hydrogen
peroxide (30% v/v, Merck, Germany) to in order to remove
organic material [31-33]. The bottles were rinsed several
times with ethanol before use. Checked for any potential
contamination occurring in the sample in the field and
laboratory. Water samples were stored in dark and cold
conditions until MP analysis.

Table 2. Information on the sampled ships.
Station | Matrix Date Type of vessel GRT BWMS Sampling location Sampl(eL\)'olume
1 BAL 31.09.2024 Oil tanker 3225 D2 UV/filter Mediterranean/Italy/Ravina 5
2 BIL 31.09.2024 Oil tanker 3225 - Mediterranean/Italy/Ravina 5
3 BAL 18.05.2024 Chemical tanker 3776 D2 U V/filter Novorossysk/Russia 5
4 BAL 18.05.2024 Chemical tanker 3776 D2 UV/filter Novorossysk/Russia 5
5 BIL 04.04.2024 Cargo 1554 - Tuzla/Istanbul/Tiirkiye 3
6 BIL 25.04.2024 Tugboat 939 - Tuzla/Istanbul/Tiirkiye 3
7 BAL 01.09.2024 Cargo 1243 - Mersin/Tiirkiye 5
2-BAL: Dry cargo ship pre-BWMS sample, 3-BAL: Dry cargo ship post-BWMS sample, BIL: Bilge, BAL: Ballast
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Table 3. Physical and chemical analysis results of ship sewage samples.
Station Matrix pH (-) Conductivity (mS) Salinity (g/kg) Method
1 BAL 7.80 41.3 30.8
2 BIL 8.20 1.33 0.78
3 BAL 8.26 34.0 26.7
4 BAL 8.22 34.6 26.6 Vertical water
column
5 BIL 8.24 7.25 0.28
6 BIL 7.80 2.64 0.25
7 BAL 8.65 54.9 41.6
2.3. Analysis In Equation 1, CF; CF,and C are the observed concentration

The polymer type of each presumed MP particle was
determined by attenuated total reflection Fourier-transform
infrared spectroscopy (micro-ATR-FTIR) at the laboratory.
The samples were passed through a cellulose pre-filter and
then filtered through 13 mm diameter aluminium oxide
membrane filters with a 0.1 um pore size (Whatman Cytiva
Anodisc, Germany) into glass petri dishes. The collected
samples were left under a fume hood for 2 hours and
prepared for measurement with the micro-FTIR device. This
technique produces high-quality spectral images of sample
areas, with a pixel resolution of 6, 25, 25, or 50 micro meters.
The dried filters were stored in a dust-free environment until
the time of analysis. The filters were scanned in the imaging
mode of the Perkin Elmer FTIR Spotlight 400 device using
the Spectrum Image application (optical imaging), and
transmittance measurements (chemical imaging) were taken
across the entire filter surface. The chemical imaging was
performed within a 10 mm x 10 mm area, scanning a 200 um
x 200 um surface in the IR spectrum range of 690-4000 cm'!
using the Spectrum 3 application. Spectra were compiled
after applying atmospheric correction, and data processing
(MP mapping) was carried out using the siMPle application
(Aalborg University-Denmark, Alfred-Wegener Institute-
Germany). The results compiled from the siMPle application
were used to create a MP distribution table.

24.PLI

This method has been commonly employed in earlier
investigations of heavy metal pollution in sediment [34,35],
and researchers are currently applying it for assessing the risk
of MPs [36-38]. The PLI is a standard method for observing
and evaluating pollution levels at various locations.

Tomlinson et al. [39] (1980) developed the pollutant load
index. The PLI calculates pollution load by taking into
account various contaminants (e.g., all metals) at various
location. It is a basic geometric mean for the pollution factor
(CF). The CF is calculated according to Equation 1 [40].

CF =CF,/C, (D

of MPs at sampling location and the lowest concentration/
background value of MP detected in the sample, respectively.

The PLI was derived with Equation (2):

PLI = [];(CF)* )
Where i represents a sample, n represents the number of
samples, C represents the abundance of plastic in sample
i, and C represents the lowest element concentration found
in the accessible literature [41]. However, in the lack of
background data from similar environments, the lowest
baseline limit for MP abundance identified in this study was
set at 0.05 units/m? based on data from the study conducted
by Mutuku et al. [42] (2024) in five major oceans.

3. Results and Discussion

3.1. MPs Size Distribution from Ship-Sewage

MPs were detected in all BAL-W and BIL-W samples. The
BAL-W and BIL-W samples presented in Figure 1 and Figure
2 included 96 and 92 plastic particles, respectively. Figure 2
shows the mean number of MPs in BAL-W and seawater.
MPs amounts in the BAL-W and BIL-W samples were 5.28
(£3.57) and 6.20 (£3.20) items/L, respectively. There was
no significant difference (p-value> 0.05) in the number of
MPs between BAL-W and BIL-W. The abundance of MPs in
the bilge tanks of the ships was moderately higher (36+4.99
items/L) than in the ballast tanks (5.0+1.39 items/L) (Figures
1 and 2).

The Persian Gulf (Bushehr port and Assaluyeh port) found
concentrations ranging from 5.53 to 21.6 items/m? [12],
whereas our concentrations in the BAL-W samples were
similarly level with a range between 4.8 to 27 items/m°.
Furthermore, research by Matiddi et al. [43] investigated
levels of MP in the BAL-W of nine commercial ships and
found values ranging from 100 to 1410 items/m?, with a
mean of 651 items/m?>.

The BAL-W samples contained 55.6.0% particles between

25 and 50 pm, 38.8% with particles larger than 50 pm, and
5.6% with particles smaller than 25 pm. But, 48.0% of the
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Figure 2. Types of plastic in BIL-W according to size classes 1-50 um, 50 -500 um, and >500 um.

plastics in the SS samples were 0.05-0.1 mm particles,
24.0% were 0.1-0.25 mm particles, and the remaining 28%
were plastics larger than 0.25 mm. Previous research found
that MPs were most prevalent in seawater in the Persian
Gulf, Iran [44], Caspian Sea, Iran [45], and Marmara Sea,
Tiirkiye [46] with sizes of 1000-3000, 1000-5000, and 1-100
pm, respectively.

In BAL-W operations, the point of intake is critical. The
plastic particle count per unit volume in the ballast sample
is predicted to be high when the ballast intake occurs in a
hub or busier port. Conversely, the plastic count density will
be low in port locations with limited capacity. Terrestrial
pollution is also influenced by the port area’s population
density and residential layout.

Remarkably high abundances of mezo and macro particles
were found in two bilge samples (5 and 6), up to 4.69 and
15.33 items/L. However, 1.55 to 4.8 pm/L particles were

quantified in the ballast tank, which is also located in the 7%
sample. In samples 5 and 7, which show the highest plastic
abundance, it is noticeable that these two sampling sites
are commercial port areas with heavy shipping traffic. It is
assumed that the intensive commercial activities, population
density, and terrestrial contaminants in these areas have
contributed to the increase in plastic density.

Particularly in aquatic bodies, MPs gradually degrade into
smaller MP and even NP fragments due to regular abrasion
[47]. An enormous major threat in the proliferation of these
small plastic particles is their potential hazard to organisms
that continuously ingest them and their bioaccumulation
in living organisms [48,49]. Based on this objective, it is
anticipated that the elements of ship sewage tanks might add
to the MP pollution that is already there and spread the related
chemical and biological pollutants. It is crucial to note that
MPs are effective vectors for the transport of heavy metals



Emrah Sik.
MPs Pollution from Ballast Water and Bilge Water

and chemical pollutants across many miles. The presence of
MPs in the marine environment, may migrate to enter of MPs
and connected contaminants into food chains and eventually
ingested by human [50]. Therefore, it is stressed to adopt
strict regulations to minimize MP levels in ship sewage tanks
before discharge through effective treatment systems [51].

3.2. Chemical Characterization of Microplastics

This study investigated the presence of MPs in the BAL-W
and BIL-W of ships sailing in various seas and ports. The
188 plastic particles in the BS and SS samples belong to six
polymer types: polyethylene (PE), polyethylene terephthalate
(PET), polyoxymethylene (POM), polypropylene (PP),
polystyrene (PS), and Rubber/commercial (PNEU). The
chemical composition of the plastics has been confirmed
using micro-FTIR spectroscopy. Figure 3 displays the
color codes for the different polymer types observed in the
BAL-W and BIL-W samples. However, particles containing
protein, cellulose, crustaceans and etc. have been excluded
from the particle count. Our study of the MP samples from
the ship sewage indicates that the main constituent is PNEU
(rubber/commercial), with POM and PET being the other
two typically identified polymers. PNEU and POM are
engineering thermoplastics used for manufacturing specific
components with high stiffness, low friction, and superior
dimensional stability. Seals and rubbers are commonly
utilized in marine machinery and auxiliary operations for both
static and dynamic applications. PNEU pneumatic systems
provide several advantages. Furthermore, POM polymer is
employed in high-performance technical components such as
tiny gears, ball bearings, skid plates, fasteners, clamps, and
locking mechanisms. As therefore, long-lasting polymers
like POM and PNEU are chosen in corrosive and abrasive
conditions like seawater. In contrast, PET is generally used
in areas such as the food industry, beverage packaging,
packaging film, plastic boxes, kitchenware, mechanical
engineering and packaging. It is also a preferred material
in the manufacture of moving parts that operate under high
pressure. Unlike PNEU and POM, emissions in ship-sourced
wastewater are assumed to be caused by human or essential
activity. Although the maritime environment contains a wide
range of plastics, MPs such as polyvinyl chloride, PP, PE,
PS, PET, and polyamide are prevalent [32,54]. According
to published studies, the most popular polymer types in
the Persian Gulf of Iran are PE, PET, and nylon [53], PP
and PE are the most prevalent polymer types in the surface
waters of China’s Yellow Sea region [53], and nylon is the
most prevalent polymer type in Antarctica’s Ross Sea [46].
For example, pneumatic rubber fenders are used in ports
and on ships to minimize structural damage in the event

J Nav Architect Mar Technol
2026,228:1-10

of collisions [54]. However, the rubber broken from these
collisions can enter the marine ecosystem and be carried into
the tanks during ballast transportation. The findings of this
study are coherent with previous studies, but also provide
new details about BIL-W that have been little discussion thus
far. The differences in the abundance of MPs and the types
of polymers may be due to various factors such as traffic,
fishing and marine tourism on various coasts of the world.

While most MP particles were observed in BAL-W samples
7 and 1 in Figure 4a, the particles in BIL-W samples 1 and
4 were mostly micro- and mesoplastic (Figure 4b). While
sample 2 contained more plastic fragments (Figure 5b),
sample 5 contained predominantly mesoplastic particles
(Figure 5a). The BIL-W samples contained fewer particles
in the 1-5 mm size range, while the BAL-W samples had the
most particles in the <50 mm range.

The findings of this investigation indicated that MPs were
not eliminated by the BAL-W disinfection system, and that
both wastewaters included polymers of various types and
sizes.

3.3. Risk Assessment of MP PLI

Pollution indexes are widely used to assess plastic pollution
in aquatic and terrestrial environments [38,55]. These indexes
provide a quantitative framework for assessing pollution
levels and potential ecological risks [37]. As macro-, micro-
and NPs mostly originate from anthropogenic sources, the
determination of a reference background level (C) for the
assessment of plastic pollution remains a crucial challenge
[56]. As there are no defined standards for assessing for

7 BAL-W
6 BIL-W
g5 BIL-W Plastic color code
8 3 L_—]pet
neu
4 BAL-W [:]gom
£t [pe
&3 BAL-W =—P®
2 BIL-W
1 BAL-W
e
0 1 2 3 4
Type of plastic

Figure 3. Distribution of MPs detected in ship-sewage sample.
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the risk assessment of plastics, the results of the PLI
largely depend on the chosen reference background value
of plastic abundance [57]. However, these reference values
may vary considerably from study to study. Some research
employs probabilistic analytical values based on species
sensitivity distributions [58], whereas others utilize the
minimal abundance values at the sampling site as baseline
concentrations [59]. These methodological inadequacies
contribute to large variations in PLI-based risk evaluations
for MPs [55]. The concentration of MPs in the seas varies
from 0.002 to 22 pc/m?, revealing a skewed distribution.
The average concentration was highest in the Atlantic Ocean

(2.58 pc/m?) and lowest in the Southern Ocean (0.04 pc/m?)
[42].

Table 4 represents the PLI calculated for the BAL-W and
BIL-W samples. The estimated pollutant load index indicated
significant pollution risks in two BAL-W samples and a very
high pollution risk in five samples. A high PLI score indicate
the region is contaminated with MPs.

The calculated PLI values for all BIL-W samples were
10.2< PLI <12.17, indicating a very high level of very high
pollution (Hazard Category V). The calculated PLI values
for BAL-W ranged from Hazard Category IV to Hazard
Category V. This type of risk assessment for ship sewage
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Table 4. Pollution load index (PLI) calculated for BAL-W and BIL-W samples.
Station Matrix CF PLI Hazard Level
1 BAL 92 9.6 V, very high pollution
2 BIL 148 12.17 V, very high pollution
3 BAL 60 7.75 1V, significant pollution
4 BAL 64 8.0 IV, significant pollution
5 BIL 104 10.2 V, very high pollution
6 BIL 128 11,3 V, very high pollution
7 BAL 132 11.5 V, very high pollution
C : The lowest value found in the literature was set at 0.05 units/m?®. BIL-W: Bilge water, BAL-W: Ballast water, CF: Pollution factor.

is unique to this study; similar results have been reported
for Categories IV and V in urban sewage [60] and seawater
[61,62]. Previous research by Dar and Gani [55] (2025)
has found that the PLI ranged from 3.9 (Hazard Category
I) to 40 (Hazard Category IV), indicating that glaciers are
moderately to severely polluted. The findings of the PLI of
MPs reveal that the environmental impact of MP pollution
in the oceans, as well as the contribution of ship sewage
(BAL-W and BIL-W), represent a significant risk to marine
ecosystems. BAL-W and BIL-W wastewater may transport
MP particles and pollutants in these plastics between ports.

In addition, MP fragments have the potential to be significant
carriers of pollutants [63,64]. These transports can retain
pollutants on their surfaces through physical adsorption,
depending on potential pollutants such as heavy metals,
pharmaceuticals, etc., in the regional marine and ocean
ecosystem, and even transfer them to marine organisms or
humans that feed on them.

Based on the findings of this study, BIL is an important
source of MPs, as it is exposed to intense pollution from
ship auxiliary operational processes. BAL is also a potential
source of MPs, which can act as a carrier of these particles
and related pollutants between different ports and could
potentially have harmful effects on the marine environment,
aquatic organisms, and, consequently, human health. As
a result, macro-, micro-, and NPs are capable of acting as
vectors for pollutant transmission, hence their inclusion as
an environmental impact element in ship sewage regulations
(e.g., MARPOL Annex I or Annex IV) is beneficial and
raising awareness is necessary in the maritime sector.

4. Conclusion

The micro-FTIR analysis of BAL-W and BIL-W samples
conducted in this work revealed that ship sewage poses
a serious environmental risk in terms of MP pollutants.
The most prevalent polymers identified in BAL-Ws were
POM, PNEU, and PET, whereas POM, PET, PS, and
PNEU were found in BIL-Ws. The abundance of MPs in

the bilge tanks of the ships was moderately higher (37+0.7
particles/L) than in the ballast tanks (24.0+1.0 particles/L).
We concluded that the MP content in BIL-W is often higher
than in BAL-W, making BIL-Ws popular places to find
MP pollution due to the impacts of various operational and
natural factors, such as tank position, personnel activities,
environmental conditions, waves, and wind, causing bilge
tanks more prone to the accumulation of large amounts of
MP. The findings reveal that the BWMS implemented by the
IMO as part of the MARPOL Convention for the Protection
of the Marine Environment are insufficient for eliminating
MPs contamination.

According to the pollutant load index, ship-sewage from
BAL-W and BIL-W is rated as Hazard Category IV
(significant pollution) and Hazard Category V (extreme
pollution), causing serious environmental risk. All of the
study’s findings highlight the importance of ships in sea
ecosystem, as well as their far-reaching influence as a result
of their many interactions with the environment. The findings
of this study, which focus on the kind and concentration of
MPs that collect in ship sewage, can be utilized as primary
data to inform future research on the impact of MPs on ships.
Based on the findings of the study, it is recommended to
implement effective waste management systems, introduce
stricter regulations, and raise marine sector awareness.

Footnotes

Financial Disclosure: The author declared that this study
received no financial support.
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Abstract

Unplanned downtime in liner shipping undermines voyage reliability and increases costs. This study systematically compiles 397 unplanned
downtime events in a container ship fleet between 2017 and 2021, standardizing them according to system/subsystem and time/location attributes.
A risk score consisting of frequency X duration X impact components was defined to quantify the severity of downtime on the operation. Pareto
analysis was applied to identify a small number of critical causes. Variables driving downtime were extracted using a Classification and Regression
Tree (CART) model and supported by Ward's linked hierarchical clustering. The findings show that 89% (352/397) of downtimes were propulsion/
propulsion system-related, representing approximately 1,460 hours of the total 1,767 hours; main engine events predominated in this group with
256 incidents and ~730 hours. Despite their rarity, shaft/propeller/stern-tube failures lead to very long delays per event (=96 hours on average).
CART outputs reveal that the longest downtimes are associated with fuel pump and injection failures (median ~153.6 hours), while exhaust and
lubrication-related failures are also high-impact. Pareto analysis showed that oil mist detector (OMD) related events accounted for 63.1% of the
total risk, fuel injection 14.8%, and exhaust 7.9%; these three factors accounted for 85.8% of the risk. The findings suggest prioritizing fleet wide
condition-based maintenance packages, targeted spare parts management, exhaust gas trend monitoring, rigorous OMD calibration/validation
flows, and role-based training programs across the fuel, exhaust, and lubrication triad. Key indicators should be defined to track annual downtime
reductions of >10-15% in critical clusters and improvements in diagnostic speed.

Keywords: Unscheduled downtime, Marine propulsion failures, CART decision tree, Pareto analysis

1. Introduction
Maritime transport, which constitutes a large part of global

and consequently lead to significant time losses and damage
Ccosts.

trade, is a strategic sector in a race against time. Ships
engaged in container transport in the maritime industry are
operated with the goals of on-time delivery, high operational
efficiency, and low downtime. However, due to the nature
of maritime operations, unplanned downtime is sometimes
unavoidable. These stoppages can occur for a wide variety
of reasons, such as technical failures, environmental
conditions, operational errors, or maintenance negligence,

While there is a significant body of literature on ship
malfunctions across diverse areas, such as predictive
maintenance, statistical analysis of accident data, and human
and organizational factors, these studies often focus on
single systems or the single-ship scale, and limited fleet-
scale downtime assessment based on event records remains
limited. While recent studies have demonstrated the technical
potential of data-driven/hybrid approaches for main engine
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and auxiliary systems (e.g., risk prioritization, maintenance
scheduling, contextual effects), the integration of these
methods with real-world field incidents in container ship
fleets and the direct translation of findings into maintenance
prioritization and role-based training planning have not
yet been sufficiently demonstrated. In the Turkish context,
empirical evidence that quantitatively maps downtime
causes at the fleet scale and translates the results into fleet
management decisions is lacking. This study aims to fill this
gap with a workable framework that organizes field-sourced
incident data at the fleet level, introduces risk concentration
(Pareto) and waiting time determinants [Classification and
Regression Tree (CART)], and links the resulting patterns
to condition-based maintenance and role-based training
priorities.

The existing literature covers a wide range of topics, focusing
on technical system failures and maintenance strategies that
cause unplanned downtime. In academic studies on similar
topics, predictive maintenance models for ship systems
play a critical role in anticipating potential field failures
and ensuring uninterrupted ship operations. Kalafatelis
et al. [1] noted that artificial intelligence (AI)-supported
predictive maintenance systems in the maritime sector have
great potential, particularly in terms of preventing failures
in main engines and auxiliary equipment. Budimir et al. [2]
developed models for optimizing maintenance scheduling
using Weibull and Markov-based analyses. A comparative
study by Tinga et al. [3] demonstrates how data-driven
and physics-based prognostic models can be used in fleet
management. Shen et al. [4] aimed to automatically extract
information from written text in maintenance/failure
records for the rapid identification of malfunction causes
and symptoms on ships. They used the graph transformer
networks to capture important fragments of the text (e.g.,

“failure cause”, “symptom”, “equipment name”).

Operationally, Karmeli¢ et al. [5] examine disruptions that
reduce voyage reliability in container liner shipping, using
both literature and internal operational reports, classifying
delay causes into four tiers: land transport, anchorage,
port, and cruise. Nguyen [6] has demonstrated with
mathematical models that optimal maintenance planning
under limited resources and time can directly reduce
unplanned downtime. In studies focusing on the human
factor, Islam et al. [7] emphasized the triggering effect of
environmental influences and organizational deficiencies
on human error in maintenance processes. Specifically for
Tiirkiye, Unliigengoglu [8] analyzed maritime accidents and
statistically evaluated the relationship between human error
and equipment failure.

Unplanned stoppages can occur not only during navigation
but also during port operations and under the influence of
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environmental factors. Romano-Moreno et al. [9] linked
stoppages at ports to meteorological data, demonstrating that
operational planning must include these factors. Millefiori
et al. [10] analyzed the effects of coronavirus disease-2019
on global maritime transport, illustrating the pressure of
extraordinary conditions on operational continuity.

The system-level literature offers greater technical depth.
Simionetal.[11]arguedthat Al-based predictive maintenance
solutions for ship machinery provide efficiency in terms of
reliability. Soltani Motlagh et al. [12] and Jimenez et al.
[13] reported that the integration of physics-based models
with machine learning in propulsion systems provides high
accuracy in fault detection. BahooToroody et al. [14] used
Gaussian Process Latent Variable Model and Bayesian
inference to non-parametrically model the prediction of ship
machinery failure risk. The model provides strong evidence
for Pareto-based diagnosis and adaptive maintenance
planning under uncertainty. Onwuegbuchunam et al. [15]
developed models related to the temporal distribution of
shaft and gearbox failures. Crankcase explosion risk and oil
mist detectors (OMD). Numerical/computational studies of
crankcase explosions and experimental research examining
the morphological characteristics of oil mist particles
provide direct evidence for determining OMD thresholds
and reducing false alarms [16,17]. These findings provide
a framework for why unplanned downtime originating from
the main engine are critical in terms of both safety and
operational time. At the critical subsystem level, thermal
behavior and wear in stern tube bearings, risk prioritization
in boiler systems [18,19], and duty cycle effects in deck
equipment [20] have been identified as factors directly
contributing to unplanned downtime.

In studies related to hull damage and structural reliability,
reliability studies on critical load conditions such as strength
comparisons between damaged/intact states and asymmetric
bending in container ships confirm from a structural
perspective that a limited number of events can produce very
high downtime durations [21]. Network and dynamic impact
analyses link to maintenance and operational planning
by showing how reliability limits change in operational
scenarios [22]. Modeling accident data using Bayesian
approaches also enables learning cause-effect relationships
and prioritizing “high impact-low frequency” risks [23,24].
Taken together, these strands offer robust methods and
mechanisms, yet there is limited empirical, fleet-scale
synthesis of forced stoppages grounded in incident records—
particularly for Turkish container-ship fleets. Our study
addresses this gap by organizing field data at fleet level,
quantifying risk concentration (Pareto) and waiting-time
drivers (CART), and mapping the results to actionable levers
for maintenance planning and role-specific training.
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This study aims to reveal which systems and subsystems
experience the highest concentration of unscheduled
downtime events based on five years of records from 50
container ships, and which factors explain the duration of
these stops. The research question can be summarized as
follows: “Which technical clusters drive the most unplanned
stoppages at the fleet level, and which variables are more
influential in determining the level of downtime?” To this
end, recorded technical stoppages were examined. The 397
incidents identified over the five-year period were coded in a
standardized manner according to systems and subsystems.
Subsequently, a Pareto analysis was performed using
risk scores derived from the frequency-duration-impact
components of the events to identify the critical minority,
and CART regression was used to extract the variables
and threshold distinctions explaining the waiting time. The
findings were interpreted through the decision tree structure
and importance scores. The objective is to reveal frequently
recurring failure patterns, evaluate the impact of these outages
on operational performance, and develop recommendations
that will contribute to maintenance, training, and fleet
management processes based on the results.

This study examines in detail the forced downtime events that
occurred on the ships of a shipping company with a container
ship fleet between 2017 and 2021. Unplanned downtime
during navigation and port operations over a five-year period
involving a fleet of 50 ships was analyzed in terms of both
technical causes and operational and training impacts. The
aim is to identify recurring failure patterns, assess the impact
of these stoppages on operational performance, and develop
recommendations to contribute to maintenance, training,
and fleet management processes based on the findings.

2. Materials and Methods

2.1. Study Area and Data Set

Unplanned downtime events of a private maritime company
with a large container ship fleet based in Tiirkiye were
examined over a 5-year period. The company operates 50
vessels and manages Tiirkiye’s largest fleet in this field.
The vessels are actively engaged in various trade routes
worldwide.

The dataset was created by compiling and digitizing
unplanned downtime reports prepared by ship personnel by
the company’s technical department. The dataset records
variables such as ship name, date, duration and location of
the stoppage, system/component name, and reason for the
stoppage for each event. A total of 397 unplanned downtime
events were recorded.

The data was compiled from technical maintenance
and incident report forms obtained from the company’s
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operational reporting system. The incidents were digitally
entered into the system by engineers on board and ship
technical superintendents, who are marine engineers and
fleet managers. Standardized analysis tables were created
from this raw data. Each incident was classified according
to technical category. Within the three main operational
categories (propulsion system, cargo operations, and
mooring operations), the propulsion system-related issues
with the highest number of incidents were divided into
subcategories and analyzed in detail.

This study uses incident records from a single Turkish
container-ship fleet operating predominantly on liner
trades. While this yields high internal consistency
(common procedures, documentation standards, and
engine families), it constrains external validity in several
ways. First, risk concentrations and waiting-time drivers
may differ in fleets with distinct operating profiles, vessel
types (tanker, bulk carrier, ro-ro), class/age distributions, or
propulsion configurations. Second, the dataset intentionally
excludes non-technical delays (e.g., weather, port/terminal
operations); this design choice isolates technical stoppages
but can inflate their relative share of total downtime and
limits comparisons with studies using all-cause delays.
Third, organization-specific maintenance practices (spares
policies, OMD calibration routines, training cadence) may
alter shipboard crew competency skills.

Only recorded technical downtimes were included in the
analysis. Unreported minor interruptions were excluded
from the study; unexpected technical failures that
caused operational disruptions were considered. Planned
maintenance, adverse weather conditions, port operational
delays, or externally caused downtimes were excluded
from the analysis; the focus was on technical downtimes.
Data processing included data cleaning and categorization.
Incomplete, inaccurate, or duplicate records were eliminated.

2.2. Analysis Method

The analytical framework adopted in this study is
designed to balance methodological rigor with operational
interpretability. Rather than maximizing predictive accuracy
through black-box models, the focus is placed on transparent,
rule-based methods that allow failure mechanisms and
downtime drivers to be directly interpreted by fleet managers
and marine engineers. Pareto analysis is employed to identify
risk concentration and critical subsystems at the fleet level,
while the CART algorithm is used to uncover threshold-
based relationships and nonlinear patterns governing
downtime duration. This combined approach enables both
prioritization of dominant failure modes and actionable
insights for maintenance planning and role-based training,
grounded in real operational data.
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2.2.1. Risk assessment and pareto analysis

Risk scores were calculated for each type of failure to
determine the impact of failures on the operational efficiency
of ships. Risk scores were determined using a weighted
scoring method based on the frequency of occurrence,
duration of the failure, and its operational impact. The Pareto
chart created using these scores visually demonstrated the
dominant effect of main engine failures on waiting time.
Pareto analysis was applied to confirm the finding that
approximately 80% of the total downtime is concentrated in
approximately 20% of the failures.

2.2.2. CART algorithm

The CART algorithm was used to analyze the effects of
ship main engine failures on ship waiting times. CART is
a powerful and flexible machine learning approach widely
used in classification and regression problems [25]. In the
regression context, CART creates a binary decision tree
structure that iteratively partitions the dataset into two
subsets to identify the relationship between variables.

The modeling process begins by treating the entire dataset as
a single node (root node). The algorithm then partitions the
dataset into two subsets by determining the most appropriate
independent variable and threshold value that minimizes the
variance or mean square error (MSE) of the target variable.
This process continues iteratively until one of the predefined
stopping criteria is met (e.g., maximum tree depth, minimum
terminal node size). In the final stage, the mean value of the
target variable at each terminal node (leaf node) is assigned
as the predicted value for all observations belonging to that
node.

The CART model, being a nonparametric method, is highly
effective in capturing nonlinear relationships between
variables. Furthermore, the model’s visualizability and
interpretability facilitates easy understanding for both
technical and operational stakeholders in decision-making

Mooring
Operation
1%

Cargo
Operation
10%

Figure 1. Distribution of stoppages by system.
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processes. In this study, model performance was evaluated
using R? (coefficient of determination), root MSE (RMSE),
MSE, mean absolute deviation (MAD), and mean absolute
percentage error (MAPE) statistics.

In addition, a dendrogram analysis was performed using
Ward’s linkage method and the Euclidean distance metric
to support the findings obtained from the CART model.
This approach measures the similarity between failure types
to form hierarchical clusters, thereby enabling a visual
classification of the relationships among different categories
of engine failures.

3. Findings

3.1. General Situation: Summary of the Number of
Downtime

During the five-year evaluation period, a total of 397
unscheduled downtime events were recorded in the container
ship fleet under review. These stoppages were grouped under
three main operational categories: Propulsion System, Cargo
Operation, and Mooring Operation activities.

When examining the distribution of stoppages by system,
as shown in Figure 1, 89% of downtimes (352 incidents)
were due to propulsion systems. Stoppages during cargo
operations accounted for 10% of unplanned stoppages,
with 39 incidents. The remaining 1% (6 incidents) occurred
during mooring operations.

Table 1 shows the total number of stoppages and durations
by category. The total unplanned stoppage duration was
calculated to be approximately 1,767 hours over the five-
year period. The duration distribution is also parallel to the
number of incidents.

Based on these data, the average duration of a downtime is
calculated to be approximately 4.5 hours. Across the fleet,
the annual average number of unplanned downtimes per
vessel is approximately 1.6. When the average main engine

Propulsion H Propulsion
System System
89% ] Cargo
Operation
Mooring
Operation
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operating time is assumed to be 4,200 hours per year, the
ratio of time spent on downtime to total sailing time is
approximately 0.15%. While this low ratio indicates that
fleet operations are generally planned and controlled, it
also points to the need for priority intervention in terms of
propulsion system failure density, maintenance planning,
and technical training.

3.2. Distribution by Cause of Downtime

Of the 397 unplanned downtimes that occurred during
the five-year period under review, 89% (352 incidents)
were directly attributable to propulsion systems. This high
percentage highlights how critical main propulsion systems
are to operational continuity on container ships.

Based on this criticality, stoppages related to propulsion
systems were detailed in terms of their technical components.
The propulsion system data, shown in Table 2 with a total
of 352 incidents and 1,460 hours of downtime, was broken
down into subsystems and analyzed.

Due to the combined reporting of some incidents, mandatory
downtime caused by main propulsion systems has been
divided into nine main technical categories. This analysis
aims to contribute to fleet management, maintenance
planning, and technical training content by identifying the
subsystems where downtime is concentrated.

In this distribution, main engine failures are clearly ahead
not only in terms of the number of incidents but also in total
downtime duration. The entire propulsion system alone
accounted for approximately 50% of the downtime, with a
total of 730 hours of downtime across 256 incidents. The
most frequently recurring issues include fuel injection
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problems, fuel pump (FP) failures, and problems caused by
the exhaust system.

In contrast, although only 4 incidents occurred in the
propeller, drive shaft, stern tube, and bow thruster group, the
total downtime was quite high at 384 hours. This group, with
an average downtime of 96 hours per incident, shows that
these system failures are rare but cause very long operational
interruptions. In such cases, the complete operational
downtime of the ship brings with it commercial losses as
well as safety risks. These types of failures usually require
the ship to wait in port for weeks for repairs. Emergency
intervention is not possible; dry docking is usually required.
Therefore, these components are considered critical priority.
Preventive vibration analysis, oil analysis programs, and
proactive maintenance scheduling are vital for this type of
system failure.

Some systems with relatively few incidents stand out due
to their singular impact. Specifically, in the “Hull/Fire/
Maneuvering” category, despite only 8 incidents, the total
downtime was 116 hours, with an average interruption of
14.5 hours per incident. This finding demonstrates that some
infrequent failures have a high operational impact.

Boiler systems stand out with a total of 151 hours of
downtime across 33 incidents. The average downtime of
4.6 hours highlights the need for continuous maintenance
and monitoring of this system. Especially, boiler tube
perforations lead to prolonged port delays and deviations
from estimated arrival times.

Twelve incidents occurred in the Piping, Valves, Pumps,
Coolers, and Heaters group, resulting in a total of 36 hours

Table 1. Number of downtimes and durations by category.

Ronpiion Cargo operation Mooring operation Total

system
Total downtime (number) 352 39 6 397
Total downtime duration (hours) 1460 272 35 1767

Table 2. Summary of downtime in propulsion systems by subcategory.

Propulsion system Number of incidents Duration (hour) Average duration
Automation & Alarm systems 7 4 0.6
Boiler system 33 151 4.6
Generator load sharing & Black out 25 19 0.8
Hull & Fire & Maneuvering 8 116 14.5
Main engine 256 730 2.9
Piping, valves, P/P, cooler/heater 12 36 3.0
Propeller & Shaft & Stern tube & Thruster 4 384 96.0
Others 7 20 2.9
Total 352 1460 4.1
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of downtime. With an average downtime of 3 hours, these
components are classified as medium priority. Diesel
generator load sharing, automation and alarm systems, and
other groups have a limited impact on propulsion system
downtime, with both low frequency and low duration. Most
failures in these systems were resolved in less than 1 hour
per incident. Incidents under the “Other” category include
delays due to GPS display errors, pitch control failures,
rudder & pitch-controlled propeller system failures, and
items recorded during flag state inspections in port.

As a result, not only the frequency of propulsion system
stoppages but also their individual impacts and system-based
temporal intensity should be considered in fleet management.
In addition to the main engine, boiler systems, maneuvering
control systems, and propeller structures are also highlighted
as priority areas in terms of preventive maintenance, spare
parts inventory management, and training.

3.3. Critical System Analysis: An in-Depth Look
Detailed analysis of fleet data shows that some technical
systems fail more frequently than others and have a much
greater operational impact. In this section, critical subsystems
causing the most downtime or leading to long durations in
individual incidents are analyzed separately. The aim is to
provide targeted insights for optimizing fleet management
and technical maintenance strategies. Table 3 presents the
number of main engine failure incidents and their downtimes
by subcategory.

In the critical system analysis, main engine-related failures
were divided into subcategories and examined. CART
regression analysis and hierarchical clustering (Ward-
Linkage, Euclidean Distance) methods were evaluated
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together to determine the impact of main engine failures on
ship downtime. The overall goal was to reveal the distribution
of downtime events by main engine subcategories and to
identify which systems most significantly impact operational
continuity.

In the CART regression analysis, waiting time (in hours)
was considered the dependent variable and failure types
were considered the independent (explanatory) variables.
The entire data set consisted of 11 different failure types,
and the total number of events and average durations for each
failure type were evaluated. The model was evaluated using
the median and median absolute deviation (MAD) metrics,
taking into account the distribution structure of the data
and the sample size. This approach mitigated the impact of
outliers in the data set, providing a more robust statistical
representation.

Statistical performance metrics for the model generated
using the CART method demonstrate that the analysis
results have a strong predictive capacity. A total of four
predictor variables were used in the resulting model, all of
which were found to be statistically significant. The model’s
coefficient of determination (R2=99.78%) indicates that
almost all of the variance in the dependent variable can be
explained. Furthermore, the error measures (RMSE=1.6601,
MSE=2.7561, MAD=0.7304, MAPE=0.0377) were quite
low. These results demonstrate that the model successfully
predicts ship waiting times with high accuracy and low error
(Table 4).

Figure 2 demonstrates the variation in model error, measured
by Relative MAD, with respect to the number of terminal
nodes. While increasing the number of nodes typically
lowers the error rate, an excessive number of nodes can

Table 3. Number and duration of main engine incidents by subcategory.
Main engine failures ljﬁgg:;t:f Duration (hour) Duration (day)
Oil mist detector 27 53.8 2.2
Fuel pump & Inj VV/Inj pipe 52 153.6 6.4
Fuel line & Fuel filter 24 60.3 2.5
Exhaust 44 96.1 4.0
Automation & Sensor failure 17 23.6 1.0
Lubrication system & Water in oil & LO filter 16 76.0 3.2
Cooling system & Cover 14 54.0 22
Piston & Rings 7 49.5 2.1
Start & Maneuvering & Governor system 24 76.1 3.2
Alpha lubricator 10 159 0.7
Other 21 71.3 29
Total 256 730.2 30.4
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lead to model complexity and overfitting, thereby reducing
the model's ability to generalize. Therefore, identifying
the optimal trade-off is crucial. The analysis determined
the optimal structure to be 8 terminal nodes, where the
Relative MAD was minimized to 0.0291. At this optimal
configuration, the correlation coefficient of the training set
was calculated as 87.33%.

The regression tree generated as a result of the analysis is
shown in Figure 3. At the root node of the tree (Node 1), the
median waiting time for all faults was determined to be 60.25
hours. This value serves as a general indicator of performance
across all fault types examined. The high median absolute
deviation (MAD=25.13) indicates significant differences in
waiting times across fault types.

The model categorizes failure types into two main groups.
The main difference between these two groups is the median
values in the waiting time distributions. The first group
(Node 2) consists of failures with shorter waiting times on
average, while the second group (Node 5) includes failure

Table 4. Performance metrics for the CART regression model.

Total predictors 4
Important predictors 4
Number of terminal nodes 8
Minimum terminal node size 1
R-squared 99.78%
Root mean squared error (RMSE) 1.6601
Mean squared error (MSE) 2.7561
Mean absolute deviation (MAD) 0.7304
Mean absolute percent error (MAPE) 0.0377

CART: Classification and Regression Tree
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types characterized by longer waiting times. The first
separation of the model was based on the “main engine event
type” variable, which revealed two main groups. The first
group represents events in the categories of alpha lubricator,
automation & sensor, cooling system, fuel line & filter, OMD,
piston & rings (Alp_Lub, Au_Sen, Cool, FL., OMD, Pist),
while the second group includes events in the categories of
exhaust, FP & injection valve (inj vv), lubrication system,
other, and start & manuevring (Exh, FP, Lub, Other, Star).
The median value for the first group on the left branch was
calculated as 51.63, and for the second group on the right
branch as 76.05. This shows that waiting times due to engine
failures in the second group have a higher impact.

In particular, the median value for FP and valve failures was
determined to be 153.64, standing out as the factor with the
highest impact on the system. This clearly demonstrates
that fuel injection system malfunctions are a key parameter
significantly affecting downtime. Fuel injection line
malfunctions (pump barrel and plunger wear, control rack/
governor lockup, fuel valve nozzle clogging, common-rail
pressure leaks, timing deviations) directly reduce cylinder
combustion pressure and ignition quality. The resulting
effects include power loss, unsteady combustion, exhaust
temperature deviations, vibration, and the necessity of
slowdowns/stoppages for safety reasons. Many interventions
on the fuel injection system at sea can extend downtime due
to the need for equipment cooling, fine-tolerance component
replacement, calibration, testing procedures, or limited
equipment and spare parts availability.

Similarly, faults related to the “Exhaust (Exh)” and
“Lubrication (Lub)” systems were observed to have high
median values. Because these are critical parameters that
directly affect engine performance, they stand out as the most

Optimal = 0.0291

Number of Terminal Nodes

Figure 2. Optimization of the node.
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significant contributors to downtime and require careful
attention. It is technically expected that exhaust (Exh) and
lubrication (Lub) faults produce high median downtime.
Soot/oil carryover in the exhaust line, turbocharger fouling,
or manifold and seal leaks increase back pressure, disrupting
combustion. Safety measures such as power reduction/stop,
cooling, cleaning, and rebalancing (turbo, sensor, insulation)
prolong downtime. On the lubrication side, pressure drop/
pump failure, filter blockage, viscosity and temperature
deviations, or increased metal particles lead to critical
scenarios such as bearing damage and the risk of crankcase
explosion. This necessitates time-consuming interventions
such as oil sample analysis, circuit checks, filter and cooler
maintenance, and bearing inspections. In conclusion, Exh
and Lub faults are critical parameters that directly affect
engine performance.

NODE 1

Median = £0.2500
MAD = 25.1267

Total Count = 11

Main Engine incidents = {Alp_Lub, Au_Sen, Cool, FL, OMD, Pist}
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In contrast, failures occurring in the “sub-components (Alp_
Lub)”, “cooling (Cool)”, and “sensor (Au_Sen)” systems
have lower median values. This result can lead to shorter
downtimes due to the early detection of these failures and
rapid intervention during maintenance processes. Failures in
these three groups are generally localized and are quickly
managed onboard using redundant/twin equipment (stand-
by pumps, parallel heat exchangers), isolation valves, and
modular component replacement. In cooling circuits, flow
is maintained with a pump/heat exchanger switch-over;
system safety is maintained by calibration/restart or rapid
replacement on the sensor side; and in lubrication sub-
components, filter replacement, leak repair, and bypass
options shorten downtimes. Furthermore, since these failures
are often detected with early warning (alarm), they can be
deferred until port under power-limited operation rather than

Main Engine incidents = {Exh, FP, Lub, Other, Star}

NODE 2

Median = 51.6250
MAD = 13.1610

Total Count =6

NODE 5

Median = 76.0500
MAD = 20.4856

Total Count = §

Main Engine incidents = {Alp_Lub, Au_Sen}

Main Engine incidents = {Cool, FL, OMD, Pist}

Main Engine incidents = {FP} |

| Main Engine incidents = {Exh, Lub, Other, Star}

TERMINAL NODE 1
Median = 19.7420

MAD = 3.89200

Total Count = 2

NODE 3

Median = 5§3.8500
MAD = 2.73750

Total Count = 4

TERMINAL NODE 5
Median = 153.644

MAD = 0.00000

Total Count = 1

NODE 6

Median = 76.0250
MAD = 6.20850

Total Count = 4

| Main Engine incidents = {FL}

[Main Engine incidents = {Cool, OMD, Pist}}

Main Engine incidents = {Exh}

| Main Engine incidents = {Lub, Other, Star}

TERMINAL NODE 2

Median = 60.2500
MAD = 0.00000

Total Count = 1

NODE &

Median = 53.7500
MAD = 1.48333

Total Count = 3

TERMINAL NODE 6

Median = 96.0840
MAD = 0.00000

Total Count = 1

NODE 7

Median = 76.0000
MAD = 1.58333

Total Count = 3

Main Engine incidents = {Cool. OMD}

Main Engine incidents = {Pist}

rMain Engine incidents = {Other}

Main Engine incidents = {Lub, Star}

TERMINAL NODE 3
Median = 53.8500

MAD = 0.100000
Total Count = 2

TERMINAL NODE 4

Median = 49.5000
MAD = 0.00000

Total Count = 1

TERMINAL NODE 7

Median = 71.3000
MAD = 0.00000

TERMINAL NODE 8
Median = 76.0250

MAD = 0.0250000

Total Count = 1 Total Count = 2

Figure 3. CART regression analysis results showing the effect of main engine failures on downtime.
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Pareto Chart of Main Engine incidents
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Figure 4. Pareto chart showing the severity of main engine failures according to risk scores.
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Figure 5. Dendrogram showing the similarity levels of fault types.

a full shutdown for safety reasons; consequently, downtimes  score in ship operations. According to the analysis results,

are typically short.

failures caused by OMD were identified as the most critical

Figure 4 shows a Pareto analysis of main engine failures. The failure type, accounting for 63.1% of the total risk. This result
graph shows the severity of failure types based on the risk demonstrates the crucial importance of regular maintenance
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and monitoring of OMD systems for main engine safety and
operational continuity. OMD alarms are generally based on
two factors: actual oil mist detection (crankcase fire risk,
high density) or false alarms due to sensor sensitivity and air
pressure adjustment. In these events, the operational impact
is significant because the engine automatically shuts down
or reduces speed. Often, the ship must be shut down until the
alarm is verified. While some failures in these systems do not
pose a real risk, each one triggers a maximum operational
response due to safety protocols. Even if there is a sensor
error, the engine must be shut down and the necessary
checks performed seriously, just like the actual oil mist
risk. A high-priority, critical alarm is due to the potential
for major damage to the engine or a crankcase explosion.
This demonstrates that factors such as calibration frequency
of OMD systems, sensor quality, and crew diagnostic ability
are critical for operational continuity.

OMD failures are followed by FP and valve failures (14.8%)
and exhaust system (Exh) failures (7.9%). When these three
failure types are considered together, they account for 85.8%
of the total risk, indicating that operational disruptions in
the majority of the system are caused by these components.
Other failures (starting system, fuel leakage, lubrication
system, etc.) constitute only less than 15% of the total risk.

This finding is consistent with the “80/20 Pareto principle”
and demonstrates that preventive maintenance of critical
components, particularly OMD, fuel, and exhaust systems,
should be prioritized to improve system performance and
reduce ship downtime.

Comparing the findings with those obtained through
hierarchical cluster analysis (Figure 5), significant parallelism
was observed between the two methods. The clustering of
“OMD?”, “Exh”, and “FP” failures within the same cluster in
the dendrogram is consistent with the high median values of
these parameters in the CART analysis. Similarly, the close
clustering of “Cool”, “Lub”, and “Run” failures confirms the
high correlation between these components due to common
operating conditions (e.g., heat transfer and lubrication
processes). Another cluster includes the auxiliary sensor
(Au_Sen), alpha lubricator (Alp), and starting system (Star)
failures, indicating that these failures are related to electronic
control and monitoring systems.

4. Discussion

In this section, the findings obtained in the study are
compared with similar studies in the literature and their
operational implications are evaluated. The fact that 89% of
the unplanned stoppages identified in the study were caused
by propulsion systems reveals that ship operations are largely
dependent on these systems. This finding coincides with the
assessment in Vizentin et al.’s [26] study. Vizentin et al. [26]
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states that propulsion systems are the main source of failures
in container ships, particularly concentrated in the main
engine and shaft lines. The high failure rate poses a risk not
only technically but also in terms of operational reliability.
Numerical and experimental studies on the risk of crankcase
explosions and the reliability of OMD provide concrete
scientific evidence for optimizing detector threshold values
and reducing false alarms by analyzing the morphological
characteristics of oil mist particles in the crankcase [16,17].

Failures occurring in systems such as stern tube and propellers
cause quite long downtimes despite being observed at low
frequencies. This creates a special risk profile in terms of
fleet management. A technical report prepared by Kuroiwa
et al. [27] states that stern tube bearing failures are mostly
caused by deterioration in lubrication systems, leaks in
gaskets, and inadequate temperature control. Similarly,
an experimental study by Chang et al. [28] showed that
water-lubricated shaft sleeve bearings are sensitive to
parameters such as temperature, load, and speed, and even
a small tolerance deviation can cause long-term operational
downtime. In this context, shaft sleeve and propeller systems
should be considered strategic critical systems due to their
high downtime, despite the low number of incidents.

The source of some unplanned stoppages of ships is not
technical failure but rather faulty or overly sensitive alarm
notifications from automation systems. In particular, “false
positive” alarm events originating from OMD systems
create uncertainty in the crew’s decision-making mechanism
and sometimes lead to unnecessary stoppages. Thorpe and
Pabby’s [29] comprehensive analysis indicates that the
high sensitivity of OMD systems does not always provide
a safety advantage; on the contrary, false alarms lead to a
loss of confidence and psychological stress among the ship’s
crew. In this context, it is evident that topics such as alarm
management and crew decision-making competence should
be an integral part of technical training.

5. Evaluation and Results

This study systematically evaluated 397 unplanned downtimes
recorded on container ships during the 2017-2021 period.
The center of gravity of downtimes was the propulsion
system (352 incidents; 89%), while cargo operations (39
incidents; 10%) and mooring downtimes (6 incidents; 1%)
were among the remaining downtimes. Total unplanned
downtime was calculated as 1,767 hours, with an average
duration per incident across the fleet of approximately 4.5
hours. Downtimes related to the main engine alone, within
the propulsion system, accounted for approximately half of
the total duration, with 256 incidents and 730 hours.

A detailed examination of the main engine subtypes revealed
that FP-injector, exhaust (Exh), and lubrication (Lub)
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failures were characterized by high median wait times, while
cooling (Cool), sensor (Au_Sen), and subcomponent (Alp_
Lub) failures were managed in relatively short times. In the
CART regression tree, the root node began with a median
wait time of 60.25 hours; after the decomposition, one
branch corresponded to a median wait time of 51.63 hours,
and the other to 76.05 hours. In this structure, the median
for FP failures reached the highest value of ~153.64 hours,
indicating that fuel injection failures significantly prolonged
wait times. Hierarchical clustering results supported this
picture; the close clustering of OMD-Exh-FP indicated a
tendency toward long waits, while the association of Cool-
Lub-Pist indicated a common behavior related to heat
transfer and lubrication conditions. Pareto analysis showed
that OMD-related events accounted for 63.1% of the total
risk, FP for 14.8%, and Exh for 7.9%; these three items
together reached 85.8%. This overall picture indicates that a
small number of critical items at the fleet level drive a large
portion of the total waiting time.

A condition-based maintenance package is recommended
for the fuel-exhaust-lubrication triad, where risks are most
pronounced. As a technical maintenance strategy, cyclical
component replacement programs should be established
fleet-wide for injectors, FPs, and exhaust components. To
reduce both fuel and exhaust system problems, main engine
performance values, especially maximum combustion
pressure values, should be checked more frequently, and
maintenance should be planned to anticipate potential
problems.

On the fuel side, test bench calibration records for injection
pumps/injectors should be regularly maintained. To save
time in the event of malfunctions in these systems, especially
based on competency, third- or fourth-level engineers should
be trained and made aware of maintaining spare parts for
replaceable fuel system components.

Exhaust gas temperature trend monitoring should be
implemented in the exhaust; deviations above +30 °C
between cylinders can be detected before they reach
alarm levels, enabling early intervention. To achieve this,
implementing a checklist for systems under the control and
monitoring of watchkeeping engineers can prevent forced
shutdowns related to the exhaust system, particularly through
regular monitoring of exhaust temperatures.

Monthly oil analysis (particulate matter/viscosity/BN)
results in the lubrication system should be visualized using a
“traffic light” approach. Laboratory results should be closely
monitored by the office and the ship. Onboard oil analyses
should be increased in frequency, and all engineers should
be trained on this subject.
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To support these systems, which frequently cause shutdowns,
the minimum critical onboard inventory (fuel valve nozzles,
plunger/barrel, exhaust valve spares, pressure/temperature
sensors, filters) should be recalculated according to route
and lead time; low-threshold warnings should be entered
into the planned maintenance system. The goal is to reduce
the number of stoppages caused by these three by >15% per
year and to shorten the wait per event by >30 min.

Delays in OMD-related shutdowns often arise from the
inability to quickly distinguish between true and false alarms.
A three-tiered approach is recommended for every ship: (i)
Hardware: Sensor calibration intervals should be shortened;
a 2-minute quick checklist for aspiration lines, filters, and
sampling should be standardized. (ii) Workflow: A one-
page “procedure/verification protocol” (reserve sensor, local
heat/vibration, oil mist monitoring) to be followed when an
alarm occurs should be visible in the engine control room.
(iii) Recording: The ‘“alarm time-verification steps-result”
fields should be mandatory in the engine room logbook. The
goal is to reduce unnecessary OMD-related delays by 30%
and reduce verification time in real-world situations to <5
minutes.

The utility of the CART decision tree depends on up-to-
date and consistent data. Mandatory, coded fields (system/
subsystem, start and end, steps implemented, verification
period, result) should be added to incident forms; free
text should be kept to a minimum. The model should be
retrained at least annually with new data; tree depth, number
of terminal nodes, R2?, and RMSE should be reported. The
risk thresholds used in Pareto should be updated with annual
reviews based on fleet age, fuel quality, or line changes. A
“top three root causes - top three actions” table should be
communicated to the fleet through ship-to-office feedback
meetings. Average waiting per stop, incident frequency, and
duration in critical clusters should be monitored as indicators
of success.

To translate technical measures into lasting results, a
structured fleet-wide competency development program is
recommended. A role-based competency matrix (3%, 2™,
chief engineer, electrician, etc.) should be established. OMD
alarm management, critical subsystem diagnostics derived
from CART, fuel-exhaust-lubrication package procedures,
and shaft line early warning signals should be core modules
within this matrix.

Two channels for training delivery: (i) Microlearning
(10-12-minute videos/notes), (ii) scenario-based exercises
(monthly online + quarterly live demonstration).
Standardized checklists and time objectives should be used
for each scenario. An onboarding package, familiarization
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training (first 30 days) should be mandatory for newly
appointed personnel, and competency should be verified
with an annual refresher exam (>80% success). To track
the impact of training, KPIs (Key Performance Indicators)
(training participation rate, drill success score, and fault
response time after training) should be monitored, and ships
with low performance should be inspected and trained. The
goal is to reduce downtime in critical clusters by 10-15% and
diagnosis times by 20% in the first 12 months after training.

6. Conclusion

This study presents a fleet-scale analysis of unscheduled
downtime in container ship operations based on five years
of operational records from 50 vessels. By combining risk-
based Pareto analysis with an interpretable CART regression
framework, the research identifies a limited number of
technical subsystems that dominate both downtime frequency
and duration. The results demonstrate that propulsion-
related failures particularly those associated with the main
engine fuel, exhaust, lubrication, and oil mist detection
systems account for a disproportionate share of operational
disruption, despite the presence of numerous lower-impact
failure modes.

Beyond identifying critical failure clusters, the study
contributes a practical, data-driven framework that links
empirical downtime patterns to maintenance prioritization
and role-based training strategies. The emphasis on
interpretability enables direct translation of analytical
outcomes into actionable decisions for fleet managers
and marine engineers. While the findings are specific to
container ship operations within a homogeneous fleet, the
proposed analytical approach is transferable to other vessel
types and operational contexts. Future studies may extend
this framework by incorporating additional fleets, integrating
exposure-normalized indicators, and evaluating long-
term performance improvements resulting from targeted
maintenance and training interventions.
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Abstract

Harmful emissions into the atmosphere, such as carbon dioxide (CO,), are increasing due to the extremely use of fossil fuels in the world. The
shipping also increases global CO, emissions. This results in critical ecological issues like global warming, climate change and air pollution.
Therefore, applications to reduce CO, emissions are needed, and carbon capture is one of these. In this study, the effects of mono-ethanolamine
(MEA), piperazine (PZ) and ammonia (NH,) solvents on the carbon capture costs and CO, capture rates (%) of the carbon capture system aboard a
tanker were investigated for 30 wt% solvents. Capturing performance and economic analyses of the carbon capture system aboard the 49.990 DWT
tanker were performed using Aspen HYSYS software. For different solvents, annual captured CO, emission amounts and CO, capture rates (%)
were obtained at 85% engine load-cruise mode. For the same geometries of carbon capture columns, the carbon capture costs of the system per ton
of CO, are $82.6, $69.6, and $47.3 for MEA, PZ and NH, solvents, respectively and the CO, capture rates are 30.9%, 36.7%, and 54% for MEA, PZ
and NH, solvents, respectively. Cost-effective capture of CO, emissions released from ships into the atmosphere is important for the widespread
use of carbon capture and storage systems.

Keywords: Carbon capture and storage, decarbonization, CO, emission, tanker, solvent

1. Introduction (GHG) emission to global GHG emission is approximately

Harmful emissions emitted into the atmosphere by usage of 3% [2]. GHG emissions from ships are going up due to the
fossil fuels are increasing because of increasing energy need increasing dimensions of ships and fleets even though GHG
for various industries and home usage. Approximately 87% emissions by maritime industry have small share among other
of carbon dioxide (CO,) production resulting from human transportation modes and industries. Some regulations, such
activities is the result of burning fossil fuels [1]. Thus,  as the Ship Energy Efficiency Management Plan (SEEMP)
this causes adverse consequences like global warming,  and the Energy Efficiency Design Index (EEDI) were
climate change, and air pollution. The shipping sector has launched in amendments to International Convention for
a share of over 80% of the goods transported by volume the Prevention of Pollution from Ships-MARPOL Annex VI

on global trade. Also, its proportion of greenhouse gas by the International Maritime Organization (IMO) [3]. The
target of the EEDI is to make ships energy-efficient in the
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design phase by optimizing their hull form and decreasing
electric consumption by operational measures. The SEEMP
aims to improve ships’ energy efficiency and optimize the
operational performance of ships by operational adjustments,
such as installing waste heat recovery (WHR) equipment,
optimizing the speed of ships, and weather routing. Also,
the SEEMP is obligatory for ships above 400 gross tonnages
[3]. The Energy Efficiency Existing Ship Index (EEXI) is
another regulation by the IMO about enhancement of ships’
energy efficiency. The target of the EEXI is to enhance the
energy efficiency of ships already in operation and decrease
GHG emissions from shipping [4]. The Carbon Intensity
Indicator (CII) is another regulation by the IMO regarding
the evaluation of GHG emissions on the volume of loads
and miles transported. Also, the required annual reduction
factor to be met by a ship on her operations is determined
by the CII and the efficiency categories are A, B, C, D, and
E for a ship [5]. The Monitoring, Reporting and Verification
system is a regulation by the European Union (EU) to assess
CO, emissions from ships by monitoring and reporting fuel
consumption and CO, emissions of ships per voyage and
on yearly basis, based on ships above 5000 gross tonnes at
European Economic Area (EEA) ports. Companies from
shipping industry must submit a monitoring plan for each
ship and the data collected must be verified by accredited
third parties [6]. This regulation is significant to increase
the transparency and awareness of GHG emissions from
shipping for decreasing fuel consumption and emissions.
The IMO aims to reach a 20% reduction by 2030 and a
70% reduction by 2040 in GHG emissions, compared to
2008 level. Also, IMO aims to have net zero emissions by
2050 [7]. Moreover, the EU has target to decrease GHG
emissions by 55%, based on the 1990 level, by 2030. This
is evaluated economically feasible and beneficial by the EU
[8]. Therefore, decarbonization of ships and carbon capture
and storage (CCS) have become significant working fields to
be considered [9].

There are many studies regarding CCS in the literature. Van
Duc Long et al. [10] conducted a marine CO, capture study
on a 3000-kW diesel engine with different configurations to
evaluate CO, removal performance of the systems. Mono-
ethanolamine (MEA), MEA/piperazine, (MEA/PZ) and
n-methyl-diethanolamine/PZ are considered as solvents
in this study. The results revealed that the CO, removal
performance of proposed configuration was obtained as
94.7% and there is an increase of 8.4% in comparison
with the base case. Tavakoli et al. [11] studied about the
feasibility of carbon capture onboard ships. Retrofit and
newbuild ships are considered for assessment the technical
feasibility using the solvent-based post-combustion capture
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in this study. The results indicated that limited space and
additional power required are challenges for the retrofit
case. Also, it is challenging to find adequate space for
CO, storage in terms of cargo capacity. Brandl et al. [12]
conducted a study to obtain the hypothetical solvent to
achieve the cost reduction by comparing the performances
of various solvents. The results showed that a 65% of cost
reduction was achieved and a cost limit of $26/ton CO,
($: US Dollars, weight unit: ton) was obtained. Zhou et al.
[13] conducted a study on the carbon capture specifications
of the exhaust gas of a marine engine. In this study, a K,CO,
solution was used in the simulation of CO, capture from
the exhaust gas using ASPEN Plus. Various activators used
in the experiment were selected using simulation results.
The results showed that the absorption rate of CO, from
the exhaust gas of the marine engine can be improved by a
small amount of activator. Mao et al. [14] conducted a study
on a mixed absorbent on the marine carbon capture. The
characteristics of absorption and desorption were evaluated
for different mole ratios. The results indicated that the average
CO, absorption rate increased by 48% in comparison with
MEA. Giiler and Ergin [15] conducted a study on a solvent-
based CCS system. Various types of ships are considered
to investigate the performance of a system and to analyze
its cost for different ships in this study. The results showed
that the CCS system is more economic than other CO,
control methods for ships with high speed. Bayramoglu [16]
conducted a study about post-combustion carbon capture
on a marine engine. WHR and carbon capture system are
considered to examine the rate of carbon reduction and the
EEDI for ships. In this system, there is a 14% reduction of
EEDI by WHR, and by 90% with the carbon capture. The
results indicated that the carbon capture can be a promising
method to meet the regulations.

There is no such study has investigated the effects of various
solvents on capturing and economic performance of a
solvent-based CCS system aboard a tanker by considering
the actual general arrangement of a ship in the literature.
Available space of the general arrangement of the ship is
evaluated for the system because there is limited space for
the columns of the system onboard the ship. The aim of
this study is to investigate the effects of various solvents on
the annual amount of the CO, emission captured and CO,
capture rate (%) at the engine load of 85%, cruising mode.
The other objective is to compute the carbon capture cost of
the system per ton of CO, captured for different solvents. A
49,990-DWT tanker was examined in this study. MEA, PZ
and, ammonia (NH,) were considered as solvents.
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2. Mathematical Model of CCS System

2.1. Carbon Capturing Model

Capturing performance analysis of the solvent-based CCS
system aboard a tanker is conducted by using ASPEN
software. The CCS system is modeled. MEA, PZ and, NH,
are considered as solvents in this study. MEA is a common
solvent and its some advantages are low volatility and
relatively fast kinetics. However, its some disadvantages
are high oxidative degradation and relatively high energy
demand [17]. PZ has fast kinetics and low degradation rate
[10]. Also, it has high thermal stability and less volatility
in comparison with conventional amine-based alkanolamine
[18]. NH, has a lower heat of reaction for absorption of
CO, compared to MEA and the disadvantage of NH, is its
volatility [19]. Furthermore, NH, is highly corrosive, and
metal materials should be protected from contact with it.
NH, is a toxic substance, and prolonged exposure to it should
be avoided for health reasons. Additionally, fast kinetics, less
tendency to degradation, less corrosive and less toxicity are
some of the criterion on solvent selection for solvent-based
CCS system [20]. In the process of absorption of CO, by the
MEA solution, following chemical reactions take place, as
shown in Equations (1-5) [15]:

MEACOO™ +H, 0O < MEA +HCO; 1)
CO,+2H,0 < HCO; +H,0* ®)
HCO; +H,0 < CO;>+H,0" 3)
MEAH*+H O < MEA +H, O* “)
2H,0 < H,0"+OH" ®)

MEA solution is a benchmark to compare capturing
performance due to its reaction rate [10]. In absorption of
CO, by the PZ solution, following reactions occur, as shown
in Equations (6-10) [18]:

H,O & H*+OH" (6)
PZH* < PZ +H* (7
PZ+CO, & PZCOO™ + H* ®)
PZCOO~ + CO, < PZ(COO"), + H* )
H*PZCOO~ < PZCOO~ +H* (10

Chemical equilibrium constants for the PZ solution reactions
are calculated [18]. For NH,, following reactions occur, as
shown in Equations (11, 12) [19]:

CO,+OH™ « HCO; (11)
NH, +CO,+H,0 < NH,COO™ +H,0* (12)
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Chemical equilibrium constants for the NH, solution
reactions are calculated [19]. The annual amount of the CO,
emissions emitted from the ship into the atmosphere and CO,
capture rate (%) are required to compute the annual amount
of the CO, captured by the system. The annual amount of the
CO, emission emitted from the ship [t] is computed by using
specific fuel oil consumption (SFOC) [g/kWh], power [kW],
emission factor (EF), and annual operational time [h] of the
main engine, as shown in Equation (13).

Annual CO, emission=SFOC*Power*Annual operational
time*EF (13)

CO, capture rate (%) is the ratio of the CO, transferred from
the stripper to CO, storage onboard to captured CO, by the
absorber. The annual amount of the CO, captured by the
system is calculated by using the annual amount of the CO,
emission emitted from the ship into the atmosphere and CO,
capture rate (%), as shown in Equation (14).

Annual CO, captured=Annual CO, emission*CO,
capture rate (14)

2.2. Economic Model

The carbon capture cost of the system per ton of CO,
captured (C,..) was obtained for different solvents in
economic analysis. The equipment and its installation cost
(C,) and the other capital cost (C,), such as engineering
services and commissioning, are calculated using ASPEN
software. The total capital cost (C,) is calculated by the sum
of the equipment and its installation cost (C,,) and the other

capital cost (C ), as shown in Equation (15).
C,=C,+C, (15)

The annualized total capital cost (C,,) is computed by
using C, and the capital recovery factor (CRF), as shown in
Equations (16, 17). The life of a ship is assumed as 25 years
(n) and interest rate (i) is assumed as 10% without inflation
[21].

CRF = i(1+9)

TR 1o

C, = C,CRF (17)

The annual operational cost (C, ) is calculated by using the
freight loss cost (C,,) due to the weight of the CCS system
and additional fuel consumption cost (C,,.) due to the
additional power need for the system, as shown in Equation

(18).
C,=¢C,+C,,. (18)

Al
The annual life cycle cost (C,, ) is calculated by using the

annualized total capital cost (C,,) and the annual operational
cost (C, ), as shown in Equation (19).
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9 e = CAT+ CAO (19)

A

C 18 the ratio of the annual life cycle cost (C,

captured annually (7,

L) to the CO,

c4)» as shown in Equation (20).

CALC
Cree = T, (20)

3. Specification of The Tanker, Selected Solvents
and The CCS System

3.1. Specification of the Tanker

In this study, the ship considered and her properties of the
diesel main engine at various engine loads are given in
Tables 1 and 2.

EFs for a slow-speed marine diesel engine are used in this
study. EFs are 3170 kg/ton of fuel for CO,, 7.4 kg/ton of fuel
for CO, 87 kg/ton of fuel for NO, and 54 kg/ton of fuel for
SO, [22].

3.2. Properties of Selected Solvents

In this study, MEA, PZ and, NH, are considered as solvents.
MEA’s chemical formula is C,H NO and its molecular weight
is 61.1 g. Its density at 20 °C is 1016 kg/m?, and its melting
and boiling points are 4 and 167 °C, respectively [23]. PZ’s
chemical formula is C,H, N, and its molecular weight is 86.1

g. Its density at 50 °C is 1020 kg/m?, and its melting and
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boiling points are 35-45 and 110 °C, respectively [23]. NH,’s
chemical formula is NH, and its molecular weight is 17 g. Its
density at 15 °C is 0.73 kg/m?, and its melting and boiling
points are -77.7 and -33.3 °C, respectively.

3.3. Properties of the CCS System

In the CCS system, the CO, emissions from the exhaust gas
of the main engine is captured in the absorber. The CO,-
rich solvent is directed to pump to transfer to heat exchanger,
whereas the clean gas from the residual exhaust gas is
released. CO,-solvent mixture is directed to stripper after
heating by the heat exchanger. CO, is separated from the
mixture in the form of gas in the stripper by heating and
transferred to the CO, storage tank on-board and liquefied.
CO,-solvent mixture without CO, is cooled by the heat
exchanger to re-use and directed to absorber, as shown in
Figure 1.

Additional power is required for CCS due to processes such
as, heating, cooling, pumping, and liquefaction. Also, extra
space is needed for CO, storage in ships. The dimensions
of the absorber and the stripper, and the power of the heat
exchanger, and the pump are significant on carbon capture
rate, the cost per ton of CO, captured, and occupied area on
a ship. CCS system has also effects on the stability of ships
because of its extra weight, area and location at a ship and
freight revenue because of decreasing the amount of goods

Table 1. The particulars of the ship [22]. transported. The main aim of the carbon capture systems is

Features Value contributing to f:leaner anq more su.staiFlable envirfmr.nent

based on regulations regarding reduction in GHG emissions.

Length overall 183 m The optimization of the cost and dimensions of these systems

Beam 322m are important to use widely on ships. In this study, MEA,

Draft 16.5m PZ and, NH, are considered as solvents. The carbon capture

Deadweight 49,990 t system is located at the near of the funnel of the ship [24].
Installed power (main engine) 10,320 kW
Table 2. The properties of the main engine at various engine loads [22].
tzzzéfoﬁa:;:?;lg Power (kW) SFOC (g/kWh) = Exhaust gas mass flow rate (kg/s) | Exhaust gas temperature (°C)
100 10,320 176.4 23.4 255
95 9,804 175.1 22.4 248
90 9,288 174.1 21.7 243
85 8,772 173.3 20.9 239
80 8,256 172.7 20.1 236
75 7,740 172.3 19.1 235
70 7,224 172.2 18.2 235
65 6,708 172.5 17.1 237
60 6,192 173.0 16.1 240
55 5,676 173.9 14.9 244
50 5,160 174.8 13.8 250
SFOC: Specific fuel oil consumption

27



Bobiir et al.
An Investigation on the Effects of Different Solvents

4. Results and Discussion

4.1. Capturing Performance Analysis

Capturing performance analysis is carried out by using
ASPEN HYSYS package program in this study. Firstly,
solvents and fluids considered in this study are selected in
the component list. Then, the solution method is selected.
Acid gas-chemical solvents package is used in this study.
Additionally, acid gas-chemical solvents package is a method,
which is developed with the Peng-Robinson equation of state
for vapor phase. Afterwards, the components in this system
are selected and the system is formed. Conditions, such as
temperature, pressure, and mass flow rate, are determined in
this system. Lastly, CO, capture rates are obtained for MEA,
PZ, and NH, at the engine load of 85%, cruising mode. The
temperature of 30 °C and the pressure of 102 kPa are used
for all solvents in this study. The volumetric flow rates of
these solvents are 150, 168 and 248 m?/h for MEA, PZ, and
NH, solvents, respectively. The diameter and height of the
absorber and stripper columns, space available on the ship for
the CCS system, annual operational time of the main engine
of the ship, and CO, EF (g-CO,/kWh) of the marine main
engine are some key parameters in capturing performance
analysis. In this study, the absorber and stripper columns’
diameters are equal and 1.5 m according to the general
arrangement of the tanker. Both absorber and stripper have
10 stages. Also, they are tray columns and tray spaces are
0.6 m. Mass transfer in these columns are computed using
the mass, equilibrium, summation of vapor and liquid
compositions and heat (MESH) equations by Aspen HYSYS
software based on the equilibrium-based model [18].

a—bd-
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Additionally, the composition of exhaust gas is modelled
as nitrogen of 67%, CO, of 12%, water of 11%, and oxygen
of 10% by weight, respectively [25]. The annual amount of
the CO, emission emitted from the ship into the atmosphere
at the engine load of 85%, cruising mode, for a duration of
6400 hours of operational time is calculated as 30,842 tons
of CO,. CO, capture rates are calculated as 30.9%, 36.7%
and 54% for MEA, PZ and NH, solvents, respectively. Also,
the annual amounts of CO, captured are obtained as 9,530
tons, 11,319 tons and 16,655 tons for MEA, PZ and NH3
solvents, respectively. Annual CO, captured is maximum
for NH, solvent because of higher CO, capture rate of NH,
solvent compared to other solvents in this study, as shown in
Figure 2.

4.2. Economic Analysis

Economic analysis is conducted for MEA, PZ and, NH, 30
wt% (wt: percentage by weight) at the engine load of 85%,
cruising mode. In the scope of this analysis, the carbon
capture cost of the system per ton of CO, (C,,..) is calculated
using the system annual life cycle cost and the annual amount
of the CO, captured by the system. The cost of the system
consists of equipment, construction, buildings, engineering
and supervision costs [26]. In this analysis, the share of this
types of costs are 50.5%, 29%, 4.7% and 15.8%, respectively.
The equipment and its installation cost (C,)) is calculated as
$2,001,330 and the other capital cost (C,) is $516,067. The
total capital cost (C,) is $2,517,397 and the CRF is calculated
as 0.11 for the life of a ship of 25 years (n) and interest rate
(i) of 10% without inflation. The annualized total capital cost
(C,,) is $277,342. Also, the annual operational cost (C "0
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Figure 1. Schematic of CCS system considered in this study.

CCS: Carbon capture and storage, CO,: Carbon dioxide, MEA: Mono-ethanolamine

28



J Nav Architect Mar Technol
2026,228:24-31

18000 16655
16000

14000

12000 11319
9530

10000 B MEA

8000 mPZ
6000 B Ammonia
4000

2000

Annual amount of CO, captured [t]

Solvents 30 wt%

Figure 2. Relation between solvents and annual CO, captured by
the CCS system.

CCS: Carbon capture and storage, MEA: Mono-ethanolamine,
CO,: Carbon dioxide, PZ: Piperazine

is calculated as $510,159 with the assumption of additional
fuel consumption cost of the system for capturing the CO,
emissions as 5% of the fuel consumption of the ship and
freight loss cost as 10% of the sum of the equipment and its
installation cost (C,)) and the buildings cost [18]. Also, the
annual life cycle cost (C,, ) is calculated as $787,501, as
shown in Table 3.

C,cc 1s $82.6 for MEA solvent for the CO, capture rate of
30.9%, $69.6 for PZ solvent for the CO, capture rate of
36.7% and $47.3 for NH, solvent for the CO, capture rate of
54%, as shown in Figure 3.

LC

Cycc 1s minimum for NH, solvent because of higher annual
CO, captured for NH, solvent compared to other solvents
in this study. Moreover, the EU Emission Trading System
(ETS) is a regulation set by the EU. With the ETS, ships
pay for their emissions emitted into the atmosphere and the
price is determined by the EU using the value of the amount
of annual emission from ships and the EU ETS prices are

shown in Figure 4.
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Figure 3. Relation between solvents and C,.. of the CCS system.

CCS: Carbon capture and storage, MEA: Mono-ethanolamine,
PZ: Piperazine

Table 3. Cost components of the CCS system.
Features Values
c, $2,001,330
c, $516,067
C, $2,517,397
C, $277,342
Co $510,159
Coc $787,501
CRF 0.11
n 25 years
i 10%
CCS: Carbon capture and storage, CRF: Capital recovery factor
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Figure 4. Trends in EU ETS between 2004 and 2024 [$/tonCO,] [27].

EU: European Union, ETS: Emission Trading System
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C,.. for MEA and PZ in this study is higher than the EU

E%CSC price in 2024. However, the cost for NH, is less than
the EU ETS price in 2024. According to the new EU ETS
II, carbon prices (in European Currency Unit) can go up
€122/tCO, ($144/tCO,) in 2030 and a mean of €99/tCO, at
the period of 2027 and 2030 [28]. In the near future, this
technology can be considered economically feasible with
increasing ETS prices and decreased C, .. for ships. When

PCC

C,1s higher than ETS and/or carbon tax, this is a barrier

for these systems to be feasible for ship owners. Therefore,
studies for the reduction of C, .. are important for cleaner
and sustainable shipping. Economic results from this study

and the literature are given in Table 4.

Table 4. Economic results from this study and the literature.

Carbon capture cost ($/tonCO,) References
149 (capture rate of 60%) (17]
117 (capture rate of 90%)
70.34 (capture rate of 91%) [29]
65.35 (capture rate of 34.5%) [15]
77.50 (capture rate of 73%) [21]
389  (capture rate of 60%) (30]
296  (capture rate of 80%)
82.6 (capture rate of 30.9%)
69.6 (capture rate of 36.7%) From this study
47.3 (capture rate of 54%)

According to Table 4, most of C, .. from different studies
are higher than the EU ETS prices. Therefore, the results in
this study are consistent with various studies in the literature.
Cost-effective reduction of CO, emissions released from
ships into the atmosphere is important for the widespread use
of carbon capture systems. Also, CCS on ships are important
to reduce the adverse effects of the emissions of ships to the

environment and human health.

5. Conclusion

The effects of MEA, PZ and NH3 solvents on the carbon
capture costs and CO, capture rates of the carbon capture
system aboard a tanker were investigated for 30 wt% solvents
in this study. Capturing performance and economic analyses
of the CCS system aboard the 49.990 DWT tanker were
performed using ASPEN HYSYS software. For different
solvents, annual CO2 emission amounts and CO2 capture
rates (%) were obtained at 85% engine load-cruise mode.
The annual amount of the CO, emission emitted from the
ship into the atmosphere at the engine load of 85%, cruising
mode, for a duration of 6400 hours of operational time is
calculated as 30,842 tons of CO,. For MEA solvent 30 wt%,
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CO, capture rate is calculated 30.9% and the annual amount
of CO, captured is 9,530 tons. Also, C,.is $82.6 for MEA
solvent 30 wt%. C,.is $69.6 for PZ solvent 30 wt% for the
CO, capture rate of 36.7% and the annual amount of CO,
captured is 11,319 tons. Also, C,..is $47.3 for NH, solvent
30 wt% for the CO, capture rate of 54% and the annual
amount of CO, captured is 16,655 tons. C, .. in this study
for MEA and PZ is higher than the EU ETS price in 2024.
Whereas, the cost for NH, is less than the EU ETS price
in 2024. This technology can be considered economically
feasible with increasing ETS prices and decreased carbon
capture cost per ton of CO, captured for ships. CCS on ships
are important to reduce the adverse effects of the emissions
of ships to the environment and human health in order to
have cleaner and sustainable shipping industry based on the

IMO’s net zero emissions target by 2050.

Acknowledgements

The authors thank the Turkish Scientific and
Technological Research Council of Tiirkiye, TUBITAK
(2224-A-1919B022507858) and  Istanbul  Technical
University, BAP (FHD-2025-47373 and Project ID: 47929)
for the financial support they received during their research.

Footnotes

Authorship Contributions

Concept: E. Giiler, and S. Ergin, Design: F. Bobiir, and E.
Giiler, Data Collection or Processing: F. Bobiir, E. Giiler,
and S. Ergin, Analysis or Interpretation: F. Bobiir, E. Giiler,
and S. Ergin, Literature Review: F. Bobiir, E. Giiler, and S.
Ergin, Writing: F. Bobiir, E. Giiler, and S. Ergin.

Conflict of Interest: No conflict of interest was declared by
the authors.

Financial Disclosure: The authors would like to thank
Istanbul Technical University Scientific Research Projects
Coordination Unit (BAP) for providing financial support to
the project numbered 44432.

References

[1] T. Wilberforce, A. G. Olabi, E. T. Sayed, K. Elsaid, and M. A.
Abdelkareem, “Progress in carbon capture technologies,” Science of
the Total Environment, vol. 761, 143203, Mar 2021.

[2] UNCTAD, “Review of maritime transport 2023.” Accessed: Dec 12,
2024. [Online]. Available: https://unctad.org/system/files/official-
document/rmt2023_en.pdf

[3] E. K. Hansen, H. B. Rasmussen, and M. Liitzen, “Making shipping
more carbon-friendly? Exploring ship energy efficiency management
plans in legislation and practice,” Energy Research & Social Science,
vol. 65, 101459, Jul 2020.

[4] S. Lee, “Analysis of the effects of EEDI and EEXI implementation
on CO2 emissions reduction in ships,” Ocean Engineering, vol. 295,
116877, Mar 2024.



J Nav Architect Mar Technol
2026,228:24-31

[5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

IMO, “IMO regulations to introduce carbon intensity measures enter
into force on 1 November 2022.” Accessed: Dec 14, 2024. [Online].
Available: https://www.imo.org/en/MediaCentre/PressBriefings/
pages/ClII-and-EEXI-entry-into-force.aspx

European Parliament, “Monitoring, reporting and verification of
CO2 emissions from maritime transport.”, Accessed: Dec 14, 2024.
[Online]. Available: https://www.europarl.europa.eu/thinktank/en/
document/EPRS_BRI(2019)642224

IMO, “2023 IMO Strategy on Reduction of GHG Emissions from
Ships.” Accessed: Dec 14, 2024. [Online]. Available: https://www.
imo.org/en/OurWork/Environment/Pages/2023-IMO-Strategy-on-
Reduction-of-GHG-Emissions-from-Ships.aspx

European Commission, “Stepping up Europe’s 2030 climate
ambition.” Accessed: Dec 14, 2024. [Online]. Available: https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=celex:52020DC0562

G. Mallouppas, and E. A. Yfantis, “Decarbonization in shipping
industry: a review of research, technology development, and
innovation proposals,” Journal of Marine Science and Engineering,
vol. 9, pp. 415, Apr 2021.

N. Van Duc Long, et al. “Improvement of marine carbon capture
onboard diesel fueled ships,” Chemical Engineering and Processing-
Process Intensification, vol. 168, 108535, Nov 2021.

S. Tavakoli, et al. “Exploring the technical feasibility of carbon
capture onboard ships,” Journal of Cleaner Production, vol. 452,
142032, May 2024.

P. Brandl, M. Bui, J. P. Hallett, and N. Mac Dowell, “A century of re-
exploring CO, capture solvents,” International Journal of Greenhouse
Gas Control, vol. 120, 103771, Oct 2022.

S. Zhou, et al. “Experimental study on carbon capture characteristics
of marine engine exhaust gas by activated potassium carbonate
absorbent,” Environmental Science and Pollution Research, vol. 30,
pp. 80416-80431, Jun 2023.

X. Mao, H. Chen, Y. Wang, X. Zhu, and G. Yang, “Study on
benzylamine (BZA) and aminoethylpiperazine (AEP) mixed
absorbent on ship-based carbon capture,” Molecules, vol. 28, 2661,
Mar 2023.

E. Giiler, and S. Ergin, “An investigation on the solvent based carbon
capture and storage system by process modeling and comparisons with
another carbon control methods for different ships,” International
Journal of Greenhouse Gas Control, vol. 110, 103438, Sep 2021.

K. Bayramoglu, “Application of post-combustion carbon capture
process in marine diesel engine,” Energy Sources Part a Recovery
Utilization and Environmental Effects, vol. 45, pp. 10909-10925, Aug
2023.

J. A. Ros, et al. “Advancements in ship-based carbon capture

technology on board of LNG-fuelled ships,” International Journal of

Greenhouse Gas Control, vol. 114, 103575, Feb 2022.

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Bobiir et al.
An Investigation on the Effects of Different Solvents

E. Giiler, and S. Ergin, “An investigation of the cooling, heating and
power systems integration with carbon capture and storage for LNG
carriers,” Ships and Offshore Structures, vol. 19, pp. 610-624, Mar
2023.

A. Awoyomi, K. Patchigolla, and E. J. Anthony, “CO,/SO, emission
reduction in CO, shipping infrastructure,” International Journal of
Greenhouse Gas Control, vol. 88, pp. 57-70, Sep 2019.

C.Ji, S. Yuan, M. Huffman, M. M. El-Halwagi, and Q. Wang, “Post-
combustion carbon capture for tank to propeller via process modeling
and simulation,” Journal of CO2 Utilization, vol. 51, 101655, Sep
2021.

X. Luo, and M. Wang, “Study of solvent-based carbon capture for
cargo ships through process modelling and simulation,” Applied
Energy, vol. 195, pp. 402-413, Jun 2017.

M. Akman, and S. Ergin, “An investigation of marine waste heat
recovery system based on organic Rankine cycle under various
engine operating conditions,” Proceedings of the Institution of
Mechanical Engineers Part M Journal of Engineering for the
Maritime Environment, vol. 233, pp. 586-601, May 2018.

Nouryon, “Product data sheet.” Accessed: Jan 2, 2025. [Online].
Auvailable: https://www.nouryon.com/products/

DNV, “The potential of onboard carbon capture in shipping.”
Accessed: Dec. 15, 2024. [Online]. Available: https://www.dnv.com/
maritime/publications/the-potential-of-onboard-carbon-capture-in-
shipping-download/

I. A. Resitoglu, K. Altinisik, and A. Keskin, “The pollutant emissions
from diesel-engine vehicles and exhaust aftertreatment systems,”
Clean Technologies and Environmental Policy, vol. 17, pp. 15-27,
Jun 2014.

Chemical Engineering, “The chemical engineering plant cost
index.” Accessed: Jan 14, 2025. [Online]. Available: https://www.
chemengonline.com/pci-home

World Bank Group, “State and trends of carbon pricing
dashboard.” Accessed: Jan 3, 2025. [Online]. Available: https:/
carbonpricingdashboard.worldbank.org/compliance/price

BloombergNEF, Bloomberg Philanthropies, and European Climate
Foundation, “EU ETS II pricing scenarios: balancing cuts and costs.”
Accessed: Sep 22, 2025. [Online]. Available: https://assets.bbhub.
io/promof/sites/16/EU_ETS_II_Pricing_Scenarios_Balancing_Cuts_
and_Costs.pdf

F. Zea, D. Tinoco, and C. Varela, “A techno-economic evaluation
of post-combustion carbon capture using renewable ammonia with
different process configurations,” Case Studies in Chemical and
Environmental Engineering, vol. 8, 100502, Dec 2023.

M. Feenstra, J. Monteiro, J. T. Van Den Akker, M. R. Abu-Zahra,
E. Gilling, and E. Goetheer, “Ship-based carbon capture onboard of
diesel or LNG-fuelled ships,” International Journal of Greenhouse
Gas Control, vol. 85, pp. 1-10, Jun 2019.

31



<

RESEARCH ARTICLE Elgis
DOI: 10.54926/jnamt.2026.2641 e

J Nav Architect Mar Technol 2026;228:32-42

Effect of Hull Form Variations on Slamming and Dynamic
Response in a Naval Vessel

® Marcelo de Oliveira Predes

Brazilian Navy, Rio de Janeiro, Brazil

To cite this article: M. O. Predes. Effect of hull form variations on slamming and dynamic response in a naval vessel. J Nav Architect Mar Technol.
2026;228:32-42.

Received: 13.01.2026 - Revision Requested: 14.02.2026 - Last Revision Received: 23.02.2026 - Accepted: 02.03.2026 - Publication Date: 17.03.2026

Abstract

This study evaluates the influence of specific hull-form parameters on slamming behavior. The hull of a military frigate was adopted as the baseline
geometry, and systematic variations were generated by modifying one form parameter at a time. Ship motions were evaluated using a strip-theory-
based seakeeping program, from which radiation damping and hydrostatic restoring coefficients were obtained, together with relative displacements
and velocities at the critical hull location. Slamming occurrence frequency was then estimated by combining the motion responses with long-term
wave statistics, allowing a probabilistic assessment under realistic sea conditions. The results indicate that variations in hull geometry, particularly
near the waterplane area, significantly influence the probability of slamming. The main contribution of this work lies in the direct and isolated
evaluation of hull-form parameters and their quantitative relationship with slamming behavior and global dynamic response, providing practical
insights for hull-form optimization during the preliminary design stage.

Keywords: Slamming probability, Hull form variation, Ship seakeeping, Dynamic response analysis

1. Introduction

Within seakeeping dynamics, slamming is typically defined
as the violent impact of a ship’s hull against the water surface.
These events can cause damage to onboard equipment and
compromise the vessel’s structural integrity. Their occurrence
and severity are closely linked to both environmental conditions
and specific hull design features, potentially limiting a
ship’s operational effectiveness. Consequently, reducing the
likelihood of slamming and its associated impact forces has
become a key objective in naval architecture, especially for
vessels operating at high speeds or in rough seas. To optimize
hull form regarding seakeeping, it is essential to recognize
that a ship’s dynamic behavior is largely governed by global
variations in geometry [1]. Thus, refining hull parameters
during the early design stages is crucial to improving overall

performance. A practical approach involves characterizing
the hull using a set of geometric parameters that allow for
systematic performance evaluation.

Several studies have adopted this strategy. Bales [2] applied
regression analysis to correlate destroyer-type hull responses
with specific form parameters. Lloyd [3] analyzed the
influence of hull size and shape on the vertical motions of a
frigate, assessing absolute vertical acceleration and relative
bow displacement-linked respectively to crew comfort and
slamming occurrence. The study concluded that larger hulls
(with unchanged form) exhibited attenuated vertical motions.
It also found that a lower draft-to-length ratio generally
reduced motions but increased the likelihood of keel
emergence. Additionally, increasing the forward waterplane
area coefficient (C,,) was shown to reduce both absolute
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and relative vertical motions and decrease keel emergence
probability. In a more recent contribution, [4] investigated
seakeeping improvements in a catamaran-type vessel using
parametric transformations via the Lackenby method. The
study varied block coefficient (C,) and longitudinal center
of buoyancy (LCB) by +10% relative to a baseline model.
Analyses were conducted under both regular and irregular
wave conditions, incorporating regional sea characteristics.
All generated hulls were verified for stability and resistance.
Results indicated that variations in LCB and C,, significantly
influenced seakeeping, while changes in C, had relatively
minor effects. Hakim et al. [5] performed a comparative
analysis of slamming probability between U- and V-shaped
hull sections using strip theory. Their findings showed that
U-shaped hulls had a 20-35% higher likelihood of slamming,
emphasizing the role of hull section geometry in impact
vulnerability.

More recently, computational fluid dynamics (CFD) methods
have been employed to provide deeper insights into slamming
and seakeeping behavior. Liao et al. [6] used a Reynolds-
averaged Navier—Stokes-based CFD solver with overset grids
to analyze trimaran seakeeping and slamming in oblique
waves, highlighting distinct behaviors from monohulls and
revealing severe bow slamming and green water events
under varying speeds and headings. Kapsenberg [1], in
earlier work on hull optimization, proposed a methodology
combining polynomial functions and Lewis transformations
to generate new hull forms. While his method yielded notable
performance improvements, the resulting geometries were
deemed unrealistic for practical application.

Building upon these foundations, the present study
investigates how variations in selected hull form parameters
affect a ship’s dynamic behavior, with particular emphasis on
slamming prediction. The proposed methodology involves
independent variation of each parameter, enabling isolated
assessment of its influence on ship motions and slamming
probability. The analysis incorporates seakeeping simulations

Marcelo de Oliveira Predes.
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based on linear potential theory, including excitation forces,
damping coefficients, and relative motions and velocities at
a critical point near the bow keel, where slamming is most
likely to occur.

2. Parametric Hull Form Variations

This study uses the hull of the Dutch frigate Friesland as
the reference geometry for analysis. Figure 1 presents the
body plan of the reference geometry, reconstructed from
the original offsets data, which serves as the basis for the
implemented Bézier and Lewis sectional modifications. The

main characteristics of the baseline hull are summarized in
Table 1.

Table 1. Main characteristics.
L, 1124 m
B 11.74 m
T 4.0l m
" 0.562
Pitch radius of gyration 0.233L,
Displacement 3046 tons

Due to their relatively smaller size compared to large
commercial vessels and their high-speed operational profile,
frigates are particularly susceptible to slamming events.
Such impacts can damage not only the ship’s structure but
also critical onboard systems such as sensors, weapons,
and ammunition. Hull geometry and seakeeping data for
this vessel type are available in [7], which provided the
foundation for model generation.

To investigate the influence of specific geometric features
on ship response, four hull form parameters were selected
for variation:

1. Longitudinal Center of Buoyancy (LCB/L
2. Block Coefficient (C,),
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3. Longitudinal Center of Flotation (LCF/L
4. Waterplane Area Coefficient (C

PP)’

WP)'

A custom algorithm was developed to generate a large
number of hull geometries derived from the baseline model.
A filtering process was then applied to retain only those
variants in which a single parameter deviated meaningfully
from the original configuration, while the remaining three
parameters remained close to their baseline values. This
ensures that each selected variation isolates the influence of
one geometric factor, enabling valid comparative analysis.
From this filtered set, the most extreme values observed for
each parameter—maximum and minimum—were chosen to
define the eight final configurations used in the study:

e LCB (+): center of buoyancy shifted forward,
e L.CB (-): center of buoyancy shifted aft,

e C, (+): higher block coefficient (fuller hull),
e C, (-): lower block coefficient (finer hull),

e LCF (+): center of flotation shifted forward,
e LCF (-): center of flotation shifted aft,

e C,, (+): higher waterplane area coefficient,
e C,, (-): lower waterplane area coefficient.

The complete methodology used to generate, filter, and
select the hull variants is detailed in previous work [8],
which outlines the geometric framework adopted. A later
publication [9] complements this discussion by offering
further analysis and interpretations of the parametric
variation approach. Based on that process, eight extreme
configurations were identified, each designed to isolate the
effect of a single hull form parameter while keeping the
remaining parameters approximately constant. Notably, more
pronounced variations were achieved for the LCF/L,, and
C,, parameters, whereas the LCB/L,,, and C, variations were
more constrained due to the geometric interdependencies. In
order to verify the basic feasibility of the selected variants, all
eight hulls were subjected to preliminary stability analyses.
Intact stability was assessed according to the criteria defined
by the International Maritime Organization (IMO) in
Resolution A749(18) (IMO, 1993), and all configurations
were found to be compliant. The final values associated with
each extreme case are summarized in Table 2.
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In addition to the geometric constraints previously
described, the normal draft, maximum beam, length between
perpendiculars, and the longitudinal profile were kept
constant for all hull variants. Furthermore, the sectional beam
distribution along the hull was interpolated using a second-
degree polynomial function in order to avoid abrupt contour
variations at the waterplane. These measures ensured geometric
smoothness and consistency across all configurations.
Although the selected cases represent extreme values within
the investigated parameter ranges, the resulting hull forms
remain within the family of conventional displacement ships,
preserving sectional characteristics compatible with the
assumptions underlying linear strip theory.

3. Mathematical Formulation

3.1. Governing Theory and Hydrodynamic Model

The hydrodynamic modeling adopted in this study is based on
linear potential flow theory within the strip theory framework.
The fluid domain is assumed to be incompressible, inviscid
and irrotational, which permits the use of a velocity potential
¢ that satisfies the Laplace equation (Equation 1):

Vip=0 (1)
This potential must also satisfy boundary conditions at the
free surface, hull surface, sea bottom (if applicable), and at
infinity. The ship is modeled as a rigid body advancing at
constant forward speed in calm water, disturbed by regular
or irregular waves. For ships with longitudinal symmetry
and slender hull forms, the hydrodynamic forces in surge
(longitudinal translation) are significantly smaller than those
in heave and pitch and can be neglected without compromising
accuracy. Therefore, the system of equations is simplified by
considering only vertical (heave) and angular (pitch) motions
in the vertical plane. Figure 2 illustrates the coordinate
system adopted in this study, with the origin located at the
center of gravity (CG). The x-axis is aligned with the ship’s
longitudinal direction, the z-axis is positive upwards, and the
y-axis completes the right-handed coordinate system.

The equations of motion in the frequency domain for heave
and pitch are given by Equation (2):

[—0*(M + A(w)) + iwB(w) + C] n(w) = F(w) 2)

Table 2. Extreme values.
Parameter Base LCB (-) LCB (+) C,(-) C,(+) LCF (-) LCF (+) C,p ) C,p (+)
LCBIL,, 0.489 0.447 0.510 0.358 0.590 0.435 0.515 0.777 0.867
C, 0.562 0.563 0.561 0.490 0.489 0.793 0.793 0.463 0.460
LCFIL,, 0.461 0.462 0.461 0.462 0.462 0.489 0.491 0.492 0.492
Cip 0.794 0.796 0.792 0.796 0.796 0.560 0.559 0.561 0.561
LCB: Longitudinal center of buoyancy, LCF: Longitudinal center of flotation
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Figure 2. Coordinate system and six degrees of freedom used in the hydrodynamic analysis (adapted from [8]).

Where  is the encounter frequency, M is the mass matrix,
A(w) is the added mass, B(w) is the radiation damping, C
is the hydrostatic restoring stiffness, #(w) is the motion
response vector (heave and pitch), and F(w) is the wave
excitation force vector. For the parametric hull variants
analyzed in this study, the rigid-body mass matrix M was
updated to account for the corresponding displacement
variations. However, the pitch radius of gyration about
the transverse axis was assumed constant and equal to
that of the baseline hull. This simplifying assumption was
adopted due to the complexity associated with reliably
estimating structural mass redistribution for each geometric
modification. Therefore, variations in pitch response are
primarily attributed to hydrodynamic and hydrostatic
changes rather than modifications in mass distribution.

To obtain the hydrodynamic coefficients and wave loads,
strip theory is applied as formulated by [10]. The hull is
divided into transverse sections, and the two-dimensional
potential problem is solved at each section. The global
response is then determined by integrating along the ship’s
length. This approach provides a practical compromise
between computational efficiency and accuracy, especially
for seakeeping evaluations of slender hulls in moderate
sea states. The simulations in this work were conducted
using the Seaway Octopus software, which implements this
methodology.

3.2. Ship Response in Waves

The ship’s dynamic behavior under wave excitation
was evaluated through simulations in both regular and
irregular seas, using linear frequency-domain potential
theory. In the regular wave approach, the vessel is

subjected to monochromatic waves across a range of
encounter frequencies to determine its fundamental
response characteristics. This results in the response
amplitude operators (RAOs), which quantify the motion
response as a function of frequency and serve as the
foundation for spectral analysis in irregular seas. To
compute the motion response #(w) at each frequency, the
linear equations of motion described in Section 3.1 are
solved in the frequency domain (Equation 3):

nw) = —[—0*(M + A)) + iwB(w) + C]™" *F(w) 3)

The RAO for each motion component is given by Equation (4):
(@)
“)

¢

a

RAO, (@) =

Where ¢ is the wave amplitude and n(w) is the complex motion
amplitude. In this study, the analysis focused on heave (#,) and
pitch (n7,), while surge, roll, and yaw were neglected due to
the longitudinal symmetry of the hull and the head-sea wave
condition. Local kinematic responses were also evaluated at a
specific analysis point P, located 10% of the ship length from
the forward perpendicular, at the keel level. This location
lies within the forward impact region commonly adopted
in preliminary slamming assessments and is representative
of the bow flare area under head-sea conditions. At this
point, both absolute and relative motions were computed for
vertical displacement and pitch-induced rotation. For heave,
the absolute vertical displacement is denoted by s,(), and
the wave elevation at the same location is ,(#). The relative
vertical displacement between the hull and the wave at point P
is therefore expressed according to Equation (5):

r = s -0 )
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Pitch-induced contributions to the vertical motion at this
location were also taken into account, based on the pitch
angle n,(#) and the longitudinal offset of point P from the
CG. The resulting combined vertical response, which
includes both heave and pitch effects, is given by Equation

(6):
r® = 0= O+x, 10 (6)

Where x, is the longitudinal distance from the CG to point P,
taken positive in the forward direction. The relative vertical
velocity at this point is then obtained by differentiating
Equation (6) with respect to time, as shown in Equation (7):

v =r@®n® —¢,®+x, 7.0 @)

These quantities were computed in the frequency domain
and stored in amplitude-phase format, such as r,, ¢, for
displacement and v , £, for velocity, to support later analyses
of slamming occurrence and hydrodynamic performance
comparison. To represent realistic sea conditions, irregular
wave responses were evaluated using spectral analysis.
The Bretschneider spectrum, defined by Equation (8), was
adopted to describe the wave energy distribution:

173 H?
_ B3 s -692 _,
S.= o exp{—ﬁ » } ®)

Where H, _ is the significant wave height and 7 is the mean
wave period. The corresponding motion response spectrum
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for each motion component n(w) was calculated using
Equation (9):

S”(a)) = |RAOw|2*Sg(a)) 9)

Finally, the zeroth-order spectral moment, used later in
the slamming probability formulation, was obtained by
numerical integration of the motion spectrum, as shown in
Equation (10):

m, = /:Sn(w)da) (10)

These spectral moments were evaluated for both relative
displacement and velocity at point P. In combination
with long-term sea statistics, they form the basis for
the probabilistic assessment of slamming events. To
ensure that the computed responses reflect realistic
and demanding operational conditions, wave data were
extracted from the Octopus statistical database for a region
near the southern tip of South America, where adverse sea
states are frequent. The joint probability distribution of
significant wave height and mean wave period used in this
study is shown in Figure 3. These values were applied to
compute weighted slamming probabilities across multiple
sea states, incorporating real-world operational variability
into the evaluation.

3.3. Slamming Predictions
The probabilistic estimation of slamming occurrence in
this study is based on the method originally proposed by
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Ochi [11], which defines the event as resulting from the
simultaneous occurrence of two statistically independent
conditions at a critical point on the hull: 1) emergence
of the point above the free surface, and 2) its reentry
with a vertical velocity exceeding a critical threshold.
This dual-condition approach provides a simplified yet
robust framework for evaluating slamming frequency in
irregular seas. In this study, the critical point P is located
at 10% of the ship’s length from the bow along the keel,
where slamming is most likely to occur. To model sea
conditions, the Bretschneider spectrum was employed
to represent irregular waves. For each sea state in the
long-term database, the zeroth-order spectral moments
of displacement and velocity at poin P — m . and m,,

respectively—were computed. These values serve as
the basis for evaluating the probability of each slamming
condition. The critical reentry velocity V., was computed
using the empirical expression derived by [12], based on
Froude similarity [Equation (11)]:
V., = 0.093+/gL (11)

The probability that the vertical velocity v, at point P exceeds
this critical threshold is given by Equation (12):

VZ
CR
Pr{v3> VCR} = exp(— 2m0v>

Simultaneously, the probability that the absolute displacement
at P exceeds the local draft 7', is defined by Equation (13):

12)
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Assuming statistical independence between the two
conditions, the overall probability of slamming per wave
cycle is computed using Equation (14):

T‘P2 _ VC??)
szS 2’nOV
To obtain long-term probability estimates, the results were
weighted by the joint probability distribution of significant

wave height and mean wave period, as shown in Figure 2.
The weighted formulation is expressed in Equation (15):

Pr{Slam} = exp(— (14)

Pr(Slam), = 2% Pr(Slam), Pr(H,,.T,) (15)

The mean encounter period at point P, based on the spectral
moments, is given by Equation (16):

m
0S
T, = 2n\/ m,,

Thus, the expected number of slamming events per hour is
computed according to Equation (17):

3600
Slams/hr TZS

(16)

Pr(Slam)__ (17)

4. Results and Discussion

4.1. Hydrodynamic Coefficients

To assess the hydrodynamic effects of hull form variation,
frequency-dependent coefficients were calculated for heave
and pitch motions using linear strip theory. Among the
four investigated parameters, the block coefficient (C,) and

T2 . .
Pr {s3 S Tp} = exp (_ zn: ) (13) the wat.erplanfe ;.1rea ‘coeff%me.nt (Cyp) quduced the most
os expressive variations in excitation and radiation components.
B33
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— Cg(-)
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Q044
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we(B /2 g)O.S

Figure 4. Damping coefficient B,, for C, variants (adapted from [8]).
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Therefore, only the most representative coefficients,
specifically the heave damping coefficient B,, and the pitch
restoring stiffness C55, were selected for discussion. Other
hydrodynamic terms, such as B, or C,,, showed minimal
variation across the hull variants and were omitted for
brevity. Figure 4 presents the damping coefficient B,, for the
C,(+) and C,(-) configurations. The finer hull form C,(-)
exhibits slightly higher damping values across most of the
analyzed frequency range, particularly near the region of
maximum response. This behavior aligns with expectations,
as more slender geometries promote stronger wave radiation
due to reduced sectional area and increased curvature near
the bow and stern.

Figure 5 displays the hydrostatic restoring coefficient
C, for the C . (+) and C,(-s) models. Increasing the
waterplane area coefficient significantly enhances
the hydrostatic restoring moment in pitch, reinforcing
the importance of waterplane geometry in seakeeping
performance, especially regarding pitch stability. Other
coefficients such as B, C,, and excitation terms F, and F|
were also evaluated for C,, variants but exhibited either
low sensitivity or trends similar to those already presented.

le-8
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For brevity and focus, only the most relevant terms are
included in this discussion.

4.2. Relative Motion and Velocity

Relative vertical displacements and velocities at the keel
point P, located 10% of L, aft of the bow, were computed
for all hull variants. As introduced in Section 4.2, the relative
motion is defined as the difference between the vertical
displacement of the hull and the local wave elevation at the
same location [see Equation (5)]. This quantity is directly
related to the occurrence of slamming events. In addition,
the vertical relative velocity is essential for the probabilistic
estimation of slamming, as it determines the kinetic severity
of impact upon water reentry. Figures 6 through 9 present
the relative displacement amplitude r, at point P for each
pair of extreme hull variants, corresponding to variations in
LCB, C,, LCF, and C,,. Each configuration shows distinct
dynamic behavior, demonstrating how isolated geometric
changes affect bow response. Figure 6 compares LCB(+)
and LCB(-) variants.

Figure 7 presents C,(+) and C,(-). The fuller hull shape (C+)
exhibits higher vertical motion amplitudes, especially near
the peak response region. The lower damping and greater

Css/pBTL

10

— Cwp (+)
— Cwe ()

0.1 02

Figure 5. Restoring coefficient C for C,, variants (adapted from [8]).
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volume distribution in C,(+) contribute to this amplification
of bow dynamics.

Figure 8 shows results for LCF(+) and LCF(-). The
LCF(-) variant, with its center of flotation positioned aft,
demonstrates higher relative motion at point P, likely due to
more pronounced pitch movement, which accentuates bow
lift and drop.

Figure 9 highlights the impact of waterplane area. The
C,,(-) variant, representing a reduced waterplane, shows
significantly increased motion amplitude. This configuration

Marcelo de Oliveira Predes.
Hull Form Effects on Slamming and Dynamics

leads to lower hydrostatic stiffness and more abrupt responses
to wave excitation.

Figure 10 summarizes the vertical relative velocity
amplitude at point P for all geometric variants. As expected,
the trends observed are closely aligned with those of the
relative displacement: configurations that lead to higher
vertical excursions [such as LCB(+), C,(+), LCF(-), and
C,»(-)] also result in increased vertical velocities. These
results reinforce the role of hull form in modulating the
severity of water reentry and support the use of relative
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velocity as a key variable in slamming probability
estimations.

4.3. Slamming Ocurrence

To assess how variations in hull form affect the ship’s
vulnerability to slamming, the predicted slamming
probability (PR{slam}) was computed for each of the eight
extreme configurations. These results were derived from the
spectral moments associated with relative vertical velocity
at point P and integrated with long-term wave statistics, as
described in Section 4.3. Table 3 summarizes the predicted
probability of slamming and the corresponding number of
events per hour. Notably, most hull variants remained within
the operational threshold defined by RINAMIL (2007),
which recommends a maximum of 20 slamming events per
hour for safe operation.

To better quantify the influence of each form parameter, a
sensitivity index was defined as the change in PR{slam}
divided by the corresponding geometric variation (in
percentage points), normalized as APR/AGeomx100. This
index allows for a direct comparison of how responsive
slamming behavior is to a given parameter variation. The
results show that LCF exhibits the highest sensitivity (7.79),
indicating that even moderate shifts in the longitudinal center
of flotation can substantially affect slamming incidence.
The C,, and LCB also demonstrate moderate sensitivity,
while C, shows the lowest influence, despite its significant
geometric variation. These findings are visually reinforced
in Figure 11, which plots the geometric variation against the
corresponding PR{slam}.
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5. Limitations of the Adopted Methodology

This work is based on linear strip theory formulated within
a frequency-domain seakeeping framework. This approach
assumes linearized free-surface boundary conditions,
small-amplitude wave excitation, and linear superposition
of responses. Although widely adopted in preliminary ship
design due to its robustness and computational efficiency,
these assumptions limit the ability of the model to represent
strongly non-linear hydrodynamic phenomena.

Slamming is a transient event involving rapid variations in
wetted surface area, localized impact pressures, and non-
linear fluid-structure interaction effects. Phenomena such as
bow flare slamming, time-varying buoyancy, and possible air
entrapment are not explicitly resolved within linear potential
flow theory. Moreover, the frequency-domain formulation
does not capture short-duration time-domain impact peaks
that may occur in severe sea states.

In this study, slamming susceptibility was inferred from
relative motion criteriacombined with long-term probabilistic
analysis, rather than through direct computation of impact
pressures. The results should therefore be interpreted as
indicators of comparative trends among hull configurations,
rather than detailed predictions of local structural loads.

Non-linear time-domain solvers or high-fidelity CFD
approaches may therefore produce different absolute
magnitudes of motion amplitudes and impact-related metrics,
particularly under steep or breaking wave conditions. Such
non-linear effects could influence peak responses and
local load estimates. However, for comparative parametric
investigations within a consistent hull family, relative
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Figure 10. Relative vertical velocity amplitude at point P for all hull form variants.
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sensitivity trends are expected to be less affected by these
non-linear corrections.

The vessel was modeled as a rigid body, and hydroelastic
effects were not considered. In addition, no dedicated
experimental ~measurements or high-fidelity CFD
simulations were performed for validation. While the adopted
hydrodynamic framework is well established for preliminary
seakeeping assessment, further validation through model
testing or non-linear time-domain CFD analyses would
improve the representation of impact phenomena.

The present analysis considered only heave and pitch
motions, consistent with head-sea conditions. Surge,
roll, and yaw were neglected under the assumption of
symmetric wave encounter. However, in oblique or
quartering seas, roll-pitch coupling and asymmetric bow
immersion may influence slamming occurrence and
severity. The inclusion of additional degrees of freedom
in future time-domain analyses could provide a more
comprehensive assessment of motion-impact interaction
effects.

10

Sensitivity Index (APR{slam} / AGeom) x 100

cB LCF
Hull Form Parameter

Figure 11. Sensitivity index (APR{slam}/AGeom) for each hull
form parameter.
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The slamming assessment was restricted to a single
longitudinal location (Point P at 10% L,, from the forward
perpendicular). Although this position is situated within
the bow impact region typically adopted for preliminary
slamming evaluations, slamming susceptibility may vary
along the forward body depending on local flare geometry
and entrance shape. A distributed longitudinal assessment
considering multiple sections could reveal spatial sensitivity
variations and further refine the interpretation of local
impact risk.

Despite these limitations, the methodology remains suitable
for comparative parametric studies aimed at identifying the
relative sensitivity of hull form parameters to slamming
susceptibility in early-stage design.

6. Conclusion

This study investigated the influence of key hull form
parameters on the slamming susceptibility of a ship based on
the hull geometry of the Friesland-class frigate, considering
operation in a region near the southern tip of South America.
This area is known for severe sea states, making it an ideal
setting for evaluating slamming behavior under extreme
wave conditions. By systematically varying LCB, C,, LCF,
and C,,, eight extreme hull configurations were generated
and analyzed. The assessment considered hydrodynamic
coefficients, motion responses in waves, and a probabilistic
evaluation of slamming based on long-term sea statistics.

Among the tested parameters, LCF and CWP, which relate
to the waterplane area, exhibited the strongest influence
on slamming probability. An increase in these coefficients
reduced the likelihood of bow immersion and thus slamming
events. In contrast, volume-related parameters, particularly
the block coefficient (C,), had lower influence on the
predicted slamming incidence. Notably, C, exhibited the
smallest variation in slamming probability, despite inducing
the largest geometric modification among all parameters.

Table 3. Geometric variation, slamming probability, and sensitivity index for each hull form parameter.

Variant PR{slam} (%) Events/hour AGeom (%) APR{slam} (%) Sensitivity index (APR/AGeomx100)
Baseline 1.03 19 - - -
LCB (+) 1.36 25

14.09 0.48 342
LCB (-) 0.88 17
C, (4 1.33 25

64.80 0.62 0.96
c,0 0.71 13
LCF (+) 0.44 9

18.39 1.43 7.79
LCF () 1.87 34
C, . (+ 0.77 14

wr () 11.58 0.56 4.87

c,, ) 1.33 25
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This finding is particularly relevant for preliminary
design. Since C, greatly affects global ship geometry and
displacement characteristics, its limited impact on slamming
response suggests that it is the least suitable parameter to be
used in optimizing hull form solely to mitigate slamming.
From a design standpoint, the results support the use of
targeted variations in LCF and C,, as more effective and less
intrusive strategies to control slamming. The introduction
of a non-dimensional sensitivity index proved useful in
quantifying how geometric changes translate into changes
in slamming behavior, assisting early-stage design decisions.

Aspreviously discussed, the adopted linear frequency-domain
framework does not explicitly resolve non-linear impact
phenomena. Nevertheless, for the purpose of comparative
parametric assessment in the preliminary design stage,
the methodology proved adequate in identifying relative
slamming susceptibility trends among the investigated hull
configurations. Further refinement through non-linear or
high-fidelity approaches may enhance impact load prediction
in future studies.

Footnotes

Financial Disclosure: The author declared that this study
received no financial support.

NOMENCLATURE

A(w) Added mass matrix

B Beam at the waterline

B(w) Radiation damping matrix
C, Block coefficient

C Hydrostatic restoring matrix

CG  Center of Gravity

C,, Waterplane area coefficient
F(w) Wave excitation force vector
Significant wave height

LCB Longitudinal center of buoyancy
LCF Longitudinal center of flotation
L Length between perpendiculars
Si7 Motion response spectrum
T Draft

T, Mean wave period

T

Mean encounter period
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" Critical reentry velocity
Zeroth-order spectral moment
r Relative displacement

s Absolute displacement

12 Relative velocity

Motion response vector

oSS

Wave amplitude

Velocity potential

e &

Encounter frequency
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Abstract

This study investigates the wake dynamics and mechanisms of mean-lift generation in the two degrees of freedom forced motion of a circular
cylinder subjected to combined in-line and cross-flow oscillations. A comprehensive experimental database of 9555 force measurements and
819 Digital Particle Image Velocimetry cases was analyzed using Proper Orthogonal Decomposition. The results show that, under certain motion
conditions, a significant mean-lift coefficient arises, which is comparable in magnitude to the oscillatory component. Modal decomposition reveals
that while low-mean-lift cases are dominated by two modes that capture approximately 50% of the total flow energy in the first two subspaces, high-
mean-lift regimes show increased modal energy dispersion, where the first two subspaces account for approximately 35% of the energy and require
three dominant modes for accurate wake reconstruction. These results provide a new physical understanding of coupled forced motion interactions
and a foundation for data-driven modeling of high mean-lift regimes in offshore systems.

Keywords: 2-DOF forced motion, POD, wake asymmetry, mean lift coefficient, fluid-structure interactions

1. Introduction

Slender cylindrical structures such as marine risers, subsea
pipelines, and mooring lines are critical components of
offshore oil, gas, and renewable energy systems. These
structures are subjected to ocean currents that trigger complex
fluid-structure interactions (FSIs). A primary concern is
vortex-induced vibration (VIV), which arises from periodic
vortex shedding in the wake of a bluff body. VIV can result
in large oscillatory motions, significantly increasing fatigue
damage and compromising structural integrity [1-3]. Over
recent decades, researchers have focused on predicting VIV,
specifically regarding cross-flow and in-line oscillatory
responses.

These oscillatory behaviors have several implications.
Operationally, they can restrict serviceability and, in severe
cases, cause structural failure through accumulated fatigue
damage. For offshore structures, VIV impacts are amplified
by the combination of harsh environmental conditions
and high structural slenderness. Therefore, accurate VIV
prediction and modeling are critical for the safe design and
reliable operation of deep-water risers, mooring systems,
and related infrastructure.

VIV dynamics are nonlinear because the flow strongly
interacts with the structural motion. This interaction becomes
more complex when motion occurs in both the cross-flow
and in-line directions. While earlier works mainly focused
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on one degree of freedom (1-DOF) motion [4], real offshore
structures undergo multiple degrees of freedom vibrations.
Therefore, 2-DOF systems have shown a more accurate
approach to predict VIV [5]. Including in-line motion
complicates the vortex shedding process, significantly
changing wake patterns and hydrodynamic forces. Studies
show that in-line motion shifts the vortex shedding phase
and transforms wake structures, sometimes eliminating
vortex modes observed in purely transverse oscillations.

An experimental study investigated VIV in -elastically
mounted cylinders within low-Reynolds-number uniform
flows, identifying various wake modes [4]. These modes
depend strongly on oscillation amplitude and wavelength.
Later experiments by Morse and Williamson [6] expanded
this understanding by exploring a wide parameter space
of motion frequencies and amplitudes at higher Reynolds
numbers. They observed a transitional vortex mode
characterized by two vortex pairs per shedding cycle, where
the second pair is weaker than the first. This work highlighted
the necessity of mapping vortex modes and hydrodynamic
forces across diverse motion conditions to fully capture VIV
complexity.

When in-line motion is combined with cross-flow
oscillations, additional wake modes emerge. Research by
Morse and Williamson [7] showed that harmonic in-line
motion significantly alters wake structures during transverse
oscillation. Free vibration studies [8] confirmed these results
and identified complex vortex patterns typically associated
with large cross-flow amplitudes in low-mass ratio systems.
The complexity increases when the cylinder follows the
figure-eight trajectories inherent in 2-DOF free vibrations.
Experiments by Aronsen [9] and subsequent computational
studies by [10,11] revealed that clockwise and counter-
clockwise trajectories produce different wake asymmetries.
These results indicate that combined motions are not a
simple superposition of independent effects but represent a
fundamentally coupled nonlinear system.

Understanding these complex wake dynamics is important for
fatigue life estimation and structural integrity assessments.
However, modeling VIV in long flexible structures remains
challenging due to nonlinear FSIs and varying Reynolds
numbers. While direct numerical and large-eddy simulations
provide fundamental insights, their application to full-scale
structures is computationally demanding. Therefore, semi-
empirical approaches, which couple simplified structural
models with experimentally derived hydrodynamic
coefficients, have emerged as a practical engineering
alternative.

Research by Chaplin et al. [12] showed that semi-empirical
models using experimental force data can predict cross-flow
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motions in long flexible structures more reliably than high-
resolution simulations under certain conditions. However,
[13-15] noted that hydrodynamic forces during combined
cross-flow and in-line motion differ significantly from
those during 1-DOF oscillations. These results emphasize
the necessity of dedicated experimental datasets capturing
the coupled nature of VIV. Constructing such databases
is challenging due to the vast parameter space required,
including variations in amplitude ratio, frequency ratio,
phase difference, and trajectory pattern.

Recent studies have shown significant mean lift forces
during certain forced combined motions [16]. These
forces can be comparable in magnitude to oscillatory lift,
suggesting a clear asymmetry in the wake structure. Such
asymmetry has important implications for long, flexible
structures, potentially leading to mean deflections or kiting
perpendicular to the flow. These phenomena present a
new challenge in understanding the physics governing
asymmetric wake formation. Identifying the conditions that
trigger these large mean lift forces and correlating them with
specific wake modes remains a critical research question
with considerable practical relevance.

To address the complexity of wake dynamics in combined
motion systems, advanced data-driven methods have been
employed to extract dominant flow features and characterize
the time evolution of vortical structures. Among these,
Proper Orthogonal Decomposition (POD) has emerged as
a powerful technique for analyzing large experimental and
computational datasets. POD decomposes flow fields into
orthogonal modes ranked by energy content, providing a
systematic way to identify the structures most critical to
the overall dynamics. Unlike traditional phase-averaging
techniques, which assume periodicity and require phase
alignment, POD captures both coherent and intermittent
features. This makes it particularly suitable for analyzing the
nonlinear and potentially chaotic wake patterns in combined-
motion VIV [17].

Previous studies [17-20] have utilized POD and related
modal decomposition techniques to identify the dominant
flow structures associated with different wake modes and
to correlate these modes with the structural responses of a
circular cylinder undergoing VIV. Similarly, [21] applied
POD to analyze the nonlinear responses of flexible cylinders
exhibiting hysteresis and mode transitions. These works
highlight POD’s potential not only as a diagnostic tool but
also as a foundation for developing reduced-order models
(ROMs) for predictive purposes.

In the context of large mean forces and asymmetric wakes,
POD offers a promising approach for identifying the spatial
modes responsible for asymmetry and linking them to



J Nav Architect Mar Technol
2026,228:43-54

specific motion parameters. Decomposing the flow field
to examine the contribution of individual modes to mean
lift generation clarifies how combined cross-flow and in-
line motions produce wake asymmetry. Such insights are
essential for advancing semi-empirical models to include
mean force effects and for improving the resolution of VIV
prediction frameworks.

While previous studies [16,22,23] provided extensive force
mappings, a fundamental research gap remains regarding
the physical modal interactions that trigger sustained wake
asymmetry. This study fills that gap by using POD to isolate
the specific coherent structures responsible for high mean-
lift generation, which were not detailed in the earlier studies.
A mean lift coefficient map was created from the database
[22] to explore the complex dynamics of combined in-
line and cross-flow vibrations of a circular cylinder under
forced motion. In this study, the primary objective is to
isolate the coherent structures responsible for the transition
between low and high mean-lift regimes. By applying POD
to representative cases, we characterize the phase-dependent
vortex shedding that triggers the kiting effect, a phenomenon
in which sustained hydrodynamic lift causes significant
mean structural deflection. This focused analysis provides
the physical understandings necessary to bridge the gap
between observed force responses and predictive modeling
for 2-DOF VIV systems.

2. Materials and Methods

2.1. Flow Visualization Experiment

Experiments were conducted in the flow tank at the University
of Rhode Island’s Ocean Engineering Department [24]. The
tank measures 1.05 m by 0.75 m by 2.80 m and can generate
flow speeds up to 1.3 m/s. A test cylinder was mounted on
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a force sensor and secured to an aluminum frame spanning
the tank width for stability, positioned 3.5 mm above the
bottom to avoid tip vortices. Wake structures were recorded
using a Phantom V10 high-speed camera at 250 Hz with
2400x540-pixel resolution and a lateral green laser sheet
mounted on a motorized frame, shown in Figure 1. The
carbon cylinder had a diameter of 3.85 cm, a submerged span
of 57.25 c¢m, and a mass of 0.268 kg. Tests were performed
at a Reynolds number of 7620 under prescribed sinusoidal
cross-flow and in-line motions (Equation 1).

)]

Where y and x are normalized motions, A" = A/D
and A" = A/D are the cross-flow and in-line amplitudes
w, is the motion frequency and, @ is the phase difference
between cross-flow and in-line motions.

i sin(Za)t + 9)

y = %sin(a)t) &x = D

A Phantom V10 high-speed camera and a laser system
were employed for Digital Particle Image Velocimetry
(DPIV) measurements to capture the wake dynamics around
the test cylinder. The initially collimated laser beam was
converted into a thin sheet using optical elements, allowing
planar illumination of multiple particles simultaneously.
This laser sheet was carefully positioned within the fluid
to illuminate the region of interest for flow visualization.
Motion parameters were systematically varied during the
experiments: in-line oscillation amplitude ranged from
0.1 to 0.3, cross-flow amplitude from 0.1 to 1.6, reduced
velocity from 5 to 7, and phase angle from -180° to 180° in
30° increments. A total of 819 test cases were performed,
forming a comprehensive experimental database. Variations
in phase angle produced distinct orbital trajectories of the
cylinder, with 8=0° corresponding to a counter-clockwise
figure-eight path, consistent with previous studies [16,22,24].

Force sensors

Linear actuators 7/

Data collcctlon

ﬁl Tcst body ,
\\

N\ Laser
Data acquisition
system !

Force data generation system

I F

” *PlV Cameras

Flow visualization system

Work Station

Figure 1. Schematic of the experimental setup at the flow tank, showing the integrated force data generation system (linear actuators and
force sensors) and the flow visualization system (PIV cameras and laser sheet orientation)

PIV: Particle Image Velocimetry
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2.2. Modal Decomposition Method

Vortex patterns behind an oscillating circular cylinder were
investigated using flow visualization experiments and POD
analysis, as explained in [23]. By varying motion parameters
and applying the POD analysis based on the formulation
in [23], the study identified and correlated wake structures
with experimental data to improve the prediction of vortex
behavior and enhance the understanding of FSIs. The modal
decomposition approach, following [23], was used to analyze
wake patterns associated with both low and high mean lift
forces, as identified from a comprehensive force and wake
database [16,22,24]. In this approach, let us consider that the
function I'(X,?) denotes the vorticity field as a function of
both spatial position X along the spanwise direction and time,
t. The temporal evolution of this quantity can be described
through a modal representation in which the flow field is
expressed as a linear combination of orthogonal spatial modes.
Mathematically, this can be formulated as (Equation 2):
I(X,1) = ¥ a(r) @, (X) )

k=1"k

In this formulation, @, (X) corresponds to the spatial structure
(or shape function) of the k" mode, while ak(t) represents its
associated time-dependent coefficient or amplitude. The
index enumerates the modes, and defines the number of
modes retained in the modal expansion. This decomposition
provides a compact representation of the system’s dynamics
by isolating dominant flow patterns from the full data field.

To obtain these modal structures from empirical or simulated
flow data, Singular Value Decomposition (SVD) can be
applied to the vorticity matrix I'(X, ). The decomposition takes
the following canonical form: I'(X,) = UZV 7. Here, Uis an
orthogonal matrix of dimension MxM containing the spatial
modes, commonly referred to as Proper Orthogonal Modes
(POMs). The matrix V(NxN) encodes the temporal evolution of
the corresponding modes, while Z(MxN) is a diagonal matrix
whose elements, the singular values o, quantify the energy
contribution of each mode to the overall dynamics.

Through this POD framework, the original high-dimensional
dataset can be approximated using only a subset of modes
that capture the most energetic flow features. The data
can thus be reconstructed with reduced dimensionality by
retaining the leading singular values, such that » < N. The
resulting truncated representation preserves the dominant
physical characteristics of the system while significantly
reducing computational cost.

The accuracy and physical relevance of this ROM depend
strongly on the singular value spectrum in X. Each singular
value reflects the portion of total kinetic or vorticity energy
contained within its associated mode. The fractional energy
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contribution of the k" mode can therefore be defined as

(Equation 3):
O-k
E=wi— ()

i=1"1i
This energy ratio provides a quantitative measure of the
significance of each mode in describing the system’s overall
motion. Typically, only a small number of dominant modes
are required to capture the essential dynamics, while higher-
order modes primarily represent small-scale or noise-like
structures.

The POD was implemented using the snapshot method
via SVD on a dataset of 793 DPIV realizations. To isolate
fluctuating coherent structures, the vorticity field was first
centered by subtracting the ensemble mean from each
snapshot. The spatial domain consisted of a 142x111 grid,
with a sampling frequency of 250 Hz. To ensure spectral
accuracy, a Hamming window was applied to the modal
coefficients to minimize spectral leakage during frequency
estimation. Finally, the POD reconstruction served as
a physics-based filter; by retaining only the dominant
modes and discarding higher-order ones, high-frequency
experimental noise was removed while preserving the
physically significant vortex dynamics.

The selection of dominant POD modes is based on cumulative
energy contribution. In low mean-lift regimes, the first two
subspaces capture approximately 50% of the total fluctuation
energy, representing periodic shedding. For high mean-
lift cases, a third mode is included (approximately 35% for
two subspaces) to accurately reconstruct the biased vortex
formation. Modes beyond the third represent incoherent
noise and were excluded to focus on the large-scale structures
driving mean-lift forces.

3. Results and Discussion

This section presents the flow visualization and POD
results for wake structures behind a circular cylinder
undergoing combined motions under low and high mean
lift force conditions. The objective is to identify dominant
flow features and correlate motion parameters with wake
asymmetry and vortex dynamics. By systematically varying
amplitudes, reduced velocity, and phase, large mean lift
forces were observed at specific parameters. POD allows
the decomposition of complex vorticity fields into energy-
ranked spatial modes, facilitating a clear observation of
dominant coherent structures. The following sections discuss
wake pattern evolution, the energetic contribution of leading
modes, and their relationship to asymmetric flow features.

Analysis of the decomposed hydrodynamic forces reveals
several notable characteristics of the coupled motion. A key
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finding is the significant variability of the effective cross-
flow added mass coefficient across the tested parameters,
aligning with results for freely vibrating cylinders [16]. In
contrast, the in-line added mass coefficient remains relatively
stable at low motion amplitudes typical of free vibration. For
most cases, this coefficient is negative and nearly constant.
These results suggest that variations in the effective natural
frequency of systems undergoing simultaneous oscillations
are primarily driven by the cross-flow component rather than
the in-line response [16,22].

Considering excitation forces in phase with cylinder velocity
provides further insights into in-line motion. While excitation
in 1-DOF transverse systems is characterized by the velocity-
aligned force component, this simplification is insufficient for
coupled systems. Because energy is exchanged dynamically
between in-line and cross-flow components, the total
energy transfer must be considered. Therefore, a total power
coefficient was introduced based on the combined forces in
phase with both motion directions [24,25]. Results show that
in-line motion expands the region of positive energy transfer
from the fluid to the structure, thereby enhancing oscillation
amplitudes. This aligns with free-vibration studies where
coupled motion amplifies the system’s dynamic response.

3.1. High Mean-Lift regimes in 2-DOF Forced Motions

It is well established that VIV can increase the mean drag
force experienced by a cylinder. However, an unexpected
result from the present investigation is the appearance of
a substantial mean lift coefficient under specific motion
combinations. In some cases, the mean lift reaches values
exceeding 1.0, comparable to the amplitude of the fluctuating
lift coefficient observed during certain oscillations. Figure 2
presents contour maps of the mean lift coefficient for two
selected in-line motion amplitudes of 0.2 and 0.5 when
cross-flow amplitude is fixed at 0.35. These plots illustrate
the influence of reduced velocity (radial coordinate) and
the phase difference between motions (angular coordinate).
The results demonstrate that large mean lift coefficients
emerge only due to the cylinder’s forced motion, indicating
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significant wake asymmetry. Although asymmetric wakes
occur under purely cross-flow forcing [4], the magnitudes
observed here suggest that such asymmetry could induce
substantial mean lift on elongated or flexible structures.
Detailed wake visualizations for high-mean-lift cases are
presented below to further explore this phenomenon.

To investigate these dynamics, we compared the wake
structures of two distinct cases: one with a low mean lift
force and another with a high mean lift force. POD was
then applied to analyze the modal decomposition of each
wake. This analysis revealed that high mean lift cases
show significantly more complex and disorganized wake
topologies than low mean lift cases.

Figures 3 and 4 present the wake structures behind the cylinder
for selected low and high mean lift conditions. In Figure 3
(low mean lift), the wake exhibits a highly coherent vortex
shedding pattern, maintaining periodicity and structural
integrity several diameters downstream. Correspondingly,
the time histories of non-dimensional lift and drag forces
show periodic oscillations with stable amplitudes and
frequencies. The presence of a small, nonzero mean lift
component suggests a weak but persistent wake asymmetry
that remains stable throughout the observation period.

In contrast, Figure 4 shows a flow field with a more complex
and messier vortex formation in the wake. The vorticity
contours indicate a breakdown of symmetry with vortex
cores appearing diffuse and occasionally merging as they
move downstream. Such irregularities and complexities are
accompanied by stronger fluctuations in both lift and drag force
with potential evidence of amplitude modulation and phase
shift. The variation in the mean lift level and sign between
Figures 3 and 4 implies that the existing wake asymmetry
may have reversed or altered due to differences in the initial
conditions or the phase relationship between in-line and cross-
flow motion. This interpretation aligns with observations
from previous studies that report small variations in reduced
velocity or phase can lead to distinct asymmetric wake states
characterized by opposite signs of mean lift [26,27].

Figure 2. Contour maps of the mean lift coefficient as a function of reduced velocity and phase angle for two cases: (a) Small in-line amplitude (Av/ D=0.35, Ax/ D
=0.2) and (b) High in-line amplitude (Ay/ D=0.35, A /D=0.5). The color scale highlights are high mean lift regimes at specific phases.

47



Erdem Aktosun. J Nav Architect Mar Technol
POD Analysis of High Mean Lift Regimes 2026;228:43-54

-180°
=7.45 [s) 1=T7.53 [s] 1=17.61[s)

8 9 10 11
t,sec

Figure 3. Flow visualization and force response for a low mean-lift case (A /D=0.35, A /D=0.2, V =6, and 0=60°). The panels show instantaneous vorticity across
one cycle highlighting clear vortex shedding pattern.
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Figure 4. Flow visualization and force response for a high mean-lift case (A /D=0.35, A /D=0.5, V =6.4, and O=150°). The broken symmetry in the vortex
formation leads to a substantial mean lift component comparable to the oscﬂlatory amphtude
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3.2. Modal Decomposition Results

Two representative cases were selected from the forced
VIV database to evaluate POD’s capability in capturing
coherent structures at different mean lift levels. The low-
mean lift is defined by AV/D = 0.35, AX/D = 0.2, vV = 6,
and @ = 60°, while the high-mean lift is characterized by
AV/D = 0.35, AX/D = 0.5, Vr = 6.4, and 6 = 150°. Analysis
focused on the first two dominant subspaces, with particular
emphasis on the primary mode. A third case with larger in-
line motion and moderate variations in reduced velocity and
phase was also examined; however, significant noise and
nonlinear FSIs made the identification of a dominant mode
uncertain. This suggests that further investigation is required
to better resolve the complex coupling and improve modal
decomposition accuracy.

Figure 5a presents the POD analysis for twelve modes
under the low mean lift condition. The first two POMs
exhibit well-defined, coherent spatial structures that
capture approximately 50% of the total energy, indicating a
dominant and repeatable wake pattern. Conversely, POM3
through POM6 display distinct characteristics, representing
secondary flow features. Beyond these six modes, the spatial
structures become progressively disorganized, suggesting
that higher-order subspaces primarily represent small-scale
fluctuations rather than coherent dynamics. Importantly, the
POMs must be viewed alongside their temporal coefficients
to fully reveal the underlying evolution of these structures.

Furthermore, Figure 5b reveals another energy grouping
encompassing subspaces 3 through 6. Examination of their
corresponding POMs, Proper Orthogonal Coefficients, and
Proper Orthogonal Values indicates that these modes share
comparable spatial and temporal behavior, implying that
their combination forms a secondary coherent mode
representing a distinct wake pattern. Modes beyond the sixth
subspace exhibit no clear structure and are therefore
interpreted as noise or residual turbulence in the
wake.Although twelve subspace dimensions (six modes) are
presented for completeness, the analysis indicates that only
two distinct coherent wake patterns exist, with one clearly
dominating the overall flow dynamics.

Figure 6 analyzes the high mean lift regime where the wake
shows increased complexity. The energy distribution (Figure
6b) indicates that a third mode is necessary to represent
the enhanced asymmetry, with the he first two subspaces
capturing approximately 35% of the total energy. The first
two POMs share similar temporal evolutions and frequency
components (Figures 6¢c and 6d), signifying that their
combination represents the primary vortex-shedding mode.
This dominant frequency aligns with the wake dynamics
observed in the vorticity contours (Figure 6a). Conversely,
modes beyond the third mode show no discernible patterns
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and likely contribute to observed wake noise. Higher-order
modes (subspaces>6) exhibit irregular spatial structures
and minimal energy, representing small-scale turbulence or
residual irregularities. Their fluctuating temporal behavior
and broad frequency spectra confirm that these modes
capture high-frequency, low-energy disturbances rather than
coherent shedding.

Figure 7 compares raw DPIV vorticity fields (left) with POD
reconstructions (right) for two distinct mean lift cases. Figure
7a represents the low mean lift condition (Ay/D =0.35,A/D
=0.2,V =6, and 0 = 60°), while Figure 7b captures the high
mean lift condition (AV/D = 0.35, AX/D = 0.5, V= 6.4, and
0 = 150°). Instantaneous snapshots are shown at four non-
dimensional times (t/T=0.2, 0.5, 0.8, 1.2), covering a full
oscillation cycle. For the low mean lift case, a reconstruction
using only the first two POD modes effectively captures
the dominant vortices and their phase-dependent evolution,
successfully filtering out fine-scale experimental noise. In
contrast, the high mean lift case exhibits a more complex,
asymmetric wake with intense vortex interactions. Here,
a three-mode reconstruction is required to accurately
reproduce the dominant vortex cores and their deformation
while significantly reducing the random fluctuations visible
in the raw DPIV data.

Quantitative comparisons reveal that the high mean-lift
regime is defined by a distinct shift in modal energy and
spectral power. While low-lift cases are dominated by
symmetric shedding captured by the first two modes, the
high-lift case requires a three-mode reconstruction, as the
first two subspaces account for only approximately 35% of
the cumulative energy required to resolve wake asymmetry.
Specifically, the energy contribution of Mode 3 increases
significantly in high-lift cases, representing the physical
spatial bias or “kiting” of the wake. Furthermore, spectral
analysis shows that the peak power magnitude of these
primary modes is substantially higher in the high-lift regime.
This confirms that increased mean lift results from more
energetic, phase-locked coherent structures rather than a
simple spatial displacement of the wake.

The transition to wake asymmetry is quantitatively
evidenced by the emergence of a high mean lift coefficient
that reaches values exceeding 1.0, effectively matching the
magnitude of the oscillatory lift component. POD analysis
further quantifies this behavior through modal energy
distribution: while low-mean-lift cases are characterized by
two dominant energetic modes that capture over 50% of the
total flow energy, high-mean-lift regimes exhibit increased
modal energy dispersion where the two subspaces account
for approximately 35% of the total energy and require three
dominant modes for accurate wake reconstruction.
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Figure 5. POD analysis for the low mean-lift case (A /D=0.35, AX/D=O,2, Vr=6, 6=60°): (a) The first 12 spatial modes (POMs), (b) cumulative energy showing
that the first two modes dominate, (¢) temporal coefficients (POCs), and (d) frequency spectra (POVs) of the leading modes.

3.3. Discussion

This study shows that 2-DOF forced-motion VIV experiments
provide a more comprehensive and physically representative
description of FSI than traditional 1-DOF models. Building
on the foundational force and wake database of [16,23], this
study uniquely implements POD to systematically isolate
the coherent structures responsible for mean-lift generation.
Unlike traditional phase-averaging methods used in previous
studies, our POD-based approach enables the identification
of specific energetic modes that drive wake asymmetry even
in the presence of experimental noise. While prior studies
have established fundamental wake modes through 1-DOF
studies [7,28] or sparser 2-DOF measurements [14,15], this
study was based on a high-resolution 2-DOF experimental
database. Specifically, we expanded the parameter space to
include 9555 force measurements and 819 DPIV cases. This
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density of data allows for the first comprehensive mapping
of the high-mean-lift regime, which remained largely
unresolved in lower-resolution datasets.

Comparisons with previously reported free-vibration and
forced-motion results show strong agreement in wake
branches and hydrodynamic force trends [8,13,15,22]. In
particular, the broad variation observed in the cross-flow
added mass coefficient is consistent with free-vibration
studies [13], confirming the reliability of the measurements.
More significantly, the present results clearly identify a
high mean lift regime, where the mean lift coefficient
reaches values comparable to the oscillatory lift component
for specific combinations of motion parameters. Flow
visualization and POD analysis indicate that this regime is
associated with persistent wake asymmetry, consistent with
earlier observations in [16].
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Figure 6. POD analysis for the high mean-lift case (A /D=0.35, AX/D=O.5, Vr=6.4, 6=150°): Increased complexity in the spatial modes and higher energy dispersion

across the spectrum compared to the low-lift regime.y

Modal decomposition shows that low mean lift cases are
dominated by two energetic POD modes, corresponding
to relatively symmetric and periodic wake structures. In
contrast, high mean lift cases require three dominant modes
to accurately reconstruct the wake, reflecting increased
asymmetry and nonlinear vortex interactions. Despite this
complexity, POD effectively captures the dominant coherent
structures while filtering noise, as demonstrated by the
reconstructed wake fields.

The presence of sustained mean lift forces has important
implications for offshore risers and slender marine
structures, potentially leading to kiting-like behavior even
for bare cylinders [16]. While the present experiments were
conducted at a constant Reynolds number [8,29], Reynolds
number effects remain an important limitation, as wake
asymmetry and force characteristics may vary significantly
[30-32]. This study utilized a constant Reynolds number to

align with previous benchmarks. However, Reynolds
number is a critical parameter that may influence the high
mean-lift regions identified in this database. It remains
an open question how varying Reynolds number affects
the boundaries of these regions or the underlying vortex
formation in the wake. Specifically, higher Reynolds numbers
could modify the wake asymmetry that drives these forces.
While our results provide a fundamental map of the mean-
lift regime, testing at higher Reynolds number is necessary
to determine if these ‘kiting” forces persist or evolve in the
conditions with varying Reynolds numbers typical of full-
scale offshore applications.

The presence of a strong mean lift force implies a
significant and persistent asymmetry in the wake. While
such asymmetries have been observed for forced cross-
flow motion [6], the lift magnitudes measured here are
comparable to coefficients associated with true lifting
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Case: A,/D=0.35, A,/D=0.2, V,=6, 6=60°
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Case: A,/D=0.35, A,/D=0.5, V,=6.4, 6=150°
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Figure 7. a) Comparative snapshots of raw DPIV vorticity and POD reconstructions at non-dimensional times. a) Reconstruction using 2
modes for low mean lift; (b) Reconstruction using 3 modes for high mean lift, illustrating how POD captures the essential asymmetric wake

structures while filtering experimental noise.

surfaces. Importantly, this mechanism defines the mean lift
region within our database. We observed that the mean lift
does not switch signs when experiments are repeated [16],
suggesting that the specific asymmetry is a stable feature
of the forming wake structure. Furthermore, experiments
with similar motion parameters exhibit consistent behaviors,
where a significant mean lift of a specific sign is observed
across multiple cases. On long, slender structures like marine
risers, this hydrodynamic state can lead to “kiting” or mean
deflections perpendicular to the flow. In the case of a riser
undergoing VIV, these motion conditions would result in a
side deflection dependent on the structural stiffness, making
the characterization of this asymmetric regime critical for
predicting the equilibrium of flexible structures.

Future numerical investigations [33], combined with data-
driven approaches such as Artificial Neural Network-
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based force modeling [25,34] and complementary modal
techniques including D Dynamic Mode Decomposition
(DMD) [35] and Smooth Orthogonal Decomposition (SOD)
[21,36] offer promising pathways to generalize these results
and enhance predictive VIV frameworks.

4. Conclusion

This study presents a detailed modal decomposition
analysis of wake structures generated by a circular cylinder
undergoing 2-DOF forced motion in uniform flow. Using
an extensive DPIV experimental database, POD effectively
identifies the dominant coherent modes responsible for
wake asymmetry and high mean lift generation. The
analysis shows that cases with high mean lift show complex,

asymmetric vortex

interactions

and increased modal

energy dispersion, whereas low mean-lift conditions are
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characterized by clear and symmetric wake patterns. The
results confirm that the emergence of large mean lift forces
is closely associated with complexity and nonlinear coupling
between in-line and cross-flow motions. By reconstructing
wake fields using a limited number of energetic modes, the
study highlights POD’s capability as a robust diagnostic tool
for noise reduction and ROM of complex VIV flows. These
results advance the physical understanding of asymmetric
wake dynamics and provide a valuable experimental basis
for improving predictive models in offshore engineering
applications, including flexible risers, cables, and tethered
systems operating in oscillatory flow environments.

Footnotes

Financial Disclosure: The author declared that this study
received no financial support.
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Abstract

Cathodic protection is a method for protecting steel structures immersed in water from electrochemical corrosion. In the maritime industry,
this protection is achieved by installing zinc or magnesium galvanic anodes on the hull and underwater components of ships, such as rudders,
propellers, and shafts. Although sacrificial anodes effectively prevent corrosion, their presence may alter the flow characteristics around protected
components. In this study, the effects of anode shape on the hydrodynamic characteristics of a rudder with a National Advisory Committee for
Aeronautics 0018 cross-section were numerically investigated. Three cases were considered: a bare rudder without an anode, a rudder fitted with
a rectangular (flat bar) anode, and a rudder fitted with a semi-elliptical (disc) anode. The volumes of both anodes were kept identical for a fair
comparison of their hydrodynamic effects. All cases were analyzed at a Reynolds number of 15000 and rudder angles of attack of 0°, 10°, 20°,
and 30°. Three-dimensional, time-dependent numerical simulations were performed using computational fluid dynamics (CFD). The numerical
methodology was validated against experimental data, and the Realizable k-¢ turbulence model was selected because it showed better agreement.
The numerical results were evaluated in terms of the flow lines around the rudders, pressure coefficient distributions, and lift and drag coefficients.
The results indicate that the anode shape has a noticeable influence on the flow characteristics around the rudder. The rectangular anode generated
larger reverse flow regions and stronger flow disturbances than the semi-elliptical anode, resulting in higher drag coefficients. In contrast, the
semi-elliptical anode produced smoother pressure coefficient distributions and smaller reverse flow regions. Moreover, oscillations in both lift and
drag forces became more significant at higher angles of attack, particularly at 20° and 30°, which may increase the possibility of vibration. Overall,
the results suggest that semi-elliptical anodes provide more favorable hydrodynamic performance than rectangular anodes while maintaining the
cathodic protection function.

Keywords: Cathodic protection, rudder hydrodynamics, CFD

1. Introduction used to protect steel structures immersed in water from

The surfaces of metals in contact with seawater corrode over electrochemical corrosion. It can be employed for many
time. This is an electrochemical corrosion process caused  steel structures. Today, this method is still used to prevent

by the transfer of electrons. Cathodic protection is a method ~ corrosion on the wetted surfaces of ship hulls and underwater
components such as rudders, propellers, and shafts.
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Cathodic protection is a technology that was developed
by Davy [1]. At present, this method is still utilized by
placing zinc or magnesium galvanic anodes on the hull and
components of ships. These anodes are bolted or welded
directly to the hull or ship components. Zinc hull anodes
of suitable design can provide useful current outputs for
periods of eight to ten years in seawater [2]. In addition,
various zinc alloys can offer unique performance in cathodic
protection [3]. Furthermore, coatings can also be beneficial
for protection. It has been reported that coatings provide the
most effective protection when they are used in combination
with an anode protection system [4].

Anodes can be classified based on their shape, size, material,
mounting method, and method of securing to the surface to
be protected. Anodes can have various shapes depending
on their application. The selection of the shape of an anode
depends on several factors, such as the shape of the surface to
be protected, the availability of space, accessibility, and ease
of installation. However, different anode shapes may cause
different levels of resistance on the surface to be protected.
Flat or block-shaped, cylindrical or semi-cylindrical, tear-
drop, bracelet, and disc-shaped anodes are among the widely
used anode shapes [5].

In the maritime sector, rudders are used to change the
course of a ship and facilitate its manoeuvring by generating
hydrodynamic forces depending on the ship’s cruising speed.
Parameters such as the geometric shape of the rudder section,
the rudder angle, and the rudder clearance significantly affect
the hydrodynamic force generated by the rudder. Therefore,
it is beneficial to examine the flow around the rudder and
evaluate the effects of these parameters. Nakano et al. [6]
investigated the flow and noise characteristics around a
National Advisory Committee for Aeronautics (NACA)
0018 airfoil at various angles of attack in an experimental
study and determined that the angle of attack affects noise
generation. Gim and Lee [7] experimentally observed the
flow around a rudder with a NACA 0018 cross-section and
a plate attached to its end and determined the effects of the
attached plate on the flow. Lee et al. [8] examined the flow
characteristics and pressure distributions around the rudder
and stated that there is an interaction among the hull, rudder,
and ship propeller. Fakorede et al. [9] studied the impact
of ice accretion on the aerodynamic coefficients of a wind
turbine airfoil.

However, since no anodes were used in any of these studies,
the effects of the anodes on the flow around the rudder could
not be observed. Rudders made of metal are among the
components on which anodes are used to prevent corrosion.
Since the flow around the rudder is important, the effects of
anodes on the flow should be investigated.
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1.1. Aim of the Study

In this study, the effects of various anode shapes on the flow
around the rudder were examined. The examined rudder has
a NACA 0018 cross-section. Two different anode shapes
were placed on the rudder, and three cases were considered.
The first case was a bare rudder without an anode. The
second case was a rudder with a flat bar anode, and the
third case was a rudder with a semi-elliptical (disc) anode.
The turbulent water flows around these three rudders were
numerically investigated using the commercial software
package ANSYS FLUENT 16. The aim was to examine the
effects of the anodes on the flow characteristics around the
rudder for the three cases by performing three-dimensional,
time-dependent numerical simulations. The results were
evaluated in terms of the flow lines around the rudders, the
pressure distributions on the rudder surfaces, and the lift and
drag force coefficients of the rudders.

2. Numerical Study

2.1. Governing Equations

Continuity equation of three-dimensional time-dependent
motion of an incompressible fluid in Cartesian coordinates
can be shown as,

du

5—0 (1

Momentum equation can be shown as,

Ipu) 5 9 9p
ar +87_(P ) = “ox Tox ox,
au u u’ (2)
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In this study, Smagorinsky, Realizable k-¢ and Standard k-w
turbulence models in FLUENT commercial package based
on finite volume approach were used. The numerical results
obtained from these two different turbulence models were
compared with the experimental data in the literature and
the sensitivity of the turbulence models were tested. Since
the results obtained from Realizable k-¢ turbulence model
are more compatible with the experimental data, all the other
solutions of the study were conducted with Realizable k-¢
turbulence model. The modelled transport equations for k
and ¢ is,
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In these equations, G, produces turbulent kinetic energy
production due to the average velocity gradient; G, refers
to turbulent kinetic energy production due to buoyancy. o,
and o, are the turbulent Prandtl numbers, S, and S, are the
source terms. The constants for the turbulence model are
C,=144,C=19,0=10

2.2. Computational Domain and Boundary Conditions
The computational domain and boundary conditions
are shown in Figure 1. Water was utilized as a fluid at a
temperature of 15 °C. The rudder has a cross-sectional area
of NACA 0018. It has a chord length of 0.1 m and a width
of 0.3 m. The Reynolds number calculated according to the
chord length is R =15000.

In this study, three cases were considered. The first case is a
rudder without an anode. The second case is a rudder with a
rectangular prism anode, and the third case is a rudder with a
semi-elliptical anode. The volumes of the rectangular prism
anode and the semi-elliptical anode are equal. The anodes
are located at the transverse and longitudinal midsections of
the rudder. The geometries of all cases are shown in Figure
2.

The mesh structure in the flow field was generated with
increasing mesh density around the rudders, as shown
in Figure 3. Calculations were conducted using different
numbers of tetrahedral mesh elements to obtain mesh-
independent solutions. Approximately 2.8 million mesh
elements were used to achieve mesh-independent solutions.
A time step of 0.001 s was used for the transient simulations,
and the Courant number was maintained below 1. The
SIMPLEC algorithm was employed for pressure-velocity
coupling. The Least Squares Cell Based method was used for
gradient calculation. The Second Order scheme was used for
pressure, while the Second Order Upwind scheme was used
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for momentum, turbulent kinetic energy, specific dissipation
rate, and energy. The first-layer height of the mesh elements
around the rudder was determined according to the criterion
of (y*<2). The convergence criterion was defined as non-
normalized residuals of less than 10° In addition, all cases
were analyzed at four different rudder angles: 0°, 10°, 20°,
and 30°.

2.3. Validation

Since validation is one of the most essential criteria in
CFD analysis, a validation study was performed. Validation
is necessary to ensure the reliability and accuracy of the
numerical results. In this study, the validation was performed
by comparing the CFD results with the experimental
study conducted by Gim [10] (2013). Figure 4 shows
the comparison between the numerical and experimental
results. The Realizable k-¢, Standard k-, and Smagorinsky
turbulence models were used for validation. It should be
noted that the validation case has a twin-rudder configuration,
whereas the present study investigates a single rudder with
different anode geometries. Therefore, this validation does
not directly validate the present single-rudder configuration
or the hydrodynamic effects of the anodes, but provides
support for the capability of the numerical methodology and
turbulence model to predict the flow characteristics around
a NACA 0018 rudder. It was observed that all turbulence
models predicted the average velocity profiles behind the twin
rudders close to the experimental data, but the Realizable
k-e model produced slightly better results than the Standard
k-o and Smagorinsky models. Therefore, the Realizable k-¢
turbulence model was employed in all subsequent numerical
simulations.

A grid independence study was conducted using different
mesh densities. The grid independence assessment was
performed for the 0° case, which was used to determine the
mesh density for the subsequent simulations. The normalized
velocity values (U/U,) at the selected Y/C location were
compared for the different mesh configurations, as shown
in Figure 5. The results showed that the normalized velocity

s VELOCITY INLET
s PRESSURE OUTLET
RUDDER

Figure 1. Flow area and boundary conditions.
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Figure 2. Rudder types: (a) without anode, (b) with rectangular anode (c) with semi elliptical anode.

Figure 3. Numerical domain dimensions and three-dimensional mesh structure.

values became sufficiently insensitive to further mesh
refinement. Therefore, the mesh consisting of approximately
2.8 million tetrahedral elements was selected for the
subsequent numerical simulations.

3. Results

In this study, the effects of the rectangular and semi-
elliptical anode shapes on the rudder were numerically
investigated. Three-dimensional, time-dependent numerical
simulations were performed for the anode and non-anode
cases at different angles of attack. The results obtained from
these analyses are presented as flow lines around the rudder
surface, pressure coefficient distributions at the midsection
of the rudder surfaces, and lift and drag coefficients of the
rudders. Based on these findings, the effects of the anodes
on the flow characteristics were determined for different
angles of attack.
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Figure 4. Average velocity profiles behind double rudders.
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Figure 6 shows the flow lines around the rudder at different
angles of attack. At angles of attack of 0°, 10°, and 20°, the
size of the reverse flow regions formed at the midsection of
the rudder increases due to the anode shape. At an angle of

0.8
0.7
0.6 °
=
205
S °
0.4 o
03 ®

0.2

0.E+00 1.E+06 2.E+06 3.E+06 4.E+06

Mesh Element Number

Figure 5. Grid independence study based on normalized velocity
values.
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attack of 30°, the effect of the anode shape on the reverse
flow regions becomes negligible. In addition, the cases
without anodes have the smallest reverse flow regions,
whereas the cases with rectangular anodes have larger
reverse flow regions than the others because the sharp edges
of the anodes promote flow separation. Therefore, it can be
inferred that the cases with anodes exhibit more complex
and larger reverse flow regions.

When the changes in the lift and drag coefficients were
examined at 0°, the lift coefficient was almost zero for all
cases (Figure 7a). At an angle of attack of 10°, the highest
lift coefficient was obtained for the rudder with the semi-
elliptical anode (Figure 7b). At an angle of attack of 20°,
it can be said that the rudder with the semi-elliptical anode
and the rudder without an anode have higher lift forces than
the rudder with the rectangular anode (Figure 7c¢). At an
angle of attack of 30°, although the highest lift coefficient
was obtained for the rudder with the rectangular anode, the
rudder with the semi-elliptical anode and the rudder without

Without anode

With rectangular anode

With semi-elliptical anode

Figure 6. Velocity magnitude lines around the rudders.
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an anode exhibited almost the same lift coefficient values
(Figure 7d). On the other hand, the lift forces at angles of
attack of 20° and 30° exhibited significant oscillations,
which can cause vibration, an undesirable phenomenon.
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Furthermore, the cases at 30° exhibited a higher oscillation
frequency.

The rudder with the rectangular anode exhibited the highest
drag coefficient overall (Figure 8a). Since the drag force
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Figure 9. Pressure coefficients on the rudders’ surface cases for (a) 0°, (b) 10°, (c) 20°, (d) 30°.

Table 1. Average values of the lift coefficients.
Cases Rudder without Rudder Absolute | Percentage Rudder with semi- Absolute Percentage
anode rectangular anode | difference change elliptical anode difference change
0° 0.00079 0.00067 -0.00012 -15.19% 0.00048 -0.00031 -39.24%
10° 0.25614 0.25334 -0.00280 -1.09% 0.25463 -0.00151 -0.59%
20° 0.33524 0.32284 -0.01240 -3.70% 0.33612 +0.00088 0.26%
30° 0.46737 0.47383 +0.00646 1.38% 0.46678 -0.00059 -0.13%
Table 2. Average values of the drag coefficients.
Cases Rudder without Rudder Absolute Percentage = Rudder with semi- Absolute Percentage
anode rectangular anode | difference change elliptical anode difference change
0° 0.01507 0.01643 +0.00136 9.02% 0.01555 +0.00048 2.85%
10° 0.17500 0.19261 +0.01761 10.06% 0.18447 +0.00947 5.41%
20° 0.34235 0.37298 +0.03063 8.95% 0.36906 +0.02671 7.80%
30° 0.24237 0.25425 +0.01188 4.90% 0.24860 +0.00623 2.57%

is a resistance force that increases the fuel consumption of
ships, lower drag forces are beneficial for energy efficiency.
In addition, similar to the lift forces, the cases at 20° and 30°
exhibited oscillating drag forces, which can cause vibration
of the rudder (Figure 8c, d).

These inferences can also be observed from the flow lines
shown in Figure 6. The reverse flow regions are significantly
larger in the cases at 20° and 30°. These flow patterns are
caused by the oscillations of the drag and lift forces.
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The average values of the lift and drag coefficients are
presented in Tables 1 and 2. These values were obtained
from the simulation results between the 10" and 30™ seconds.
At an angle of attack of 30°, a large and highly unsteady
vortex structure develops around the rudder, with vortices
separating from the tip region and being shed downstream.
This vortex shedding results in strong fluctuations in the
pressure distribution and consequently produces significant
oscillations in the lift and drag forces. The negative
instantaneous drag coefficient values observed in Figure
8d occur during these force oscillations and do not indicate
a negative mean drag force. The mean drag coefficient
remains positive for all three cases, as shown in Table 2. The
percentage changes relative to the case without an anode are
also presented. It is important to note that the drag forces
increase significantly, whereas the lift forces decrease when
anodes are installed. In particular, the drag force increases
by up to 10% with the rectangular anode. This observation is
also consistent with the findings of Fakorede et al. [9], who
reported that ice accretion on wind turbine airfoils reduces
the lift force and increases the drag force.

Plots of the pressure distribution are key to identifying flow
separation and other adverse flow phenomena around the
rudder. Therefore, these plots should be analyzed carefully,
and the pressure fluctuations should be examined in detail.
The pressure coefficients obtained from the midsection of
the rudder are shown in Figure 9.

In the midsection of the rudder, it can be observed that a step
effect occurs in the pressure coefficient distributions under
the influence of the anode shape. For all cases, the pressure
coefficients on most of the front surface have positive values
since these surfaces are exposed to the water flow. A low-
pressure region is formed on the rear surface of the rudders.
Negative pressure coefficient values indicate the presence of
low-pressure regions. For all cases, the differences between
the (Cp) curves are caused by the anodes. It can be seen
that the anodes lead to increases in both the minimum and
maximum (Cp) peaks. It can also be seen that this effect is
more pronounced in the case with the rectangular anode.
When (X/C)is between 0.7 and 0.8, the (Cp) curves are similar
for all cases, whereas the case with the semi-elliptical anode
exhibits smoother curves than the case with the rectangular
anode. This effect can also be observed in Figure 6. The case
with the rectangular anode has larger reverse flow regions
behind the anode.

4. Conclusion

This article focused on the flow patterns and forces around
a NACA 0018 foil at a Reynolds number of 15000 to
investigate the influence of rectangular and semi-elliptical
anode shapes. It should be noted that the Reynolds number
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of 15000 used in the present study is considerably lower
than that of full-scale ship rudder applications. Therefore,
the present results should not be directly extrapolated to
full-scale operating conditions. The main objective of this
study was to compare the relative effects of rectangular and
semi-elliptical anode geometries on the flow characteristics
around the rudder under controlled conditions. Further
studies at higher Reynolds numbers are required to evaluate
the applicability of these findings to full-scale operating
conditions. The flow around the foil at various angles of
attack for a bare rudder, a rudder with a rectangular anode,
and a rudder with a semi-elliptical anode was calculated
using the CFD method. The observations and analyses are
summarized as follows.

- The CFD method and the turbulence model used in this
study showed good agreement with the experimental data in
the validation study. Therefore, CFD can be used for similar
problems.

- When the flow lines are examined, it can be seen that the
use of anodes creates flow disturbances that affect the flow
structures behind the rudder and the anodes.

- The shape of the anode is also important for the forces
acting on the rudder. The lift and drag forces differ for each
case, and regarding the drag force, which contributes to flow
resistance, the rudder with the rectangular anode exhibits the
highest drag force. Therefore, the use of sharp-edged anodes,
such as rectangular anodes, is not recommended from the
viewpoint of flow resistance.

- In terms of the lift force, all cases exhibit similar values.
However, oscillations in the lift force can be observed
after 20°. These oscillations may cause vibration, which is
undesirable. In particular, the case with the rectangular anode
exhibits higher peak and trough values. This indicates that
the variation between the maximum and minimum lift forces
is greater. Consequently, the rectangular anode may induce
vibration more easily than the other anode configurations.

In general, it can be concluded that avoiding the use of
sharp-edged anodes, such as rectangular anodes, may be
beneficial in terms of reducing flow resistance and improving
manoeuvrability. In future studies, different anode types will
be investigated under various Reynolds numbers and angles
of attack.
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NOMENCLATURE

Symbol Description

u Mean velocity component in the i-direction
U, Mean velocity component in the j-direction
k Turbulent kinetic energy

€ Turbulent dissipation rate

G Turbulent kinetic energy production due to

the average velocity gradient

G Turbulent kinetic energy production due to
buoyancy

Turbulent Prandtl number for k
Turbulent Prandtl number for &
Source term for k
Source term for &

Model constant

o-k

Ge

Sk

Ss

CZ

C Lift coefficient
C, Drag coefficient

Cp Pressure coefficient

Re Reynolds number

U Freestream velocity

X/C Normalized longitudinal position
YIC Normalized transverse position

y Dimensionless wall distance

Freestream velocity

Y Contribution of the fluctuating dilatation
in compressible turbulence
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Abstract

Tugboats are essential auxiliary vessels that play a vital role in port and offshore operations. The life cycle of tugboat involve complex couplings
among hydrodynamic performance, propulsion systems, stability requirements, operational demands, production activities, regulatory compliance,
and organizational coordination. Such socio-technical systems, variabilities may propagate significant technical and operational consequences. In
this study, the functional resonance analysis method was applied to identify functional couplings, performance variability, and potential variability
propagation throughout the tugboat design and construction lifecycle. The identified variability sources were subsequently transformed into failure
modes and assessed using fuzzy failure mode and effects analysis. Expert judgments obtained from tugboat designers, shipyard managers, captains,
and operators were represented through fuzzy numbers to address uncertainty in risk evaluation. fuzzy risk priority numbers were calculated based
on occurrence, severity, and detection criteria. The results revealed that hull propulsion-incompatibility, propulsion system alignment deficiencies,
accumulated functional resonance at ship delivery, verification shortcomings, classification compliance deficiencies, engineering team limitations,
and coordination failures constitute the most critical risk areas. The findings demonstrate that risks emerge not only from isolated technical failures
but also from interacting functional variabilities. The proposed framework supports proactive risk identification, prioritization, and more reliable
tugboat design and construction processes.

Keywords: FRAM, fuzzy FMEA, tugboat design, functional variability, risk

1. Introduction

Ship design is a long and controlled process in which
numerous technical and operational parameters are
considered. Depending on different ship types, the main
parameters are determined during the concept design stage,
and ships are constructed through preliminary and detailed
design processes [1]. In this process, identifying design-
related problems before the construction stage is critical in
order to prevent cost increases and schedule deviations. In
this context, tugboats are special purpose marine vessels that
perform various port operations, strait and canal transits,
as well as rescue and assistance activities, and require high

performance [2]. Compared to other ship types, tugboats
stand out with their more robust hull structures, powerful
main engines, and propulsion systems with advanced
maneuverability capabilities; therefore, they must be
designed to satisfy structural strength, appropriate service
speed, sufficient bollard pull capacity, dynamic stability,
and operational safety criteria [3]. Reflecting their growing
operational importance, the global tugboat market was
valued at approximately USD 700.2 million in 2025 and is
projected to reach USD 1,114.2 million by 2034, representing
an increase of approximately 60% over the 2025-2034 period

[4].
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Tugboat design and construction are realized as the result
of a process involving complex and layered activities [5].
Therefore, the manner in which activities are generally
performed throughout this process [Work-As-Done (WAD)]
was defined using the Functional Resonance Analysis
Method (FRAM) method, which is a Resilience Engineering
(RE) approach [6]. Furthermore, in some studies, FRAM
has been positioned within the Safety-II risk perspective
[7]. Recently, in maritime safety studies, particularly with
the RE approach, the ability of systems to adapt to changing
conditions has become increasingly prominent. Rather than
completely eliminating errors, this approach focuses on the
system’s abilities to anticipate, monitor, respond, and learn
[8]. Although its importance has increased significantly in
recent years, the systematic integration of the resilience
approach into the tugboat design process remains limited.
Existing studies in the literature mostly address accidents
and root causes or operational safety separately [9], while
holistic approaches evaluating technical design parameters
together with system behavior have not been sufficiently
developed. FRAM has a wide range of applications in the
analysis of complex socio-technical systems and is used
in many sectors such as aviation, healthcare, industrial
operations, maritime transportation, railways, construction,
oil and natural gas, information technologies, and nuclear
systems [10]. In this approach, unlike traditional methods,
risk analysis is addressed through the interactions and
performance variability of functions in the daily operation
of the system rather than through accidents and root causes
[11]. The concept of functional resonance, which forms
the basis of FRAM, states that variabilities among system
components may combine and lead to unexpected outcomes
[12]. Maritime applications of the FRAM have expanded
significantly in recent years, particularly in the analysis
of complex socio-technical systems involving operational
variability, human interaction, and safety management.
Existing studies can generally be categorized into four major
thematic areas: maritime accident analysis, vessel traffic and
operational management, emergency and hazardous cargo
operations, and ship design and engineering applications.
One major application area of FRAM is maritime accident
analysis and systemic risk evaluation. Praetorius et al.
[13] analyzed systemic failures through the Herald of Free
Enterprise disaster, while Kee [14] compared different
systemic accident-analysis techniques based on the Sewol
ferry accident. Similarly, Wang et al. [15] evaluated the
Eastern Star accident by comparing FRAM with other
accident-analysis approaches. Studies conducted by
Rammos [16] and Salihoglu and Besikg¢i [17] and Umitli et
al. [18] further demonstrated the effectiveness of FRAM in
identifying root causes and functional couplings in maritime
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accidents. Another important research area involves vessel
traffic management and operational resilience. Praetorius
[19] and Praetorius et al. [20] investigated Vessel Traffic
Service operations using FRAM to understand variability
propagation in daily maritime operations. In addition,
Kulkarni et al. [21] examined waterway traffic management
and maritime resilience within the Baltic Sea region.
Adhita et al. [22] analyzed ship operations from a Safety-1I
perspective, emphasizing adaptive operational performance
under variable conditions.

FRAM has also been widely applied in emergency-response
processes, hazardous cargo transportation, and autonomous
maritime systems. Aguilera et al. [23] evaluated oil-spill
emergency-response operations, while Qiao et al. [24]
investigated emergency management for hazardous cargo
leakage scenarios by integrating FRAM with Bayesian
approaches. Ma et al. [25] focused on hazardous chemical
transportation systems, whereas Nasur et al. [26] analyzed
emergency unmooring procedures for autonomous and
manned ships. Furthermore, Liu et al. [27] examined
resilience in Arctic ship operations, while Zhao et al. [28]
evaluated post-pandemic maritime transportation resilience.
Human-machine interaction and autonomous ship safety
were also investigated by Zhang et al. [29]. In addition to
operational applications, several studies demonstrated the
applicability of FRAM in ship engineering and design-
related processes. Abaei et al. [30] developed a human-error
prediction approach for ship operation in harsh environments,
while Smith et al. [31] modeled operational risks associated
with the Exxon Valdez accident. Smith et al. [32] further
demonstrated the applicability of FRAM within ship-design
processes.

Fuzzy Failure Mode and Effects Analysis (Fuzzy FMEA)
complements FRAM by enabling variability-induced failure
modes to be prioritized under conditions of uncertainty.
Compared with classical FMEA, fuzzy-based approaches
provide more realistic evaluations in systems involving
ambiguity and expert uncertainty [33]. In maritime
applications, Fuzzy FMEA has been employed in various
operational and engineering problems. Zaman et al. analyzed
ship-collision risks in the Malacca Strait using AIS-based
data [34], while Akyiiz et al. [35] applied Fuzzy FMEA to
ship inspection processes. Akyiiz and Celik [36] investigated
tanker accident scenarios using interval type-2 fuzzy FMEA.
Sharma et al. [37] compared conventional and fuzzy-based
FMEA approaches forreliability and maintenance assessment.
Fuzzy FMEA has been utilized in oil spill analysis [38],
ship-originated air pollution risk assessment [39], bunkering
operations [40], and petrochemical transportation systems
[41]. Design-oriented applications were also reported in
shipyard occupational accidents [42], offshore engineering
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systems [43], yacht-system design processes [44] and ship
hydraulic steering systems [45]. These studies indicate that
Fuzzy FMEA is not only applicable to operational safety
assessment, but also highly suitable for early-stage ship
design and engineering evaluations. Tugboat construction
is shaped by couplings among design decisions, production
processes, shipyard capabilities, equipment installation,
classification requirements, and human factors, resulting
in multi-layered cause-and-effect relationships [46]. These
couplings may cause functional variabilities to combine
and produce unexpected performance outcomes. Therefore,
tugboat design should be addressed not only through
performance indicators but also through a system behavior
and variability-based approach [47].

Incomplex and multilayered systems such as shipbuilding, where
technical criteria and engineering practices are predominant,
how decisions are shaped within organizational and operational
processes and what risks they involve remain issues requiring
clarification. Previous tugboat studies have generally focused
on individual topics, such as tugboat design [5,48], towing
performance [3], escort capability, maneuverability, and
harbor or offshore operations [2]. However, these studies do
not provide an integrated framework for evaluating the lengthy
and multistage design and construction process together with
operational feedback. Addressing this gap by considering the
process as a whole rather than examining its stages separately
constitutes the main motivation of this study. Accordingly,
FRAM was selected to model tugboat design and construction
decisions as coupled functions and to examine how performance
variability propagates through their couplings [32]. Fuzzy
FMEA risk analysis was preferred to quantify the performance
variabilities of decisions related to design, construction, and
operational functions. The novelty of the proposed approach
lies in integrating FRAM-based functional coupling and
variability propagation analysis with Fuzzy FMEA-based risk
prioritization and operational feedback within a single system-
level framework.

The main objectives and contributions of this study can be
summarized as follows:

(i) An integrated FRAM-Fuzzy FMEA framework is
proposed to represent the tugboat design and construction
process, including operational feedback, as a network of
coupled technical, production, regulatory, and organizational
functions.

(i) A systematic approach is developed to transform
FRAM-derived functional variabilities and propagation
pathways into failure modes and to quantify and prioritize
their risks through fuzzy aggregation of expert severity,
occurrence, and detection assessments.

(ii1) The framework model is demonstrated through an actual
70-ton bollard-pull Azimuth Stern Drive (ASD) tug case
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involving 16 main functions, seven support functions, and
40 functional variabilities. The high-priority failure modes
corresponded with major warranty-period deficiencies,
supporting the practical applicability of the framework and
enabling the development of targeted risk-control measures.

2. Methodology

This study combines FRAM and fuzzy FMEA to analyse
functional variability and risk in tugboat design and
construction. The framework was applied to an ASD
tugboat project with the input of five experts from tugboat
design, construction, and operation. The method consists
of two phases, as shown in Figure 1. In Phase 1, 16 main
and seven support functions were modelled as Work-As-
Imagined (WAI). Project and operational records were then
examined as WAD to identify 40 functional variabilities and
their propagation paths. In Phase 2, these variabilities were
converted into failure modes and evaluated using Fuzzy
FMEA. The calculated fuzzy risk priority numbers (FRPNs)
values were ranked and compared with warranty records.

2.1. System Boundary and Process Definition

The system boundary was defined to include the activities
that directly influenced the design, construction, testing, and
delivery of the case tugboat. It includes concept, preliminary
and detail design, performance and stability analyses, physical
construction, outfitting, class approval, and acceptance
tests. Operational experience and warranty records were
incorporated as feedback sources for identifying WAD rather
than being modelled as a separate operational stage. Only
activities within this boundary were considered when defining

| Tugboat case study |

| Defining FRAM functions |

v

i

) -
0 | FRAM modelling (WAI) |

2 i

o | Functional variability identification (WAD) ‘

| Critical variability pathways |

| Variability transformation into failure modes |

| Fuzzy FMEA evaluation |
v

| FRPN prioritization |
v

‘ Validation using warranty records |

Phase 2

‘ Variability management and control measures |

Figure 1. Analysis flowchart.
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the FRAM functions and selecting the functional variabilities.
The main stages are presented in Table 1.

Based on the system boundary and process stages defined
above, the 40 functional variabilities were identified and
selected through the following six-step procedure:

Establishment of WAI: Technical specifications, approved
design documents, classification requirements, contract
documents, and testing and acceptance criteria were used.
Identification of WAD: Field observations, construction
and acceptance records, non-conformity reports, failure
and warranty records, and expert interviews were
examined.

Identification of candidate variabilities: Differences
between WAI and WAD were assigned to the relevant
FRAM functions and couplings.
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o Application of selection criteria: Variabilities were

retained if they were within the system boundary, associated
with a specific FRAM function, supported by project
records or expert assessments, and capable of affecting
downstream functions.

Elimination and consolidation: Duplicate or overlapping
items were merged, while items outside the system
boundary or without a direct functional relationship were
excluded.

Expert review: The five experts reviewed the list in
terms of relevance, clarity, and correspondence with the
identified functions, resulting in a final list of 40 functional
variabilities.

Table 1. Tugboat shipbuilding process stages.

Main phase Sub-process/activity

Description

Concept design

Establishment of operational requirements and general
design

Design process Preliminary design

Main dimensions and initial performance analysis

Detail design

Engineering calculations and production drawings

Stability Initial and final stability

Weight distribution control/trim and heel control

Resistance analysis

Determination of hull resistance characteristics

Powering analysis

Calculation of required engine power

Hydrodynamic and performance analysis

Propulsion system design

Determination of propulsion configuration

Stability analysis

Evaluation of vessel stability criteria

Hull structure

Shell thicknesses, strength calculations, and construction

Physical construction Coating/paint system

Determination of corrosion protection systems

Insulation

Fire, vibration, thermal, and acoustic insulation

Piping systems

Design of fuel, cooling, fire, etc. lines

Electrical systems

Power distribution, lighting, and control systems

Outfitting

Heating-ventilation and air
conditioning (HVAC) systems

Heating, ventilation, and air conditioning

Main engine/propulsion system

Integration of main engine, shaft, and propulsion equipment

Auxiliary systems

Generators and auxiliary equipment

Deck machinery

Cranes, windlasses, towing winches, etc. equipment

Fire fighting systems

Fi-Fi systems

Deck outfitting

Outfitting works

Safety equipment

Life-saving and safety equipment

Navigation and communication

Navigation systems

Radar, ECDIS, AIS, etc. systems

Communication systems

GMDSS and other communication systems

Testing and verification processes

Class approval

Compliance of design and production with class rules

Factory acceptance test (FAT)

Testing of equipment at manufacturer facilities

Harbour acceptance test (HAT)

System tests in harbour conditions

Sea acceptance test (SAT)

Performance and system tests under sea conditions
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2.2. FRAM Method

FRAM is an innovative approach developed by Erik
Hollnagel and particularly used in the analysis of complex
socio-technical systems. While traditional safety and risk
analysis methods mostly focus on investigating the root
causes of accidents, the FRAM approach aims to understand
how a system actually works. This approach evaluates system
performance not only through failures, but also through the
continuously repeated “successful” functioning in daily
operations [49].

Classical approaches assume that work processes are carried
out in accordance with procedures, rules, and standards,
and they consider deviations as exceptional situations.
However, in real working environments, operations do not
always proceed as planned, and continuous adaptations are
made through the interaction of humans, organizations, and
technology. Therefore, the starting point of system analysis
is not how the work should theoretically be performed
(WAI), but rather how it is actually performed in practice
(WAD). The main reason why operations are mostly
carried out successfully in daily activities is the ability of
system components to adapt to variable conditions. This
adaptation process occurs through small-scale adjustments
and flexible decision-making mechanisms. The FRAM
approach considers adaptive behaviors as an integral part of
system performance and aims to analyze how performance
variability emerges rather than focusing solely on errors.
In this context, FRAM is not a classical risk or accident
analysis method, but rather a qualitative modeling approach
that explains system behavior [6].

2.2.1. FRAM functions

The FRAM method is based on modeling the functions within
a system and the couplings among these functions in order to
understand how the system operates. In the analysis process,
the functions existing within the system are first identified,
and the connections among these functions are revealed.
Subsequently, the typical performance variabilities of these
functions are evaluated, and the functional resonance that
may occur within the system are analyzed. According to the
FRAM approach, a function is a set of activities performed to
achieve a specific objective. These functions may be simple
or complex and play a fundamental role in the formation of
system outputs. The correct identification of functions is
critically important for the accuracy of the analysis.

Each function is defined in the FRAM methodology through
six basic aspects: Input, Output, Precondition, Resource,
Control, and Time. Input: Information, instruction, or
warning that initiates the function and is used to produce an
output. Output: The result of the function, which may become
an input for another function. Precondition: Conditions that
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must be satisfied before the function begins. Resource:
Information, equipment, and workforce required during the
execution of the function. Control: Rules, procedures, and
supervision mechanisms that ensure the function produces
the intended result. Time: The time factor that constrains or
directs the execution of the function [6]. The aspects of the
FRAM function cell are shown below in Figure 2.

2.2.2. Performance and variability

In the FRAM model, functions are in continuous couplings
with each other. These constitute the main source of
variability in system performance. The couplings established
among functions through input-output relationships, control
mechanisms, and resource utilization play an important
role in understanding system behavior. The relationships
among functions are not always dependent on a linear time
sequence. In some cases, functions may occur in parallel or
indirectly affect each other. Therefore, system analysis should
include not only sequential processes but also simultaneous
couplings.

In the FRAM approach, performance variability is
accepted as a natural characteristic of the system. Human,
organizational, and technological components generate
variability at different levels. While the human factor
generally exhibits high frequency variability, technological
systems display a more stable structure. Criteria called
Common Performance Conditions are used for the
evaluation of performance. These criteria include factors
such as resource adequacy, communication quality, working
environment, time pressure, and organizational support.
Processes such as tugboat design, which involve human-
technology-organization structures, contain high levels of
variability. Therefore, variability levels may be classified
using linguistic expressions in performance evaluations. This
approach enables the dependencies among system functions
to be understood more clearly [50].

TIME ONTROL
INPUT OUTPUT
PRECONDITION RESOURCE

Figure 2. FRAM Function cell and its aspects.
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2.2.3. Variability management and control measures

In the FRAM methodology, the analysis of variability is
a critical stage for understanding system performance.
Small variabilities occurring during daily operations may
not individually cause system failure. However, when
these variabilities couple with other functions, a functional
resonance may emerge and lead to serious consequences.
FRAM provides an important framework for managing
variability in system performance. In this context, systems
are required to develop resilience and adaptation capability.
The ability of systems to respond rapidly and effectively to
changing conditions is a determining factor in controlling
risks [51]. During the variability management process,
continuous monitoring, feedback, and learning mechanisms
should be established. In this way, system performance can
be continuously evaluated and opportunities for improvement
can be identified [52].

One of the most important contributions of the FRAM
method is that it enables complex systems to be analyzed
in a holistic manner. Evaluating system performance not
only through failures but also through normal operations
is one of the strong aspects of the method [6]. However,
the fact that the method is a qualitative analysis approach
brings certain limitations. Since the analysis results
largely depend on expert opinions, subjective evaluations
may occur. In addition, the difficulty of data collection
processes and the long duration of analysis are among the
disadvantages of the method [24]. In order to overcome
these limitations, the FRAM method is integrated with
multi-criteria decision-making techniques, fuzzy logic, and
quantitative risk analysis methods. In this way, qualitative
analysis results can be transformed into numerical values,
enabling more concrete risk evaluations [53]. The output
variability belonging to functions may be formulated
as follows. Depending on the scale of the model, clearly
determining these requires highly complex and lengthy
calculations [54-56].

AVO,FI = zFl( (AVI,I*WLI) + (AVR,I*WR,I)

)]
+ (AVC,I*WC,I) + (AVPC,I*WPCJ))

In the example of the interacting F1 and F2 functions, the
variability relationship can be expressed mathematically as
follows:

Avg, = [((Avrwy) + (v ow)

+
(Avc’z*wc’z) + (Avpc,z*wpc_’2)> + Avo’Fl]
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2.3. FMEA Method

The risks that may arise from functional variabilities were
evaluated by integrating the fuzzy FMEA method, and
FRPN were calculated for each failure mode. Accordingly,
the performance variabilities identified through the FRAM
analysis were transformed into semi-quantitative risk scores,
and critical risk areas within the design process were
identified. FMEA is arisk analysis method that systematically
evaluates potential failure modes that may occur in products,
processes, or systems and the effects of these failures [57].
In multidisciplinary engineering processes such as tugboat
design, it is used as an important tool especially in the
analysis of systems, design, construction, quality, reliability,
and their couplings [58]. The tugboat design process has
a complex structure requiring the combined evaluation of
hull structure, hydrodynamic performance, main engine and
propulsion system integration, stability, structural integrity,
bollard pull performance, and operational requirements.
Therefore, the early identification of errors that may arise
during the design stage is critically important. FMEA
provides an effective approach for identifying potential
failure modes in this process, analyzing the effects of these
failures on design and operation, and prioritizing risks. The
method was first developed in military applications in the
1940s and was later systematized by NASA and became
widely used in engineering applications [59].

For each failure mode, RPN values were calculated through
severity, occurrence probability, and detectability scales, and
the risks were therefore classified according to their priority
levels. This approach enabled the identification of necessary
improvement and control mechanisms within the design
process [60]. FMEA was considered a proactive method that
provided the opportunity to predict potential future problems
by utilizing past design experiences and to reduce these
risks during the early stages of design [61]. In this respect,
the method was found to be compatible with the FRAM
approach, as it enabled the semi-quantitative evaluation of
the performance variabilities identified through FRAM and
supported the establishment of a holistic risk assessment
framework.

2.3.1. FMEA analysis procedure

The three fundamental evaluation criteria most commonly
used in FMEA applications are Occurrence (O), Severity
(S), and Detection (D) parameters. Failure modes identified
within the tugboat design process are evaluated and scored
according to these three factors based on expert opinions.
According to the United States Department of Defense
(1949), a failure mode is defined as the inability of a function
within the tugboat design system to provide the expected
performance, operate insufficiently or irregularly, or produce
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undesired results [62]. Effect refers to the consequences of
these failures on system performance, operational safety,
and the end user. The Severity (S) parameter is determined
according to the worst potential consequence of the relevant
failure mode and is particularly evaluated in terms of safety
of life, equipment damage, and operational losses.

2.3.2. Fuzzy FMEA

Fuzzy logic enables direct operation with linguistic
expressions used in FMEA and models the uncertainty in
expert evaluations more realistically. This approach allows
uncertain or qualitative information to be effectively used
in risk prioritization. In this context, a fuzzy logic-based
structure was established by considering the O, S, and D
parameters through linguistic variables in the evaluation of
failure risk. In FMEA, the prioritization of failure modes is
often considered as a multi criteria decision-making process,
and in the literature, the integration of fuzzy logic with
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methods such as TOPSIS, VIKOR, AHP, and DEMATEL is
widely used [58,61]. The classical FMEA approach includes
certain limitations such as the assumption that risk factors
have equal weights, different O, S, D combinations being able
to produce the same RPN value, and evaluations being limited
to precise numerical expressions. Therefore, it is necessary to
perform a more flexible and representative evaluation using
fuzzy linguistic variables and membership functions. In this
study, potential failure modes, effects, and causes related to
the functions determined by FRAM were analyzed using fuzzy
FMEA. Evaluations were performed by experts according
to the O, S, and D scales specified in Tables 2, 3, 4. These
assessments were processed through fuzzification, and FRPN
were subsequently calculated through the defuzzification
procedure. Based on the obtained FRPN values, risk
prioritization was performed, and corrective control measures
for critical functions were identified [63,64].

Table 2. Fuzzy ratings for occurrence of a failure [57,65].
Probability Probability of occurance | Failure probability = Fuzzy number
Almost None: Has not occurred before Remote (R) <1/1.500.000 (1,1,2)
Remote Probability: Occurred very very rarely Low (L) 1/150.000 (23.4)
Very Low: Relatively infrequent failures 1/15.000 w
Low: Failures occasionally occurring 1/2000
Minor: Occurring in small numbers Moderate (M) 1/400 (4,5,6)
Medium: Occurring at medium frequency 1/80
Slightly High: Occurring in slightly high numbers 1720
e £ R S High (H) (6.7.8)
High: Occurring in high numbers 1/8
Very High: Occurring in very high numbers 1/3
Very High (VH) (8,9,10)
Almost Certain: Failure is almost certain >1/2
Table 3. Fuzzy ratings for severity of a failure [57,65].
Severity of effect Effect Fuzzy number
No effect None (N) (1,1,2)
Failure causing confusion in tugboat design Very minor (VM) (1,2,3)
Failure slowing down tugboat design Minor (MIN) 2,3.4)
Failure causing short-term disruption in tugboat design Very low (VL) 3.4.,5)
Failure causing short-term disruption in tugboat design, production, and organization Low (L) (4,5,6)
Failure causing moderate losses in tugboat design, production, and decision-making Moderate (MOD) .67)
processes
Failure having an effect causing complete system damage, incomplete production, and High (H) 6.7.8)
delay
Failure havmg a destructive effect causing complete damage to tugboat design, Very high (VH) (1.8.9)
production losses, etc.
Poter}tlal falh{rg causing severe damage in tugboat design, production stoppage, and Hazardous with warning (HAZ) (8.9.10)
multiple fatalities
Potential failure having an effect that may lead to catastrophe on the tugboat, Hazardous without warning
o . (9,10,10)
organization, and environment (CAT)
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Table 4. Fuzzy ratings for detection of a failure [57,65].
Likelihood detection Detection Fuzzy number
Detectability of the cause of the potential failure and the subsequent failure is almost certain Almost certain (AC) (1,1,2)
Detectability of the cause of the potential failure and the subsequent failure is very high Very high (VH) (1,2,3)
Detectability of the cause of the potential failure and the subsequent failure is high High (H) (2,3,4)
Detectability of the cause of the potential failure and the subsequent failure is moderately high | Moderately high (MH) (3.4,5)
Detectability of the cause of the potential failure and the subsequent failure is moderate Moderate (M) (4,5,6)
Detectability of the cause of the potential failure and the subsequent failure is low Low (L) (5,6,7)
Detectability of the cause of the potential failure and the subsequent failure is very low Very low (VL) (6,7,8)
Detectability of the cause of the potential failure and the subsequent failure is remote Remote (R) (7,8,9)
Detectability of the cause of the potential failure and the subsequent failure is unlikely Very remote (VR) (8,9,10)
Detectability of the cause of the potential failure and the subsequent failure is impossible Impossible (IMP) (9,10,10)
2.3.2.1. Fuzzy representation of expert evaluations
In fuzzy sets, different membership functions such as ? ———— Membership function
]

triangular, trapezoidal, and bell shaped curves are used in
order to determine the membership degrees of elements.
Among these functions, triangular and trapezoidal fuzzy
numbers are particularly prominent as the most commonly
preferred approaches in applications. Membership functions
play an important role in modeling situations involving
uncertainty and enable the representation of complexities
encountered in fuzzy logic systems. Determining
membership degrees through linguistic expressions allows
the boundaries of system parameters to be defined [65,66].
A fuzzy set is generally expressed as:

A = {(x,,uA(x)):xe Xop, 0 € [0,1]} 3)

Here, X represents the universal set, A represents the fuzzy
set, A denotes the membership function of the fuzzy set,
and pA(x) represents the membership degree of the element
x belonging to the related set. The membership degree
varies between 0 and 1, where the value O indicates that
the element does not belong to the set, while the value 1
represents full membership. Intermediate values indicate
partial membership. The triangular membership function
used in this study is defined by three parameters, namely the
lower limit a, the peak point m, and the upper limit b, and
satisfies the condition /[sm=b. The triangular membership
function is shown in Figure 3.

Triangular membership functions are also effectively used
in the quantification of linguistic variables. The triangular
membership function used in this study is defined by three
parameters, namely the lower limit a, the peak point m,
and the upper limit b, and satisfies the condition asm=b.
The fuzzy membership structure used in this study wQs
established based on the approaches proposed by Liu et al.

H(x)

= == = = Non-membership function

[

s B

=
«n

o

Figure 3. Triangular membership function.

[57] and Wang et al. [65]. The mathematical representation
of the membership function is given below:

0, x< a
=% a<x<m
iy = b—x )
m, m<x§b
0, x> b

2.3.2.2. Aggregation of expert opinions

In the study, risks associated with tugboat design and
construction were evaluated using a Fuzzy FMEA approach
integrated with FRAM-based variability analysis. Linguistic
expert evaluations were transformed into triangular fuzzy
numbers according to the scales given in Tables 2, 3, and
4. For each failure mode, the fuzzy evaluations provided
by the experts were aggregated using the arithmetic mean

71



Adem Viran

Assessing Functional Variability and Risk in Tugboat Design Using an Integrated FRAM-Fuzzy FMEA Framework

method. The aggregated occurrence probability value is
expressed as:

7-4( 0 Zn-30)

2.3.2.3. Calculation of the FRPN

The FRPN is a measure that numerically expresses the risk
level of each potential failure mode. As shown in equation 6,
the FRPN value is calculated by multiplying the occurrence
probability (O), severity (S), and detection (D) values.

FRPN=0Q®S®D (6)

The multiplication of triangular fuzzy numbers was
performed on a component basis and is expressed as:

FRPN = (aoa a

s D’

m mom,, bObSbD) (7
Through this approach, the risk levels related to failure
modes were represented not only by a single precise value
but also by a fuzzy interval including uncertainty.

2.3.2.4. Defuzzification

In order to rank the fuzzy FRPN values and perform

comparative risk evaluation, a defuzzification process was

applied. In this study, the centroid method was preferred as

the defuzzification method. The defuzzified FRPN value is

calculated as:

rrpN = 2l ®
= T

As aresult of this process, fuzzy risk values were transformed

into a single numerical value, and it became possible to

determine the risk priorities of failure modes. Thus, the

failure modes creating critical risks were quantitatively

ranked and prioritized.

2.4. Case Study and Expert Selection

In this study, a FRAM-based framework was developed
through a real tugboat building project. Initially, the
functional couplings of tugboat design and building processes
under ideal operational conditions were established. Then,
the interactions among variable functions were analyzed
through a real tugboat building case. The investigated
tugboat case was built based on a local design approach
rather than a ready-made design package, in a shipyard
possessing limited infrastructural resources and located
far from major logistics supply chains. Furthermore, the
shipbuilding company maintained a highly limited control
and engineering team throughout the project lifecycle. The
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construction process exceeded the original project schedule
and the tugboat was delivered with delay. The most dominant
source of operational problems was identified as excessive
shaft angles between the main engine output and ASD input
shafts, resulting in bearing-related problems and vibration.
In order to reduce the angular difference along the propulsion
line, two cardan shafts were integrated into the shaft system.
Following the provisional acceptance of the tugboat,
more than 400 user-reported deficiency notifications were
recorded during the warranty period. Among these records,
accommodation sweating caused by the Heating, Ventilation
and Air Conditioning (HVAC) system, high vibration,
alarm monitoring system deficiencies, improper material
usage, and equipment failures were the most prominent
issues. In addition, numerous deficiency reports were
submitted regarding insufficient chain-locker dimensions,
accommodation cabin arrangements, and deck equipment
integration problems. The principal particulars and technical
information of the tugboat used in this study are presented
in Table 5.

Subsequently, the Fuzzy FMEA analysis stage was carried
out based on the identified functional variabilities. Potential
variabilities arising from functional couplings were defined
as failure modes, and the associated risks were evaluated
through a semi-quantitative risk assessment approach.
FRAM analysis requires field observations and expert
evaluations [67]. Similarly, expert evaluations ensure that
the Fuzzy FMEA analysis produces accurate results [68].
In this context, general information regarding the experts
consulted in the study is presented in Table 6. In order for
the study to produce reliable and realistic results, the experts

Table 5. Tugboat main particulars.

Parameter Ship particular

Vessel type Open sea tugboat

Length overall (LOA) 32m

Moulded Beam 11.83 m

Moulded Depth 5.55m

Bollard pull (BP) 70t

Propulsion type Azimuth Stern Driver (ASD)

Service speed 13 kn

Gross tonnage 546

Net tonnage 164

Hull material Steel

Main engine power 2 x 2100 kW

Classification notation IASY ESCORT.TL.JG +MAUT-8h
Fi-Fil

Keel laying date 01 January 2018

Delivery date 30 May 2019
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Table 6. General qualifications of the experts.
E:(}’::t Position Ex([;giresl)nce Professional qualifications
El Tugboat design department director 20 Ph.D. Naval Architecture and Marine Engineering
E2 Tugboat designer 10 B.Sc. Naval Architecture and Marine Engineering
E3 Tugboat shipyard manager 15 M.Sc. Naval Architecture and Marine Engineering
E4 Tugboat captain 12 B.Sc. Maritime Transportation and Management Engineering, Master Mariner
E5 Tugboat operator/fleet owner 25 B.Sc. Maritime Transportation and Management Engineering, Master Mariner

were selected from individuals with design, construction,
and operational experience. The main reason for this is
that certain deficiencies that cannot be foreseen during the
design stage may only emerge during the construction and
operational processes. Similarly, experiences conveyed solely
by designers and construction teams remain incomplete
without the contribution of operator users who know how
the tugboat behaves under actual operating conditions and
what performance limitations it encounters. Therefore, the
expert group was formed with the aim of bringing together
knowledge and experience covering the entire lifecycle of
the tugboat.

2.5. Sensitivity and Uncertainty Analysis

Fuzzy numbers address the vagueness of linguistic evaluations
but do not directly quantify expert disagreement or the
sensitivity of the results to model assumptions. Therefore,
three supplementary analyses were conducted to evaluate the
robustness of the FRPN results. First, agreement among the
five experts was assessed separately for occurrence, severity,
and detection using tie-corrected Kendall’s W formula as
given in Equation 9. Kendall’s coefficient of concordance
(W) is a non-parametric measure used to evaluate for rank
correlation. The coefficient ranges from O to 1, where values
close to 0 indicate weak agreement and values close to 1
indicate strong agreement [69].

122?:1 (RI_R_)

- 2(113 _ _ m
m*(n’—n) mzjzlrf

€))

Second, a leave-one-expert-out (LOEO) analysis was
performed by excluding each expert and recalculating the
FRPN values and rankings. Finally, parameter sensitivity was
tested using occurrence, severity, and detection dominant
weighting scenarios of (0.50,0.25,0.25), (0.25,0.50,0.25),
and (0.25,0.25,0.50) by the equation 10. Spearman’s rank
correlation and maximum rank shifts were used to compare
the results with the baseline ranking.

3w, (3w, ()3W 3w, (P3w, ()W 3w, ()3w, ()3W
FRPN — 0001 + 0¥ 00+ + 0¥ 0> O™
wo 3

(10)

3. Analysis
3.1. FRAM Analysis

3.1.1. Defining tugboat design functions as WAI

The tugboat design and construction process was
modeled by considering the process from the definition
of operational requirements to the delivery of the vessel.
The related functions were developed by assuming that the
construction process progressed in accordance with the
planned project schedule (WAI). The system consisted of
16 main and 7 sub-functions as given in Table 7 covering
preliminary design, performance analyses, propulsion
system selection, stability verification, class compliance
controls, production organization, and verification/
revision processes. The first function initiating the system
is Subl, which defines the customer/shipowner demand,
while the final function terminating the system is Sub7,
which represents the delivery of the vessel. The functions
between F1 and F8 are preparation functions, the functions
between F9 and F13 are detail process functions, the
functions between F14 and F16 are control functions,
and the functions between Subl and Sub7 are support
functions.

Tugboat design was modeled by accepting the existence of
standard functions required to be performed. This assumption
includes the basic functions and aspects that should exist
within the broadest framework. While projects having
similar design characteristics are received as standardized
design packages, some intermediate forms are redesigned
by being subjected to re-analysis processes. Tugboat
design and construction have a complex process realized
through HuMan (M), Technology (T), and Organization (O)
couplings [44]. If all functions involved in all construction
processes were defined in detail, the modeling framework
would become excessively broad, which would cause
deviations in the analysis results. By defining boundaries
for the FRAM model through the functions, the analysis was
prevented from becoming excessively complex and more
consistent results were achieved.

The primary requirements are the intended service,
main engine power, propulsion system, and bollard pull
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Table 7. FRAM function description and complex group.
No Type Function M-T-O
F1 Preliminary To define operational requirement M-O
F2 Preliminary To define preliminary design parameters M-T
F3 Preliminary To perform performance analyses M-T
F4 Preliminary To determine main engine power M-T
F5 Preliminary To decide propulsion system M-T-O
F6 Preliminary To determine weight distribution M-T
F7 Preliminary To check initial stability M-T
F8 Preliminary To estimate bollard pull target M-T
F9 Development | To arrange deck equipment M-T-O
F10 Development | To determine accommodation and bridge layout M-T-O
F11 Development | To design engine room arrangement M-T-O
F12 Development | To define firefighting and safety systems M-T-O
F13 Development | To start physical construction M-T-O
F14 Control To check building class-maritime rules M-T-O
F15 Control To organize shipbuilding M-O
F16 Control To verify and revise project M-O
Subl Support To give the main profile M-O
Sub2 Support To meet design constraints M-T-O
Sub3 Support To utilize available data sources M-T
Sub4 Support To define equipment list M-T-O
Sub5 Support To provide project team M-O
Sub6 Support To ensure shipyard infrastructure T-O
Sub7 Support To deliver the vessel M-T-O

capacity. During the concept design stage, customer/
shipowner requirements must be established within a
consistent framework. Design according to the service
purpose is essential. When this is not clearly determined,
the operational framework expands and negatively affects
equipment selection and the construction process. Strong
main engine and propulsion performance are the principal
capabilities of a tugboat. Harbor or offshore tugboats
require specific characteristics regarding draft heights and
propulsion systems according to their service area. In ports
and terminals, lower-draft propulsion systems are preferred.
In escort and towing services, voith-type propulsion systems
are highly efficient in terms of maneuverability. In tugboats,
reinforced skeg structures, bulwark lines, and bow and stern
form constructions facilitate harsh operational working
conditions. The installation process of the propulsion system
region to the hull requires highly sensitive engineering
solutions. Bridge control consoles are equipped to control
and monitor both bow and stern operations [1,5,70].

The engine room arrangement should be designed in a
way that facilitates equipment maintenance operations.
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Tugboats are generally propelled and driven by two main
engines and two propulsion systems. According to electrical
load calculations, a minimum of two diesel generators are
installed. In addition, auxiliary equipment such as main
engine and diesel generator coolers, compressors, hydraulic
power units, sewage treatment systems, oily water separators,
oil and fuel separators, air conditioning units, hydrophore
units, pumps, filters, batteries, rectifiers and inverters,
transformers, exhaust silencers, and main and distribution
switchboards are included in engine room equipment
arrangements. For external firefighting, water and foam-
type liquids are sprayed from fire monitors through high-
suction pumps located in the engine room. Accommodation
arrangements should be equipped according to the minimum
safe manning certificate based on the service class of the
tugboat. Master and chief engineer cabins are designed as
separate cabins [1,5,70].

Although there are certain variations in the rules depending
on tonnage and classification society, tugboat construction
should be subjected to control and inspection through
classification societies. Structural, outfitting, and piping
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drawings, physical construction, and the quality standards
of equipment and materials are subject to class approval.
It is essential that physical construction progresses in
coordination with the class approval process. Progress is
achieved as a result of periodic class surveys. At this stage,
drawing and field remarks

issued by the class should be followed and subjected to a
re-approval process. Similarly, the employment of design
and project teams together with the adequacy of shipyard
infrastructure are sub-functions having extensive interaction
originating from human and organizational factors [45,71].
Each function was modeled using the six basic aspects
of FRAM, namely input, output, precondition, resource,
control, and time, as shown in the example in Table 8. Thus,
dependencies among functions and the propagation of output
variabilities throughout the system were analyzed.
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The couplings among the identified functions were modeled
using the FRAM Model Visualiser software and are presented
in Figure 4. In the model, each function was defined by
considering the aspects of input, output, precondition,
resource, control, and time.

Figure 5 FRAM functional coupling graph shows that
the connection intensity among system functions is not
distributed homogeneously throughout the model. The
FRAM functions have a total of 108 couplings. The
function with the highest number of couplings is F13 (to
start shipbuilding). The function with the lowest number of
couplings is the Subl (to give main profile). In particular,
F13, F3, and F9 were identified as the functions having
the highest number of couplings. The functions F10, F11,
F12, and F15, which exhibit moderate coupling intensity,
are mainly associated with detail design, compartment

Table 8. F2-F3 function aspects.

F2-to define preliminary design parameters

Concept design determined

Input

Contract-technical specification prepared

Main dimensions (L, B, T, D) determined

Hull form and displacement preliminary assumption determined

Total ship resistance determined
Output

Propulsion and maneuvering characteristics determined

Bollard pull preliminary assumption determined

General arrangement plan draft prepared
Precondition Basic performance and mission requirements determined
Resource Design software, similar vessel database, hydrodynamic knowledge
Control Design criteria, class limitations, draft and port constraints
Time -

F3-to perform performance analysis

Main dimensions (L, B, T, D) determined

Hull form and displacement preliminary assumption determined

Total ship resistance determined

Input Propulsion and maneuvering characteristics determined
Bollard pull preliminary assumption determined
General arrangement plan draft prepared
Preliminary design finalized
Output Model test results
Start detail design
- Basic performance and mission requirements determined
Precondition
Design criteria, class limitations, draft and port constraints
Resource Design software, similar vessel database, hydrodynamic knowledge
Control -
Time -
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arrangements, and verification processes. Support functions
with lower coupling levels were evaluated as auxiliary
structures ensuring system continuity in terms of personnel,
data flow, and infrastructure support, even though they do
not directly generate critical resonance.

3.1.2. Aggregation of functions variability as WAD

In the tugboat case, the first major problem identified was
the high shaft angle between the main engine output and
ASD input caused by main engine arrangement related
limitations. As shown in Figure 6, additional bearings and
universal/cardan shafts were required due to the angular
shaft arrangement between the main engine and the ASD
unit. The approximately 19° angular difference was
accommodated through the use of two cardan shafts and
two additional bearings. Although the arrangement was
considered acceptable by both the design team and the main
engine-ASD manufacturers, the approximately 19° shaft
angle is considerably higher than the 5.5° angle generally
permitted in conventional straight-shaft installations. This
increased angular difference may contribute to alignment
deficiencies, bearing wear, and vibration-related problems.
Due to these angular differences, bearing clearances
decreased as a result of overheating problems occurring
in the shaft bearings. Although the bearings are designed
to withstand temperatures up to 225° C, overheating
problems were observed during operation. Before the
improvement works, vibration measurements on the ASD
unit reached 77.6 mm/s in the horizontal direction, 162.9
mm/s in the transverse direction, and 203.4 mm/s in the
vertical direction. Furthermore, due to vibration complaints
originating from the shaft bearings, the vessel was taken out
of service and corrective actions were attempted through
re-bearing operations. Following shaft-bearing replacement
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during the warranty period, vibration levels were reduced to
acceptable ISO limits. The critical resonance pathway of the
related problem in terms of FRAM functions is presented in
Figure 7.

The functional resonance aggregation pathway of the
propulsion-system problems was identified as F1-F2-
F4-F5-F11-F13. The variabilities occurring within the
main performance requirements, acceptance criteria, and
calculation processes affected the outputs of the propulsion-
system selection function as inputs. F5 directly affected
F11, while F11 subsequently affected the F13. In addition,
insufficient controls within the F16 created negative
variability on the shaft arrangement in the engine room.
Furthermore, insufficient qualified personnel, limited
shipyard capabilities, misinterpretation of previous design
data, and design constraints constituted sources of variability
affecting the outputs of the related propulsion-system
functions.

The accommodation spaces of the vessel are climatized by a
seawater-fed chiller system located in the engine room. Fan-
coil units belonging to the system are installed within the
cabins. In the project, sweating caused by the HVAC system
resulted in leakage into the wheelhouse and personnel
cabins. Accommodation panel coverings and insulation
materials became wet, and some sections became unusable.
As a corrective action, additional drains were opened on
the gutter bars and the insulation of the fan-coil pipes was
revised. This situation negatively affected personnel living
conditions on board. It was observed that the related problem
negatively affected the system by generating variability.

The outputs of the F1-F2, concept design, preliminary
design, and general arrangement plan, served as inputs for
F10 and transferred variability into this function. The output
of the F10 (to determination of the accommodation and
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Figure 6. Main engine-ASD angular shaft alignment configuration.
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bridge layout), affected the Sub7-vessel delivery function as
an input of F13. Furthermore, insufficient personnel (Sub5),
shipyard infrastructure deficiencies (Sub6), and equipment
selection deficiencies and faults (Sub4) originating from

Sub2-to
meet design
constraints

ubl-to give
the main
profile

ASD propulsion
selection

J Nav Architect Mar Technol
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the other support functions contributed to the growth of
variability. The F1-F2-F10-F13-Sub7 sequence represents
the critical variability pathway of the related problem as
given in Figure 8.
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Equipment and material selection deficiency problems
originated from accumulated variability among equipment
definition, compliance with classification rules, physical
construction, and project verification functions. Equipment
installation errors emerged as a result of accumulated
variability among equipment selection, utilization of design
data, physical construction, and verification functions. The
insufficient chain-locker capacity problem originated from
accumulated variability among deck equipment arrangement,
equipment definition, physical construction, and Project
verification functions. Alarm monitoring system failures
emerged not as isolated equipment malfunctions, but rather as
aresult of accumulated variability among equipment selection,
system integration, verification, and physical construction
functions. Accommodation layout problems originated from
aggregated variability among accommodation arrangement,
design constraints, physical construction, and verification
functions. Deck equipment integration deficiencies emerged
as a result of accumulated variability among bollard-pull
requirements, deckequipment arrangement, equipment
selection, physical construction, and verification functions.
High vibration complaints emerged as a result of accumulated
variability among propulsion system selection, machinery
arrangement, project verification, production quality, shipyard
infrastructure, and project team capability functions.
With scope of the FRAM analysis, the effects of variability
on the entire system were taken into consideration. Although
the ultimate objective was the smooth delivery of the vessel
and the minimization of failures during the warranty period,
it was observed that this objective could not be achieved in
the investigated case.
Similarly, the variability aggregation pathway for other
problems as:
- Equipment and material selection deficiency:
F1-F2—-Sub4—F14—-F13—-F16—Sub7.
- Equipment installation errors:
F1-F2—Sub4—Sub3 -F13—-F16—Sub7.
- Insufficient chain-locker capacity:
Fl1-F2—-F9—-Sub4—-F13—-F16—Sub7.
- Alarm monitoring system failures:
F1-F2—-Sub4—F12—-F13—-F16—Sub7.
- Accommodation-layout problems:
F1-F2—-F10—Sub2—F13—-F16—Sub7.
- Deficiencies in deck-equipment arrangement:
F1-F2—-F8—-F9—Sub4—F13—-F16—Sub7.
- High vibration complaints:
F1-F2—-F4—-F5-F11-F16—-F13—Sub6/Sub5—Sub7.

3.2. Tansformation of Functional Variability into Fuzzy
FMEA Failure Modes

The FRAM analysis revealed that the problems observed
in the investigated tugboat case originated from triggered
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functional variabilities. Therefore, the outputs obtained
from the FRAM variability aggregation pathways were
transformed into failure modes and evaluated using the
Fuzzy FMEA methodology as presented in Table 9. FRAM
was first applied to identify variability propagation pathways
within the tugboat design and construction processes. The
identified variability-induced failure modes were then
assessed using fuzzy FMEA to determine their criticality
and risk priority levels.

3.3. Fuzzy FMEA Analysis

Following the FRAM-based functional variability analysis,
fuzzy FMEA was conducted in order to semi-quantitatively
evaluate the risks associated with the identified functional
variabilities and potential failure modes. The integration of
FRAM and fuzzy FMEA enabled both the identification of
variability propagation mechanisms and the prioritization
of the associated risks under uncertainty conditions. Within
the scope of the analysis, potential failure modes derived
from the FRAM model were systematically evaluated
by considering design, production, operational, and
organizational aspects of tugboat design and construction
processes. Unlike conventional FMEA approaches relying
mainly on historical failure records, the proposed method also
considers functional couplings and variability propagation
under uncertainty conditions.

The analysis process consisted of several methodological
stages, including the identification of failure modes (Table 9),
expert evaluations, transformation of linguistic assessments
into fuzzy numbers (Table 10), aggregation of expert
opinions, calculation of the FRPN, and defuzzification of
the obtained results (Table 11). The experts assessed each
failure mode in terms of occurrence probability, severity of
consequences, and detectability using predefined linguistic
scales. Due to the inherent uncertainty and subjectivity of
expert judgments, triangular fuzzy numbers were utilized
to model the evaluation process. The obtained fuzzy risk
values were subsequently defuzzified to determine crisp
FRPN values, enabling the prioritization of critical failure
modes. Accordingly, the proposed framework enabled the
identification and prioritization of critical technical and
organizational vulnerabilities within tugboat design and
construction processes.

The risk-level ranges were defined based on the theoretical
FRPN scale of 0-1000 and expert judgment, with higher
ranges representing risks requiring greater priority and
more immediate corrective action. According to Table 12,
risk thresholds were classified as follows: very high >500;
high >350; moderately high >200; moderate >100; low
<100. The calculated FRPN values and corresponding risk
rankings of the identified failure modes are presented in
Table 13.
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Table 9. Potential function output variability.
No Functional variability Failure mode Effect
F1V1 Inconsistencies in operational preferences Incompatible operational design basis Design-operation mismatch
F1V2 Failure Of. the vessel to fully meet its intended Operational requirement deficiency Operational performance loss
construction purpose
F2V3 Preliminary design stage was not carried out properly | Preliminary design mismatch Propulslon-system Integration
constraints
Errors and deficiencies in analyses and engineering . . . . o
F2v4 . Incorrect engineering calculations Design-verification problems
calculations
Main engine-propulsion system integration was not Limited propulsion integration Increased shaft-angle
F4V5 . o o
sufficiently controlled flexibility susceptibility
F5V6 Propulsion system is not compatible with the hull Hull-propulsion system incompatibility g/gfl::jll: }g]me-ASD alignment
F5V7 Installation errors exist in the propulsion system Propulsion-system alignment deficiency | Vibration propagation
F5V8 Reduction in propulsion efficiency due to additional Cardan shaft dependency Propulsion efficiency loss
shaft arrangement
F8V9 Operational deficiencies caused by deck arrangement | Bollard-pull integration pressure Operational usability constraints
FoV10 EXCSSS}VC limitations in anchoring and mooring Insufficient chain-locker capacity Towing-operation limitation
operations
FOV11 Improper towing hook/winch/chain-locker peck—e.qulpment integration Inefficiency in deck operations
arrangement inconsistency
F10V12 | Errors in accommodation-space arrangement Accommodation-layout incompatibility | Crew comfort loss
F10V13 .Insufﬁcl.ent and improper ventilation circuit HVAC outfitting deficiency HVAC condensation and leakage
installation
Fl11V14 Accessibility difficulties due to equipment Engine-room arrangement mismatch 1\/_Ia1.nten_ance and accessibility
arrangement difficulties
NP o . s . . .. L Extended repair time and system
F11V15 | Errors and deficiencies in piping/circuit installations | Difficulty in accessing piping/circuits et
unavailability
F12V16 Constraints exist in engine-room equipment Safety-system integration constraint Operational safety weakness
arrangement
F12V17 Excessive number of alarms in the alarm monitoring Alarm-system integration instability Mo.m.torlr.lg and control
system deficiencies
F13V18 | Incomplete and improper installations exist S:Vrzzttril(l)itlon—stage implementation Repetitive operational failures
F13V19 | Excessive number of rework activities Inadequate production coordination Loss of construction efficiency
F13V20 | Poor workmanship quality Low production quality Construction-quality problems
F13V21 Construction process did not progress according to Construction-process delay Ext_ens10n of vessel delivery
the planned schedule period
F14v22 IIlSuf.fI.CICI:lt 1nspef:t10n and supervision by the Classification inspection deficiency Incom.plete nonconformity
classification society detection
F14V23 | Incorrect implementation of classification rules Improper classification practices Operational incompatibility
F14V24 Cons.t I’.uCtI.OI’l progressed without considering Classification compliance deficiency Certification and safety problems
classification rules
FI5V25 | Lack of coordination between departments Org'a{nzatlonal communication Construction coordination
deficiency problems
F15V26 (Slllll;rl?tl ;rd organizational units are not of sufficient Organizational management deficiency | Production quality loss
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Table 9. Continued.
No Functional variability Failure mode Effect
F16V27 Insufficient follow-up of revision works Project-verification insufficiency Incomplete corrective actions
F16V28 Incomplete and improper inspections exist System-validation insufficiency Repetitive ope.ratlonal
nonconformities
Errors in the selection of the vessel’s main Main characteristic design Hull-system integration
Sub1V29 S . . o
characteristic dimensions incompatibility problems
Sub2V30 Design constraints were incorrectly interpreted Design-constraint interpretation error L?ﬁ)glr;g:n and arrangement
Previous project data were incorrectly applied to . . . . . .
Sub3V31 . Design-data interpretation inconsistency | Local design adaptation error
the new project
Sub4V32 Improper equipment and material selections exist | Improper equipment/material selection System incompatibility
Sub4V33 Delay§ occurred in the delivery of equipment to Critical equipment procurement delay Construction-process delay
the shipyard
Sub5V34 Engineering team is insufficient Engineering-team capability limitation Insufflf.‘l.ent engineering
supervision
Sub5V35 Quality-control activities are insufficient Quality-control deficiency Operational quality problems
Sub6V36 Shipyard infrastructure is insufficient Shipyard infrastructure limitation Reduced construction quality
Vessel construction in a location remote from Shipvard logistics and workforce Delays in construction
Sub6V37 material logistics and qualified workforce pyarc /OSISHCs al activities and reduced
accessibility limitation . .
resources production quality
Sub7V38 Vessel was delivered with existing failures Operational transfer instability ngh.warranty-perlod
deficiency reports
Sub7V39 Excessive failure reports during warranty period Aggregated functional resonance Operational reliability loss
Sub7Vv40 Delay in vessel delivery date Delivery-process delay Operational planning loss

3.4. Sensitivity and Uncertainty Analysis

The robustness of the results was examined in terms of expert
agreement, individual expert influence, and changes in the
O-S-D weights. The results are summarized in Table 14.

4. Results and Discussion

According to the Fuzzy FMEA results, the highest-ranked
functional variability was identified as FSV6 with an FRPN
value of 622.667 related to the failure mode “hull-propulsion
system incompatibility.” The second-ranked variability was
identified as Sub7V39 with an FRPN value of 525.765 related
to the failure mode “aggregated functional resonance.”
F16V28 ranked third with an FRPN value of 483.984 related
to the failure mode “system-validation insufficiency.” F4VS5
was identified as the fourth-ranked variability with an
FRPN value of 473.675 related to the failure mode “limited
propulsion integration flexibility.” F5V7 ranked fifth with
an FRPN value of 447.952 related to the failure mode
“propulsion-system alignment deficiency.” In addition,
F14V24 ranked sixth with an FRPN value of 441.760 related
to the failure mode “classification compliance deficiency,”
Sub5V34 was identified as the seventh-ranked variability

with an FRPN value of 438.843 related to the failure mode
“engineering-team capability limitation,” Sub7V38 ranked
eighth with an FRPN value of 424.083 related to the failure
mode “‘operational transfer instability,” Sub5V35 ranked
ninth with an FRPN value of 417.904 related to the failure
mode “quality-control deficiency”. Finally, FI1V15 was
identified as the tenth-ranked variability with an FRPN
value of 396.965 related to the failure mode “difficulty in
accessing piping/circuits.”

Figure 9 presents the distribution of the average FRPN
values of the main and sub-functions identified within
the scope of the investigated tugboat case. The results
indicate that the highest functional risk contribution
is related to the propulsion-system selection function
(F5). This is followed respectively by the main engine
power determination (F4), preliminary design parameter
definition (F2), and project verification and revision
(F16) functions. In addition, organizational and support
functions such as project-team capability (Sub5), shipyard
infrastructure (Sub6), and vessel delivery process (Sub7)
are also observed to have significant functional risk
contributions.
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Table 10. Experts’ linguistic evaluations.
Code OE1 SE1I DE1 OE2 SE2 DE2 OZE3 SE3 DE3 OE4| SE4 DE4 OES S ES D_ES
F1V1 M MOD M M H MH H H M M MOD L M H M
F1V2 M H M H H L H VH L H H L H VH M
F2V3 H H L H VH L H VH VL H H L H VH M
F2v4 M H L H VH VL H VH VL M H L H VH M
F4V5 H VH VL H HAZ R VH | HAZ R H VH VL H HAZ L
F5V6 H HAZ R VH HAZ R VH | CAT | VR H HAZ R VH | CAT VL
F5V7 H VH L H HAZ VL VH | HAZ R H VH L H HAZ @ VL
F5V8 H H M H VH L H VH L M H M H VH L
F8V9 M MOD M H H M M H L H H M H H L
FoV10 M H M H H L H VH L H H M H VH L
FoV1l1 M MOD M H H M H H L M H M H H L
F10V12 H MOD M H H L H H L M H M H H L
F10V13 H H M VH H L VH VH L H H M VH VH L
F11V14 M MOD M H H M H H L M H M H H L
F11V15 H H L H VH VL VH VH R H H L H VH VL
F12V16 M H M H H L H VH L M H M H VH L
F12Vv17 H MOD M VH H L VH H L H H M VH H L
F13V18 H H M VH VH L VH VH L H H M VH VH L
F13V19 H MOD M H H L VH H L H MOD M H H L
F13V20 H H L VH H L VH VH VL H H L H VH M
F13V21 H MOD H H H M VH H M H H H H H M
F14Vv22 M H VL H VH R H VH R M H VL H VH L
F14V23 M H VL H VH R H VH R M H VL H VH L
F14V24 M VH R H HAZ R H HAZ VR M VH R H HAZ VL
F15V25 H MOD M H H L VH H L H H M H H L
F15V26 H H M VH H L VH VH VL H H M VH VH L
F16V27 H H L H VH VL VH VH R H H L H VH VL
F16V28 H VH L VH VH VL VH | HAZ R H VH L VH | HAZ VL
Sub1V29 M H L H H VL H VH VL M H L H VH M
Sub2V30 H H L H VH VL VH VH R H H L H VH VL
Sub3V31 H H L H VH VL H VH R M H L H VH VL
Sub4V32 H H M H H L VH VH L H H M H VH L
Sub4V33 H MOD H H H M VH H M H MOD H H H M
Sub5V34 H H L VH VH VL VH VH R H H L VH VH VL
Sub5V35 H H L VH VH VL VH VH R H H L H VH VL
Sub6V36 H H M VH VH L VH VH VL H H M VH VH L
Sub6V37 H MOD M VH H L VH H L H H M VH H L
Sub7V38 H VH M VH HAZ L VH | HAZ | VL H VH M VH | HAZ L
Sub7V39 VH VH L VH HAZ VL VH | CAT R H VH L VH | HAZ VL
Sub7V40 H MOD H H H M VH H M H H H H H M
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Table 11. Defuzzification.
Code Oa Sm Db O_a S m Db O_a S m Db FRPN _a FRPN_m FRPN_b
F1V1 4.40 5.60 4.00 5.40 6.60 5.00 6.40 7.60 6.00 98.560 178.200 291.840
F1V2 5.60 6.40 4.60 6.60 7.40 5.60 7.60 8.40 6.60 164.864 273.504 421.344
F2V3 6.00 6.60 5.00 7.00 7.60 6.00 8.00 8.60 7.00 198.000 319.200 481.600
F2v4 5.20 6.60 5.20 6.20 7.60 6.20 7.20 8.60 7.20 178.464 292.144 445.824
F4V5 6.40 7.60 6.20 7.40 8.60 7.20 8.40 9.60 8.20 301.568 458.208 661.248
F5Vé6 7.20 8.40 7.00 8.20 9.40 8.00 9.20 10.00 9.00 423.360 616.640 828.000
F5V7 6.40 7.60 5.80 7.40 8.60 6.80 8.40 9.60 7.80 282.112 432.752 628.992
F5V8 5.60 6.60 4.60 6.60 7.60 5.60 7.60 8.60 6.60 170.016 280.896 431.376
F8V9 5.20 5.80 4.40 6.20 6.80 5.40 7.20 7.80 6.40 132.704 227.664 359.424
FoV10 5.60 6.40 4.60 6.60 7.40 5.60 7.60 8.40 6.60 164.864 273.504 421.344
FoV1l1 5.20 5.80 4.40 6.20 6.80 5.40 7.20 7.80 6.40 132.704 227.664 359.424
F10V12 5.60 5.80 4.60 6.60 6.80 5.60 7.60 7.80 6.60 149.408 251.328 391.248
F10V13 7.20 6.40 4.60 8.20 7.40 5.60 9.20 8.40 6.60 211.968 339.808 510.048
F11V14 5.20 5.80 4.40 6.20 6.80 5.40 7.20 7.80 6.40 132.704 227.664 359.424
F11V15 6.40 6.60 5.80 7.40 7.60 6.80 8.40 8.60 7.80 244.992 382.432 563.472
F12V16 5.20 6.40 4.60 6.20 7.40 5.60 7.20 8.40 6.60 153.088 256.928 399.168
F12v17 7.20 5.80 4.60 8.20 6.80 5.60 9.20 7.80 6.60 192.096 312.256 473.616
F13V18 7.20 6.60 4.60 8.20 7.60 5.60 9.20 8.60 6.60 218.592 348.992 522.192
F13V19 6.40 5.60 4.60 7.40 6.60 5.60 8.40 7.60 6.60 164.864 273.504 421.344
F13Vv20 6.80 6.40 5.00 7.80 7.40 6.00 8.80 8.40 7.00 217.600 346.320 517.440
F13Vv21 6.40 5.80 3.20 7.40 6.80 4.20 8.40 7.80 5.20 118.784 211.344 340.704
F14v22 5.20 6.60 6.20 6.20 7.60 7.20 7.20 8.60 8.20 212.784 339.264 507.744
F14Vv23 5.20 6.60 6.20 6.20 7.60 7.20 7.20 8.60 8.20 212.784 339.264 507.744
F14Vv24 5.20 7.60 7.00 6.20 8.60 8.00 7.20 9.60 9.00 276.640 426.560 622.080
F15V25 6.40 5.80 4.60 7.40 6.80 5.60 8.40 7.80 6.60 170.752 281.792 432.432
F15V26 7.20 6.40 4.80 8.20 7.40 5.80 9.20 8.40 6.80 221.184 351.944 525.504
F16V27 6.40 6.60 5.80 7.40 7.60 6.80 8.40 8.60 7.80 244.992 382.432 563.472
F16V28 7.20 7.40 5.80 8.20 8.40 6.80 9.20 9.40 7.80 309.024 468.384 674.544
Sub1V29 5.20 6.40 5.20 6.20 7.40 6.20 7.20 8.40 7.20 173.056 284.456 435.456
Sub2V30 6.40 6.60 5.80 7.40 7.60 6.80 8.40 8.60 7.80 244.992 382.432 563.472
Sub3V31 5.60 6.60 5.80 6.60 7.60 6.80 7.60 8.60 7.80 214.368 341.088 509.808
Sub4V32 6.40 6.40 4.60 7.40 7.40 5.60 8.40 8.40 6.60 188.416 306.656 465.696
Sub4V33 6.40 5.60 3.20 7.40 6.60 4.20 8.40 7.60 5.20 114.688 205.128 331.968
Sub5V34 7.20 6.60 5.80 8.20 7.60 6.80 9.20 8.60 7.80 275.616 423.776 617.136
Sub5V35 6.80 6.60 5.80 7.80 7.60 6.80 8.80 8.60 7.80 260.304 403.104 590.304
Sub6V36 7.20 6.60 4.80 8.20 7.60 5.80 9.20 8.60 6.80 228.096 361.456 538.016
Sub6V37 7.20 5.80 4.60 8.20 6.80 5.60 9.20 7.80 6.60 192.096 312.256 473.616
Sub7V38 7.20 7.60 4.80 8.20 8.60 5.80 9.20 9.60 6.80 262.656 409.016 600.576
Sub7V39 7.60 7.80 5.80 8.60 8.80 6.80 9.60 9.60 7.80 343.824 514.624 718.848
Sub7V40 6.40 5.80 3.20 7.40 6.80 4.20 8.40 7.80 5.20 118.784 211.344 340.704
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Table 12. Failures’ risk level color scale.
Crisp FRPN range Risk level ‘ Scale
FRPN>500 Very high
200<FRPN<350 Moderately high
100<FRPN<200 Moderate
FRPN<100 Low

As presented in Table 15, the comparison between warranty-
period deficiency records and the FRAM-Fuzzy FMEA
results indicates that the highest-ranked variability-induced
failure modes correspond well with the major operational
problems observed during the vessel’s warranty period.
In particular, propulsion-system integration deficiencies,
verification shortcomings, HVAC-related failures, alarm-
monitoring system instabilities, and accommodation-layout
problems were identified both in the operational records
and in the FRPN prioritization results. These findings
provide practical validation of the proposed FRAM-Fuzzy
FMEA framework under real shipbuilding and operational
conditions.

According to the results, failure modes related to the
propulsion system were found to have the highest perceived
risk levels (F5V6, F4V5, and F5V7). High maneuverability is
one of the fundamental performance requirements that must be
achieved in tugboats for operational success [72]. Particularly
during active escort operations, a tugboat is expected to
perform under high dynamic loads without compromising
either its own safety or the safety of the assisted vessel.
The compatibility between main engine power, propulsion
system characteristics, and hull form plays a decisive role in
achieving this performance. Incompatibilities among these
elements may lead to deficiencies in bollard pull capacity,
maneuverability, and overall operational performance.
Furthermore, reductions in propulsion efficiency may
adversely affect service quality, while vibration-related
problems may negatively influence both crew working
conditions and equipment reliability. Therefore, the experts
evaluated hull-propulsion system incompatibility as a critical
failure modes that may affect multiple functions in the later
stages of the design process and lead to significant operational
consequences, and consequently ranked it as the variability
with the highest perceived risk.

The objective of ship design is to construct vessels
that comply with safe navigation standards. Negative
variabilities occurring from the beginning of the design
process to the final stage affect the vessel delivery process.
During delivery, failures and deficiencies that do not affect
the vessel’s floatability or navigation safety are generally
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rectified through warranty processes. However, failures
and deficiencies related to propulsion performance,
insufficient bollard pull, structural systems, stability, piping
arrangements, and similar systems may lead to delivery
delays and major revisions [73]. Therefore, it is essential
that failures and deficiencies are identified and eliminated
throughout the entire process before reaching the delivery
stage. For this reason, major failures and deficiencies at the
delivery stage (Sub7V39) were evaluated by the experts as a
high-risk failure mode.

Although classification rules are clearly defined, deficiencies
may still occur during their implementation in the design
and physical construction stages. Such deficiencies must
be eliminated through appropriate revisions. At this point,
cost and schedule pressures may lead to certain requirements
being overlooked or interpreted incompletely. Furthermore,
the failure of plan approval and quality control departments
to detect these deficiencies may result in revision processes
being bypassed. This situation increases functional variability
negatively during tugboat delivery. Therefore, the failure
mode (F14V24, F16V28), associated with the function of
verification of design and construction and revision of
deficiencies, was evaluated by the experts as having a high
perceived risk level.

Failure modes generated by variabilities originating from
organizational functions were generally perceived by the
experts as an important source of risk (Sub5V34, Sub5V35).
These findings indicate that human and organizational
factors play a significant role in the design and construction
process [74]. Even when technical design procedures
are well defined, insufficient expertise, communication
deficiencies, or inadequate quality assurance practices may
increase functional variability throughout the design process
and consequently affect the vessel delivery process.

For sensitivity and uncertainty the Kendall’s W results
indicated significant agreement among the experts for
occurrence (W=0.689), severity (W=0.872), and detection
(W=0.805), with p<0.001 in all cases. In the LOEO analysis,
Spearman’s correlation coefficients ranged from 0.991 to
0.998, while the maximum rank shift ranged from two to
four positions. Under the alternative weighting scenarios, the
correlations ranged from 0.961 to 0.992. The largest rank
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Table 13. Failures’ FRPN values and risk rankings.
Code Crisp FRPN Rank Risk level
F1V1 189.533 40 Moderate
F1V2 286.571 29 Moderately High
F2V3 332.933 21 Moderately High
F2v4 305.477 25 Moderately High
F4V5 473.675 4
F5V6 622.667 1
F5V7 447.952 5
F5V8 294.096 28 Moderately High
F8V9 239.931 34 Moderately High
FoV10 286.571 29 Moderately High
FoV1l1 239.931 34 Moderately High
F10V12 263.995 33 Moderately High
FIOVI3 353941 18 o Ee
F11V14 239.931 34 Moderately High
F11V15 396.965 10 _
FI2V16 269.728 32 | Moderately High |
F12V17 325.989 22 Moderately High
FIavIS 363.259 ' _
F13V19 286.571 29 Moderately High
F13V20 360.453 16
F13V21 223.611 37 Moderately High
F14V22 353.264 19
F14V23 353.264 19
F14V24 441.760 6
F15V25 294.992 27 Moderately High
F15V26 366.211 14
F16V27 396.965 10
F16V28 483.984 3
Sub1V29 297.656 26 Moderately High
Sub2V30 396.965 10
Sub3V31 355.088 17
Sub4V32 320.256 24 Moderately High
Sub4V33 217.261 39 Moderately High
Sub5V34 438.843 7
Sub5V35 417.904 9
Sub6V36 375.856 13
Sub6V37 325.989 22 Moderately High
Sub7V38 424.083 8
Sub7V39 525.765 2
Sub7V40 223.611 37 Moderately High
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Figure 9. Distribution of average FRPN values according to functional variabilities.
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Table 14. Failures’ FRPN values and risk rankings.
Analysis Criterion/scenario Spearman’s p Maximum rank shift

Expert agreement Occurrence W=0.689 -

Expert agreement Severity W=0.872 -

Expert agreement Detection W=0.805 -

LOEO analysis Exclusion of E1-E5 p=0.991-0.998 2-4

Weight sensitivity O-dominant (0.50, 0.25, 0.25) p=0.961 11

Weight sensitivity S-dominant (0.25, 0.50, 0.25) p=0.992 4

Weight sensitivity D-dominant (0.25, 0.25, 0.50) p=0.977 7

Table 15. Comparison of warranty-period deficiencies and FRAM-Fuzzy FMEA results.

Operational deficiency observed during warranty Variability | Failure mode FRPN rank
Propulsion system vibration and bearing overheating F5V6 Hull-propulsion system incompatibility 1
Multiple deficiencies accumulated at delivery Sub7V39 Aggregated functional resonance 2
Repetitive operational non-conformities F16V28 System-validation insufficiency 3
Main engine-ASD integration problems F4V5 Limited propulsion integration flexibility 4
Propulsion alignment and vibration problems F5V7 Propulsion-system alignment deficiency 5
Classification and compliance deficiencies F14V24 Classification compliance deficiency 6
Engineering supervision limitations Sub5V34 Engineering-team capability limitation 7
Vessel delivered with existing failures Sub7V38 Operational transfer instability 8
Insufficient quality-control activities Sub5V35 Quality-control deficiency 9
Errors and deficiencies in piping/circuit installations F11V15 Difficulty in accessing piping/circuits 10
HVAC condensation and leakage F10V13 HVAC outfitting deficiency 18
Alarm monitoring system deficiencies F12v17 Alarm-system integration instability 22
Improper equipment/material selection Sub4V32 Improper equipment/material selection 24
Chain-locker capacity deficiency FoV10 Insufficient chain-locker capacity 29
Accommodation-layout deficiencies F10V12 Accommodation-layout incompatibility 33
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shift occurred in the occurrence-dominant scenario. Overall,
the results indicate that the FRPN ranking is stable, although
it is relatively more sensitive to changes in occurrence
weighting.

The results indicate that risk mitigation efforts should
primarily focus on propulsion system selection and hull
integration, construction control and verification activities,
and the organizational capability of the shipyard. It can be
observed that risk perception is mainly shaped in areas where
failure modes originating from human, technological, and
organizational factors intersect. In the case study, the FRAM
method identified the areas where variability accumulated
in a negative manner. These areas essentially represent the
reference points where risk-reducing control measures should
be implemented. During the design process, the integration
of the propulsion system and hull should be verified
through calculations, model studies, and previous projects.
Calculations should be reviewed again in accordance with
any changes in principal dimensions. The integration process

Adem Viran
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of new orders with ongoing construction projects should be
managed through detailed control checklists. Based on the
findings of the study, the recommended risk mitigation and
control measures for reducing the identified critical risks are
presented in the following Figure 10. Risk control measures
generally consist of monitoring, planning, anticipating, and
supporting activities [75].

Since the tugboat design and construction process was
systematically and functionally defined using the FRAM
method, the development of practical control checklists
may contribute to the management of variability and the
early identification of risks. In addition, storing project
information and progress details in cloud-based systems
may enable rapid reviews and monitoring whenever
required. In this regard, the development of a cloud-based
platform covering the entire construction process could
facilitate the work of project managers by improving
control, coordination, and decision-making activities
throughout the project lifecycle.
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5. Conclusion

This study presents an integrated FRAM-Fuzzy FMEA
framework to evaluate functional variability and risk
propagation within tugboat design and shipbuilding
processes from a resilience-oriented systems perspective.
Unlike conventional linear risk-assessment approaches, the
methodology considers tugboat design and shipbuilding
as a complex socio-technical system in which technical
calculations,  operational  requirements,  production
activities, classification-society compliance processes, and
organizational interactions continuously influence each other.
Through the FRAM analysis, the functional relationships
among design phases, main engine and propulsionsystem
selection, stability verification, general and deck equipment
arrangement,  physical  construction, shipbuilding
organization with all sub-activities, revision-management
processes and ship delivery were systematically modeled.
The findings demonstrated that variability generated during
early design stages may propagate throughout subsequent
engineering, production, and verification activities, thereby
creating system-wide variability effects. In particular,
operational requirement definition, hull-main engine-
propulsion compatibility, revision-management processes,
engineering team, quality performance, classification and
communication of shipyard departments, and ship delivery
were identified as critical functions with high variability
potential.

The results showed that propulsion system incompatibilities,
aggregation of negative variability on ship delivery and
project validation insufficiency, and coordination failures
between design and production units constitute the most
critical risk areas within tugboat projects. The findings further
demonstrated that organizational and communication-related
deficiencies may become as critical as technical engineering
failures in complex maritime systems. Accordingly, the study
revealed that risk formation within tugboat projects emerges
not only from isolated technical failures, but also from the
interaction, aggregation, and propagation of functional
variabilities across interconnected system functions.

The integration of FRAM and Fuzzy FMEA enabled the
transformation of qualitative functional variability into
semi-quantitative risk prioritization. In this respect, the
framework provides a proactive, resilience-oriented, and
system-based safety assessment approach for tugboat design
and shipbuilding processes. From a practical perspective, the
framework may support shipyards, designers, shipowners,
and classification stakeholders in identifying critical
variability sources during early-stage design, verification,
and production-planning activities. The framework
enables the early identification of critical variability
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pathways associated with propulsion-system integration,
accommodation and HVAC arrangements, classification
compliance, organizational coordination, and project-
verification activities. By prioritizing variability-induced
failure modes according to their FRPN values, engineering
resources, inspection efforts, and quality-control activities
can be allocated more effectively. Consequently, potential
design deficiencies, integration problems, and coordination
weaknesses may be detected before they evolve into costly
rework activities, warranty-period deficiencies, operational
failures, or project delays. Furthermore, the study
demonstrated that strengthening monitoring capability,
technical verification procedures, revision management,
and interdisciplinary coordination may significantly reduce
variability propagation and improve overall system reliability.
Accordingly, the proposed framework may contribute to
improving construction quality, reducing warranty-period
deficiencies, enhancing operational safety, and supporting
the timely delivery of vessels with increased reliability.
Although the construction functions were defined to
represent the general tugboat design and construction
process, the empirical analysis was based on a single 70-ton
bollard-pull ASD tug and five experts. Therefore, the FRPN
values and risk rankings may be influenced by project-
specific conditions and the composition of the expert panel,
limiting the generalizability of the findings. Future studies
should apply the framework to different tugboat types and
shipyards using larger and more diverse expert panels.
Future studies may further improve the framework through
the integration of real-time operational and maneuvering
data obtained from harbor tug operations, including
escort towing conditions, indirect towing forces, dynamic
loading effects, and bollard-pull performance variations.
In addition, the effects of hybrid and electric propulsion
systems, alternative fuel applications, autonomous
tugboat concepts, and advanced propulsion arrangements
on functional variability and system resilience may be
investigated in future research. The proposed methodology
may also be expanded through full-scale operational data
collection, digital-twin-supported tugboat simulations,
and lifecycle-based maintenance analyses. Furthermore,
integrating predictive maintenance systems, operational
performance monitoring, and human-factor assessments
involving tug masters, pilots, and shipyard personnel may
further improve the realism and applicability of variability
and risk assessments in future tugboat projects.
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Abstract

Reliable evaluation of ship-maneuvering controllers requires more than a dynamically plausible vessel trajectory. For example the maneuvering
model, geographically defined scenario, controller interface, and performance evidence must be connected through a reproducible workflow. This
study develops a geographically referenced simulator that integrates a Maneuvering Modeling Group (MMG) representation of the full-scale and
L7 KVLCC2 model with waypoint guidance, heading and speed control, synchronized data logging, and post-run assessment for an archived
route segment in the Istanbul Strait. A dual-loop proportional-integral-derivative (PID) controller, a fuzzy-logic controller, and a neural-network
controller are implemented through a common heading-control interface. The recorded signals are evaluated using peak overshoot, median settling
time, heading root-mean-square error, rudder-saturation ratio, and maximum speed-loss ratio, with user-defined PASS/WARN/FAIL thresholds.
Model-scale and full-scale cases demonstrate the end-to-end route, control, MMG state-propagation, visualization, and diagnostic chain and expose
controller-dependent differences in transient response and actuator use. The main contribution is therefore a traceable experimental environment
for implementing and examining alternative ship-control strategies within geographically meaningful scenarios.

Keywords: Ship maneuvering simulator, MMG model, comparative control testing, waypoint guidance, fuzzy control, neural network control

a simulator alone cannot establish an environmental benefit,
this scale motivates methods that support safer and more
efficient controller development. From a control perspective,
the difficulty arises from nonlinear, strongly coupled surge-
sway-yaw dynamics, actuator constraints, and environmental
loads. Controller development must therefore be supported

1. Introduction

Reliable ship maneuvering is central to safe and efficient
operation in ports, narrow channels, and congested waterways,
where small heading errors or delayed actuator responses
can compromise route keeping and increase rudder activity
and speed loss. The problem is consequential for a transport

system that carries more than 80% of international trade by
volume [1]. The broader economic role of maritime transport
is also extensively discussed in maritime economics literature
[2]. Additionally, shipping also accounted for 2.89% of
global anthropogenic CO, emissions in 2018 [3]. Although

by evidence that is physically meaningful, repeatable, and
directly related to operational performance.

Physical model experiments and sea trials are still essential
for validating maneuvering predictions. However, their high
cost, safety requirements, and limited repeatability make
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them impractical at every stage of controller development.
Numerical simulation offers a useful intermediate step,
allowing control laws to be implemented, tested under
challenging conditions, and compared before moving to
physical trials [4]. Nevertheless, the strength of simulation-
based evidence depends on the accuracy of the maneuvering
equations, hydrodynamic coefficients, numerical solver,
actuator model, and selected scenarios. Simulation should
therefore be viewed as a tool for guiding and reducing
the need for physical experiments rather than replacing
experimental validation [5].

Among  physics-based modeling  approaches, the
Maneuvering Modeling Group (MMG) framework is
particularly suitable for controller-oriented simulation
because it separates the contributions of the hull, propeller,
and rudder while retaining variables with clear engineering
meaning [6,7]. However, model fidelity alone is not
enough to ensure a reproducible controller evaluation. A
geographically defined route must be converted consistently
into the local coordinate frame used by the guidance and
control algorithms. Competing controllers must also be
tested using equivalent references, constraints, and operating
conditions, while reference commands, vessel states, and
actuator responses must remain properly synchronized.
Without this consistency throughout the simulation process,
a trajectory that appears successful offers limited evidence
of either prediction accuracy or controller performance.

Previous studies have advanced several elements of
this workflow, including MMG-based maneuvering
prediction, path-following control, autonomous-navigation
test environments, and mission-level simulation [8-
12]. However, methodological weakness remains at the
interfaces between these elements. When vessel dynamics,
geographic visualization, controller implementation, and
post-processing are handled in separate tools, it becomes
difficult to trace model assumptions and signal definitions
across the full workflow. As a result, observed differences
in performance may arise from inconsistent scenarios,
reference signals, or evaluation metrics rather than from the
controllers themselves. An integrated simulator becomes
scientifically valuable only when it maintains a clear and
traceable connection between route definition, dynamic
response, and quantitative evaluation.

Against this background, this study develops and evaluates
an MMG simulation environment designed to support
repeatable controller implementation and post-simulation
assessment. The platform combines the full-scale and L7
KVLCC?2 vessel models with waypoint-based guidance and
a geographic representation of an archived route through
the Istanbul Strait. It also maintains a consistent exchange
of heading references, vessel states, and actuator commands
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throughout the simulation workflow. Manual control,
dual-loop proportional-integral-derivative (PID) heading
and speed control, fuzzy-logic (FL) heading control, and
neural-network (NN) heading control are implemented as
representative case studies.

This study examines whether route definition, maneuvering
dynamics, controller implementation, and performance
evaluation can be combined within a single traceable
workflow without obscuring the assumptions that shape
the results. To investigate this issue, the simulator records
synchronized reference commands, vessel states, and actuator
responses throughout each run. Completed simulations are
then assessed using measures of transient response, tracking
error, rudder activity, and speed loss. The same signal
and data-processing structure is applied to all controller
modes, allowing their performance to be compared within a
consistent experimental framework.

This work does not propose a new MMG force formulation
or controller-synthesis method. Instead, its contribution
is the organization of the simulation chain into a coherent
and traceable experimental workflow. This distinction
is important because the scientific value of the platform
is determined not by the number of software functions
it includes, but by the extent to which route, model,
controller, and diagnostic information remain connected and
interpretable throughout each simulation run.

Within this scope, the study makes three related contributions:

(i) A unified architecture thatensures consistent data exchange
among geographic route definition, waypoint guidance,
controller calculations, and MMG state propagation.

(ii) An interchangeable controller interface that provides
a common structure for reference signals, vessel states,
actuator commands, and logged data across PID, FL, and
NN implementations.

(iii) A traceable assessment layer that connects geographic
route execution with heading transients, root-mean-square
tracking error, rudder saturation, speed loss, and user-
defined diagnostic thresholds.

Full-scale and L7 KVLCC2 model cases are presented to
demonstrate the complete workflow and show how different
controller configurations lead to different recorded responses.
These cases are not intended as a controlled benchmark and
therefore cannot be used to establish hydrodynamic prediction
accuracy or controller superiority. The study is consequently
positioned as a contribution to simulator workflow
development. Stronger performance claims would require
benchmark maneuver validation, standardized controller-
tuning procedures, environmental-disturbance scenarios,
and repeated quantitative experiments. The remainder of
the paper reviews related studies, describes the simulator
architecture and MMG formulation, presents the control and
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assessment modules, examines the demonstration cases, and
discusses the main limitations and future validation needs.

2. Related Work and Research Gap

2.1. Ship Maneuvering Simulators for Control Testing
Ship maneuvering simulators have become an important
tool for the development and validation of maritime control
systems. Compared with physical sea trials, simulation-
based testing provides a repeatable and low-risk environment
in which different control strategies can be evaluated before
implementation on real vessels. This is especially important
for autonomous and semi-autonomous ship applications,
where controller behavior must be examined under various
operating conditions, including waypoint tracking, restricted-
water navigation, and maneuvering in the presence of other
vessels.

Recent studies increasingly treat maritime simulators as
engineering platforms for autonomy development rather
than solely as training tools [8,9]. A preliminary MMG-
based ship simulator integrating autonomous PID control,
manual operation, geographic visualization, and real-time
vessel-state monitoring was presented in [13]. Dai et al.
[10] developed an immersive virtual reality-based testing
method and performance indicator system for autonomous
navigation. Hinostroza and Lekkas [11] combined temporal
mission planning with a guidance, navigation, and control
framework in a realistic marine environment. Together,
these studies highlight the importance of linking scenario
definition, vessel dynamics, autonomy functions, and
performance evaluation within a consistent simulation
framework.

The review by Xu and Guedes Soares [12] organizes
maritime autonomous surface-ship path-following research
around guidance, control, vessel dynamics, stability, and
environmental disturbances. For simulator-based assessment,
these elements imply that reference generation, tracking
error, control action, and maneuvering-model assumptions
should be recorded together with the vessel trajectory.
Robust-control studies have additionally considered the
effect of hydrodynamic-parameter uncertainty on nonlinear
surface-vessel control [14].

2.2. Data-Driven Modeling and Maneuver Prediction

Inaddition to model-based simulation, data-driven techniques
have been investigated for ship maneuvering prediction and
modeling. Long Short-Term Memory networks have been
applied to identify and predict ship maneuvering motion
by learning nonlinear time-dependent behavior from
maneuvering data [15]. Sensor-data-based identification has
also been combined with modular autopilot instrumentation
and PID heading control [16]. Artificial Neural Networks
have also been widely reviewed and applied in maritime
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applications, including modeling, prediction, and decision-
making tasks [17]. These methods are useful because ship
maneuvering dynamics are nonlinear and can be difficult to
describe accurately under all operating conditions using only
analytical models.

Other studies focus on maneuvering prediction, navigation
decision-making, or route generation rather than on
simulator validation itself [18]. Their relevance to the present
study is therefore indirect. Although they help identify the
information that a simulation platform should provide, they
do not verify the accuracy of the MMG implementation
or ensure that controller comparisons are conducted under
equivalent conditions.

MMG-based simulation is particularly useful when controller
assessment requires physically interpretable surge, sway,
yaw, rudder, and propeller variables. Mitsuyuki et al. [19]
demonstrated uncertainty-aware identification of MMG
hydrodynamic maneuvering coefficients from observed
motion and control data. Liu et al. [20] combined an MMG
model with event-triggered predictive path-following control
and evaluated tracking performance together with steering
activity. These studies motivate an assessment structure
that links model assumptions, controller computation, and
actuator-level measurements.

Taken together, recent studies address model identification,
guidance and control, autonomous-navigation testing,
and mission planning at different levels of the simulation
chain. The present study focuses on their implementation
interface by combining geographic route execution, MMG
state propagation, interchangeable heading-control modules,
synchronized logging of vessel and actuator variables,
and post-run diagnostic calculation in one simulator. The
contribution is the integrated and traceable assessment
process rather than a new MMG formulation or control law.

2.3. Route Optimization and Maritime Decision Support
Another relevant research direction is maritime route
optimization and decision support. Route optimization
studies aim to improve navigation safety and efficiency
while considering geographical constraints, traffic density,
and port-area characteristics. For example, ship path
optimization methods that account for geographical traffic
characteristics have been proposed to improve maritime
port safety [21]. More recently, model-based predictive path
planning has incorporated MMG vessel dynamics directly
into constrained-environment path generation [22]. Such
studies are relevant to maneuvering simulator development
because route planning and path-following performance are
strongly connected to the vessel’s control capability. Model-
based navigation and control have also been investigated for
tankship operation in narrow waterways [23].

Nevertheless, many route optimization and decision-
support studies focus mainly on path generation or safety



J Nav Architect Mar Technol
2026,228:92-116

evaluation. In contrast, a control-testing simulator must also
evaluate whether a particular vessel model and controller
can physically follow the generated path with acceptable
heading error, overshoot, settling behavior, actuator usage,
and speed response. This distinction is important because a
geometrically feasible path may still be difficult for a real
ship to follow due to hydrodynamic limitations and actuator
constraints. Feasibility can also depend on the propulsion
mechanism. For autonomous sailing vehicles, geometrically
safe avoidance headings may become unsailable when they
enter the wind no-go zone [24].

2.4. Industrial Simulator and Navigation Platforms

Industrial developers have also made significant progress
in maritime simulators, navigation-support systems, and
autonomous-vessel technologies. Kongsberg has developed
advanced maritime simulation platforms, including systems
used for training and the evaluation of autonomous ship
operations [25]. Furuno has introduced navigation-support
technologies such as augmented-reality navigation and
autonomous marine solutions, where radar, AIS, camera
information, and visualization tools are integrated to
improve situational awareness [26-28]. JRC has focused on
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simulator systems that support maritime pilot training and
environmental-condition representation [29].

Other industrial platforms emphasize training, traffic
simulation, and operational decision support. Wirtsild
provides navigation simulation systems with functions
for user-performance evaluation during training scenarios
[30]. Transas has contributed to maritime traffic simulation
and full-mission bridge simulators, supporting traffic
management and risk-analysis applications [31]. Siemens
has investigated autonomous navigation and intelligent co-
pilot concepts for supporting operational decisions [32].
Rolls-Royce has also worked on autonomous ship concepts
and simulation-supported development for future remote-
controlled and autonomous vessels [33].

Commercial platforms demonstrate the practical importance
of maritime simulation, training, and navigation support.
However, publicly available product material generally
does not disclose model equations, controller source code,
parameter files, or reproducible benchmark data. Table 1
therefore compares documented functional emphasis rather
than making claims about unreported cost, performance, or
internal architecture.

Table 1. Comparison of selected industrial maritime simulator and navigation-support platforms.

Limitation from control- Relevance to the present

Platform Main focus Relevant capability . -
testing perspective study
Supports complex Public information does not Shows the importance of
Kongsberg Maritime simulation and maneuvering scenarios and expose model equations, high-fidelity simulation for
[25] decision support autonomous ship operation controller source code, or maneuvering and control-
evaluation reproducible benchmark data. system evaluation
Integrates navigation Public information emphasizes Motivates the integration of
Furuno Navigation visualization information, camera-based navigation assistance; controller- | map-based visualization and
[26-28] and situational awareness | visualization, radar, AIS, and level extensibility is not real-time navigation feedback
3D situational display documented. in the simulator
Simulator-based Provides realistic training . . . Highlights the need to include
. . . Public information emphasizes L . I,
maritime training environments and supports . realistic operating conditions
JRC [29] . . training; controller-level . L
and environmental the representation of s while maintaining control-test
. . . extensibility R
representation environmental conditions flexibility
. .. .. Public information emphasizes .
Navigation training Evaluates user decisions and .. P Motivates the use of post-run
R . training and assessment; .
Wirtsila [30] and user-performance supports targeted training analysis and performance

assessment

improvement

research access and algorithm
modification are not documented.

assessment after simulation

Transas [31]

Maritime traffic
simulation and full-
mission bridge simulation

Supports traffic management,
risk analysis, and complex
maritime scenario generation

Public information emphasizes
operational training and traffic
simulation; controller source-
code access is not documented.

Shows the value of traffic-
aware and scenario-based
simulation for future
simulator extension

Siemens [32]

Autonomous navigation
and intelligent co-pilot
systems

Supports route generation and
operational decision-making
under different conditions

Public information emphasizes
operational decision support;
research-oriented controller

modification is not documented.

Indicates the relevance of
decision-support functions
in autonomous ship control

testing

Rolls-Royce
(33]

Autonomous ship
concepts and simulation-
supported development

Focuses on environmental
awareness, remote operation,
and autonomous-vessel
development

Public information describes
proprietary autonomous-vessel
concepts; reproducible controller-
level access is not documented.

Provides industrial motivation
for developing transparent and
user-configurable, simulators
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On this basis, the study examines whether a geographically
referenced MMG simulator can provide a coherent path from
controller implementation to post-run maneuver assessment.
The platform is assessed in terms of:

(i) Integration of guidance, control, vessel dynamics,
visualization, and logging.

(ii) Execution  of
implementations.

interchangeable  heading-control

(iii) Calculation of maneuver-quality indicators from a saved
route run.

Controller plots are used to demonstrate platform operation,
whereas quantitative interpretation is restricted to cases for
which compatible raw logs are available.

3. Simulator Framework

3.1. Overall Architecture
The simulator is structured as an interactive control-
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connected layers: waypoint guidance, heading and speed
control, MMG-based maneuvering dynamics, geographic
conversion and visualization, and post-run data analytics.
Figure 1 summarizes this organization.

The guidance layer interprets user-defined waypoints and
transforms them into sequential maneuvering objectives. The
control layer generates rudder and propulsion commands
either autonomously or through manual intervention. The
plant layer propagates vessel motion using the MMG model.
The visualization layer converts Cartesian states back to
geographic coordinates for map-based display. Finally,
simulation logs are stored for offline analysis, replay, and
automatic quality assessment. More detailed descriptions of
each layer are presented in Table 2.

3.2. MMG-Based Maneuvering Model

The ship model employed in this study adheres to the
standardized MMG (Maneuvering Mathematical Group)

development environment composed of five tightly
——————— 4 —C:n;ull_er_ ‘\
I/ Guidance \\ waypoints J W 1 KVLCC2 L7-model Ship
! g g b e {7
1 Path 1 ! 1 B
1 Planning 1 1 ) - -
| 1 Vmm g
| 1
1 1 %y,
! ,-~O© __ | Obstacles !
I <O\ 5 | avoidance I‘ Current state and environmental obstacles
a h
N -

Figure 1. Overall ship-simulator software model.

PID: Proportional-integral-derivative, GUI: Graphical User Interface

Table 2. Functional layers of the simulator architecture.

Layer Main role

Typical inputs

Main outputs

Defines route, initial conditions, vessel
parameters, actuator limits, disturbance
settings, and simulation settings.

Input and
initialization layer

Waypoint CSV file, ship parameters,
initial state, controller parameters,
simulation time-step/update settings.

Validated initial configuration
and local Cartesian waypoint set.

Selects the active waypoint and computes
the reference heading or route-following
command.

Guidance and
reference layer

Current vessel position, waypoint list,
waypoint-switching rule.

Reference heading, active
waypoint index, path-tracking
information.

Converts heading and speed errors into rudder
and propeller commands using the selected
controller mode.

Control layer

Reference heading, measured heading,
reference speed, measured speed,
controller parameters.

Rudder command, propeller-
speed command, selected control
mode.

Ship-dynamics
layer

Propagates the vessel states using the
maneuvering model and actuator commands.

Rudder angle, propeller speed,
hydrodynamic coefficients, vessel
state.

Surge speed, sway motion, yaw
rate, position, heading.

Displays the run, stores simulation data, plots
selected variables, and evaluates maneuver
performance after the run.

Visualization and
analysis layer

State histories, control histories, map
data, performance thresholds.

Map trajectory, time histories,
exported data, post-run
assessment report.
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ship modeling framework [6,7]. Ship maneuvering in still
water involves three primary motions: surge, sway, and yaw.
These can be described by the following equations of motion:

(m+ m)i- (m+ m)v, r- x,mri=X (1a)
(m + my)vm+ (m~+ myur+ x mr= Y (1b)
(Lot xim+ J)i+ x,m(v +ur)= N, (1c)

where u, v, and r are the surge velocity, sway velocity, and
yaw rate, respectively. For practical purposes, the coupling
terms involving added mass in v and r are neglected. The
total hydrodynamic forces can be decomposed as follows:

X=X+ X+ X, (2a)
Y=Y+ 7Y, (2b)
N =N+ N, (20)

Here, the subscripts H, R, and P refer to contributions from the
hull, rudder, and propeller, respectively. The hydrodynamic
forces on the hull, XH, YH, and NH, can be modeled as:

X, = 0.5prPdU2X;I(v’;, r') (3a)
Y,=05pL dUY,, (v, r') (3b)
N = O.SpL;pd U2Nl’1(vr'n, r’) (3c)

where vl'n and 1’ are the non-dimensional lateral velocity

. % L ..
and yaw rate, defined as 2 and r —=. These coefficients are

U U

expanded into polynomial forms:
X, (v, r)=-Rj+ X v+ X v r'+ X r’+

vy vr;z4 (43.)
Y;-I(vrln’ r/)= va}/n+ YRr/+ vavvr/n3+ varvr/nzr/+
Y v,ri+ ¥ r (4b)
N, (v, ")y =Nv + N+ N v+ N v2r+
errvlln r,2 + Nrrrr’3 (4C)

The surge force generated by the propeller is expressed as:
X,=(1-1,)T ®)
where the propeller thrust 7'is given by:

T=pn.DK(J],) (6)

with the thrust coefficient KT(J P) modeled as a second-order
polynomial:

K(J,) = kJ:+kJ,+ Kk W
and the advance ratio defined as:

”(1 - WP)
=", ®
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The wake fraction w, depends on the flow conditions and is
approximated by:

1-w
T =1+ (1 —coszﬁp)(1—|ﬂp|) 9)

PO
where f, = f- x,r'is the inflow angle at the propeller. The
forces and moment due to steering are given by:

X, = —(1 - tR) F sind (10a)
YR=—(1 + aH) F cosé (10b)
Ny=-(x, + a,x,)F, cosé (10¢)
where the rudder normal force F), is defined as:

F,=0.5pA, Uf sina,, (1)

The rudder inflow velocity U, and inflow angle a,, are given
by:

U, = u: + ve (12)
_ YR Vi
aR—é—arctanu—R ~ 5—M—R (13)

The lateral velocity at the rudder, v,, is influenced by flow
straightening and is modeled as:

v, = Uy, b, (14)

where f, =f -1, r" and y, accounts for the flow alignment
effect.

The physical and hydrodynamic parameters used for the full-
scale and L7 KVLCC2 models were obtained from [6,7].
The present implementation was not independently validated
against experimental or published turning-circle and zig-
zag benchmark results. Therefore, the simulations reported
here are not intended to establish maneuvering-prediction
accuracy.

3.3. Waypoint Guidance and Reference Generation

Although the user interacts with waypoints in latitude
and longitude, control calculations are performed in
a local Cartesian frame for numerical simplicity. Let
(%", ¥ denote the current target waypoint and (x,y) the
ship position. The commanded heading is then obtained from

X ..
v, = amn2<y”‘fj{> (15)
l//error = ref l//cur (16)

where i is the current vessel heading. Figure 2 shows the
resulting closed-loop information flow.
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Figure 2. Closed-loop waypoint-following structure linking geographic waypoints, heading-command generation, control action, MMG

state propagation, and GUI display.
MMG: Maneuvering Modeling Group

4. Simulator Product Layout and Interaction
Design

4.1. Product-Oriented Design Philosophy

The simulator exposes the maneuvering workflow through
an operator-facing interface rather than running the equations
as an isolated numerical backend. Parameter initialization,
controller selection, real-time visualization, signal logging,
and post-run analysis are therefore treated as connected
stages of a controller-development process.

The implemented software uses a tabbed desktop interface
for configuration, execution, inspection, and evaluation.
Table 3 summarizes the capability groups and their role in
the workflow.

4.2. Tab-Based Workspace Architecture

The interface is divided into four functional tabs. Table 4
summarizes the responsibilities of each tab. The tabbed

structure  separates scenario initialization, run-time
operation, data inspection, and post-run assessment. The
implementation is described as following a Model-View-
Controller organization with asynchronous controller
execution and coordinate-conversion services.

4.2.1. Initialization Tab

According to the project reports, the initialization tab was
designed around four core responsibilities:

e waypoint CSV and automatic

calculations,

import geographic
e ship-model and parameter loading,

e dynamic validation of parameters,

e multi-column organization of configuration fields.

The waypoint-import path is especially important because
the simulator operates visually in geographic space but
computes control actions in a local Cartesian frame. Once

Table 3. Integrated capability groups of the simulator product.

Capability group

Main implemented elements

Product value

Runtime simulation

Istanbul Strait route visualization, live telemetry,
autonomous/manual operation, and real-time state
updates

Makes maneuvering behavior spatially and dynamically
interpretable while the simulation is running.

PID-based heading and speed control loops,

Controller . . Enables the simulator to function as a controller-development
FL configuration, and neural-network control . .
workspace . . environment rather than only as a fixed playback tool.
Integration
Ship-model selection, editable MMG and physical . . .
Parameter P L . » Py Supports reusable scenario preparation under different vessel
parameters, disturbance settings, and initial- . .
management models and operating assumptions.

condition fields

Data analysis

Log replay, axis selection, overlay plots, save/
export actions, and embedded workspace panels

Preserves engineering evidence within the same application after
the simulation run is complete.

Diagnostic review

Metric extraction, PASS/WARN/FAIL logic,
radar-chart summaries, comparison actions, and
recommendation text

Converts raw simulation traces into structured assessments of
maneuvering quality.
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Table 4. Functional organization of the simulator workspace.

time.

Tab Main objective Principal widgets and controls Typical outputs
Configures the scenario Waypoint CSV import, ship-model selection, Loaded route, validated ship
Initialization and plant model before editable physical parameters, parameter-validation parameters, and local Cartesian
execution. fields, and multi-column setup panels. reference data.
Ship motion on the Istanbul Strait
Executes autonomous or Controller mode selector, zoom controls, map .
. . . . . map, instantaneous telemetry, and
Simulation manual navigation in real canvas, secondary display, live plots, pause/restart/

stop logic, and controller-parameter panel.

live heading, rudder, and speed
traces.

Data analysis

Inspects completed runs
without rerunning the plant
model.

Dataset loader, workspace list, axis selectors, plot
mode selector, plot/hold/clear/save actions, and table
export.

Time-series plots, variable-versus-
variable plots, overlay comparisons,
and exported figures and tables.

Metric threshold editor, comparison source selector,

PASS/WARN/FAIL assessment,

Post run
analyzer

Converts simulation logs
into engineering judgments.

radar chart, report window, save-report action, and
run-analysis trigger.

segment-level diagnostics, and
controller-tuning recommendations.

a CSV route containing latitude and longitude values is
loaded, the software transforms the route relative to the
selected starting point, thereby preparing the waypoints for
the guidance and control layers. The reports emphasize that
this transformation is automatic, which reduces operator
workload and helps maintain consistency between the visual
map and the control-side geometry.

The ship-model panel plays an equally important role. It
allows the user to inject or edit dimensions, mass properties,
and maneuvering coefficients directly from the Graphical
User Interface (GUI). In a product paper this is worth
emphasizing because it moves the simulator away from being
a hard-coded demonstrator and toward being a reusable
vessel-testing platform.

Figure 3 summarizes the initialization workspace, including
route loading, initial-state specification, disturbance
configuration, controller setup, and vessel-parameter editing.
Table 5 lists the corresponding functional groups.

4.2.2. Simulation Tab

The simulation tab is the visual core of the simulator. Figure
4 summarizes the principal regions of the runtime window
schematically.

The top band contains run-time controls, the center-left
region displays the geographic trajectory, the right column
presents context and instrumentation views, and the lower
status strip reports numerical telemetry. Tables 6 and 7
summarize these regions and variables.

Initialization Tab

Ship-parameter database

Simulation

Waypoint loader
Heading-controller initialization
Ship state and tuning workspace
initial values
Actuator
initial values
Disturbance PR
parameters Speed-controller initialization
and tuning workspace

Global information strip

Schematic layout used to explain setup-space organization before showing runtime GUI views.

Figure 3. Schematic layout of the initialization tab showing route loading, initial-state panels, controller-initialization workspaces, the ship-

parameter database, and the global information strip.
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Table 5. Functional clustering inside the initialization tab in the implemented GUI.

Cluster

Main contents

Product purpose

Waypoint loader

CSV path display, file-open action, and total waypoint
count.

Connects the navigation scenario to the rest of the setup
process and makes the route provenance explicit.

State and disturbance
panels

Initial latitude, longitude, heading, surge, sway, and
yaw states, actuator initial values, wave parameters,
and simulation-step settings.

Defines the operating point from which all later
controller behavior should be interpreted.

Heading-controller
workspace

PID tuning fields, test setup, response plotting area,
and controller-tab hierarchy.

Allows the operator to tune and inspect heading-control
behavior before or during scenario definition.

Speed-controller
workspace

Speed PID tuning fields, manual test setup, and
response plotting area.

Separates propulsion regulation from heading
regulation while keeping both visible in the same

engineering screen.

Ship-parameter database

Ship-model selector and editable hydrodynamic,
geometric, and actuator parameters.

Turns the simulator into a reusable vessel-testing
platform rather than a fixed one-ship demonstrator.

Information strip

Global status and information line.

Communicates the active application state without

requiring additional dialogs.

GUI: Graphical User Interface, PID: Proportional-integral-derivative

Simulation Tab

Achieved waypoints:

Ship state

Actuator Values

Disturbance Parameters

Simulation Parameters

zoom In
zoom out

Heading
Controller|

Control Panel
Speed
Controller|

Propeller plot

Main Map

Rudder plot

U plot

Start Stop

psi plot

Schematic layout used to explain placement logic before showing live GUI screenshots.

Figure 4. Schematic layout of the simulation tab showing the placement of the main map, left-side state panels, right-side control and plot
regions, and run-control buttons.

Table 6. Runtime layout of the simulation tab.

Region

Placement

Contents

User benefit

Control mode selector

Top-left

Active control-mode indicator and
autonomous/manual switching logic.

Makes control authority explicit and prevents
mode ambiguity during testing.

Zoom controls

Top-center-left

Zoom-in and zoom-out buttons for the main
map.

Allows rapid context changes during dense
waypoint inspection.

Controller parameter

Top-center-right

Gain-entry boxes and apply action for the

Supports on-the-fly tuning during

strip active controller. experimental runs.

. . Center-left, OpenSeaMap background, ship marker, route, Proyldes the primary s1tuat19nal-awar§ness

Main map display . . . . view and makes maneuvering behavior

dominant area waypoint geometry, and trajectory history. . .
spatially interpretable.
Secondary display . . Overview map and time-history plots of Provides compact local and global context
Right side . h . . L .
column heading, rudder angle, and ship speed. without leaving the live simulation run.
Simulation time, propeller speed, rudder angle, . . . .

Status bar Bottom, full width ship speed, latitude, longitude, heading, and Consolidates machine-state information for

waypoint count.

quick reading and logging.
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Table 7. Primary real-time variables exposed through the simulation-tab status strip.
Field Unit or type Engineering interpretation
. L. Establishes event chronology and allows the operator to relate turning behavior to control
Simulation time S . . -
action and waypoint switching.
Propeller speed (1,) rps Indicates commanded propulsion effort a.nd supports interpretation of surge-speed
transients.
Rudder angle (5) deg Shows immediate steering demand anq is importantﬁ for identifying controller saturation
or oscillatory steering.
Ship speed (U) m/s Summarizes forward-motion efficiency and reveals maneuver-induced speed loss.
Latitude and longitude deg Keep the live trajectory anchored to the geographic context of the Istanbul Strait map.
. Gives the vessel’s instantaneous orientation for comparison with the reference-heading
Heading (y) deg .
evolution.
Waypoint count/active route integer/state Informs the operator which part of the mission is currently being executed and whether
state label waypoint advancement is behaving correctly.

During a run, the map displays the route, waypoints, vessel
marker, and trajectory, while adjacent plots and telemetry
panels expose selected state and actuator variables. Pause,
restart, and stop functions support interactive testing.

4.2.3. Data Analysis Tab

The data-analysis tab loads completed simulation datasets
and supports signal selection, overlay plots, table inspection,
figure export, and numerical-data export (Table 8).

Keeping these operations within the simulator allows
reference, state, and actuator histories to be inspected
without rerunning the model. The workflow places dataset
management on the left, signal selection at the top, numerical

inspection in the center, and plots in the lower workspace.
Figure 5 summarizes the data-analysis workspace and
separates run management, plotting controls, numerical
data, and the plot canvas.

4.2.4. Post-run Analyzer Tab

The post-run analyzer organizes completed-run assessment.
The arrangement allows the user to inspect the detected
context and thresholds before comparing the radar chart with
the textual metric summary and recommendations. Figure
6 summarizes the post-run analyzer and separates context
detection, action controls, threshold editing, radar-chart
visualization, and the textual report.

Data Analysis Tab

Workspace list

Plot mode, X/Y selectors, plot / hold / clear / save / export controls

Loaded runs
and dataset
selection

Embedded data table

Plot canvas

Save Close

Schematic layout used to explain analysis-workspace placement before Fve GUI views.

Figure 5. Schematic layout of the data-analysis tab showing the workspace list, plot-control strip, embedded data table, plot canvas, and

export-oriented utility buttons.
GUI: Graphical User Interface
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Post-Run Analyzer Tab

Detected context
and source files

Save report, load limits, compare data, run analysis

Preferred and
acceptable
threshold editor

Radar chart
summary

Overall status,
metrics,
segment diagnosis,
and recommendations

PASS / WARN / FAIL definitions and interpretation notes

Schematic layoul used fo expiain diagnostic-workspace logic before Fve GUI views.

Figure 6. Schematic layout of the post-run analyzer tab showing context detection, analysis actions, threshold editing, the radar-chart panel,
the textual diagnostic report, and the PASS/WARN/FAIL interpretation strip.

Table 8. Interaction logic of the data-analysis tab.

Interface element Placement

Function in the workflow

Workspace list Left column

Stores one or more completed runs so that the user can switch among experiments without

relaunching the simulation.

Load/clear workspace Upper-left and Adds new datasets to the session and resets the analysis workspace when a fresh
actions lower-left comparison cycle is needed.
Plot-mode selector Upper control band Switches between time-history plotting and variable-versus-variable interpretation.
. Exposes simulation variables directly to the plotting engine and supports fast custom
X/Y axis selectors Upper control band p Y P geng pp
comparisons.
Plot, hold, clear, and save Creates overlays, resets the current figure, and preserves publication-ready or report-read
. Upper control band Y & P P Y P Y
actions plots.
Save table data action Upper control band Exports numerical logs for use in external spreadsheets or additional statistical analysis.

Embedded data table Central pane

Provides exact sample-level values for debugging, sanity checks, and parameter tracing.

Plot canvas Lower pane

Produces the visual engineering evidence used to compare runs and interpret controller

behavior.

5. Control and Intelligence Modules

5.1. Controller Exposure Through the GUI

The controller modules are presented primarily as replaceable
implementations that exercise the simulator workflow.
Formal controller synthesis, gain optimization, robustness
analysis, and statistically controlled benchmarking are
outside the scope of the current evidence. Table 9 summarizes
the control-related inputs exposed through the interface.
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5.2. Dual-Loop PID Control

Control-oriented ship models have also been used with
cascade-control architectures for vessel motion control [34].
PID control is retained as the main reference controller
because of its interpretability and tuning transparency. The
heading-control command is

8ms® = K, e O +K, [le @dt+K, ¢® (17

cme



J Nav Architect Mar Technol

2026,228:92-116

Jambak et al.

MMG-Based Ship Maneuvering Simulator for Control Testing

Table 9. Controller-specific interaction capabilities of the simulator GUI.

Comn;c)l;;)elller Exposed user inputs Main engineering purpose Reported interface emphasis
PID heading Editable (K,), (K,), and (K ) values Tunes responsiveness, overshoot, and Baseline autonomous control and
control for the heading loop. settling behavior during path following. reference benchmark.

PID speed control

Editable (K,), (K,), and (K,) values
for the propulsion loop.

Regulates forward speed independently
from heading stabilization.

Dual-loop precision maneuvering and
speed maintenance.

Fuzzy logic
control

Membership-function type,
parameter ranges, and fuzzy-rule
configuration.

Shapes nonlinear heading response and
improves adaptability across operating
conditions.

User-configurable linguistic control
with smoother corrective behavior after
tuning.

Neural network
control

Training-data selection, network
topology, training execution, and
persistence support.

Develops data-driven heading-control
policies and compares them against
classical designs.

Background training integration and
adaptive control experimentation.

Manual mode

Direct rudder commands through the
keyboard.

Inspects plant behavior without
autopilot authority and supports

Interactive testing and training support.

operator familiarization.

subject to actuator saturation, typically within +/-30 deg.
Where the speed error is defined as the difference between
the reference speed and the measured surge speed. This dual-
loop structure allows heading and forward-speed regulation
to be studied independently and jointly. The heading and
speed loops operate independently, although their responses
remain coupled through the MMG vessel dynamics. The
parameter configurations used to demonstrate the controller
workspace for the PID controller are summarized in Table
10.

The gains reported in Table 10 were selected through limited
exploratory simulation to produce bounded and visibly
distinguishable responses within the configured actuator
limits. For the full-scale heading example, a proportional
gain of KP=4 was first retained after it produced a usable
closed-loop response. Small integral and derivative terms
were then varied to demonstrate how changes in the entered
parameters are reflected in the simulated response and
subsequent analysis. The corresponding L7 and speed-
control configurations were prepared for the same software-
demonstration purpose. Therefore, these values should
not be interpreted as optimal, generally applicable, or
recommended controller gains. Configuration A and B were
selected to produce different response characteristics for
demonstration of the tuning and analysis functions.

5.3. FL. Heading Control

A fuzzy-logic (FL) heading controller is included as a rule-
based nonlinear alternative. The implementation maps
heading-error information to a bounded rudder command
using configurable membership functions, inference rules,
and centroid defuzzification. A representative triangular
membership function is

0 x < a
Z:Z a<x<b
p(xa,b,c) = 5. _ (18)
‘ =X p<x<c
c—>b
0 X >c

while the crisp rudder command is obtained by centroid
defuzzification,

5. = Zilui(x) X
FL — Zi/’li(x)

The interface uses a heading-error range of +40 deg and a
rudder-command range of +£30 deg. Five linguistic sets are
defined for both the heading-error input and rudder-angle
output. The input sets are left large, left small, center, right
small, and right large, while the corresponding output sets
are hard left, soft left, neutral, soft right, and hard right.

19)

Table 10. Illustrative PID parameter configurations used to demonstrate the controller workspace.
Model and loop Config. K, K K, Model and loop Config. K, K K,
Full-scale heading A 0.002, 15 L7 heading A 20 0.01, 0.001
Full-scale heading B 0.001, 0.001 L7 heading B 20 0.01, 0.01
Full-scale speed A 20 0.01, 0.001 L7 speed A 35 0.3, 0.001
Full-scale speed B 20 0.01, 0.01 L7 speed B 20 0.1, 0.001
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The implemented rule base maps these sets directly
as summarized in Table 11. The GUI also allows the
membership-function type and control ranges to be
configured. These settings are provided to demonstrate the
fuzzy-controller implementation within the simulator rather
than an optimized fuzzy-control design.

The fuzzy controller therefore contains five rules, five input
linguistic sets, and five output linguistic sets. The heading-
error and rudder universes of discourse are [-40,40] deg
and [-30,30] deg, respectively. Centroid defuzzification is
used, and a 50-point precomputed input-output map with
linear interpolation is employed for faster execution during
simulation.

5.4. NN Heading Control

The neural-network (NN) controller is introduced as a
data-driven alternative for mapping maneuvering error to
control action. Training data were generated by repeatedly
simulating the ship under constant rudder commands. Each
sample covered a 10 s interval, and a dataset of 1000 samples
was reported. The training input is the heading discrepancy

Ay = v, — v, (20)

where i, is the desired final heading and y; . is a randomly
selected initial heading. The network output is the rudder
demand. The model was trained with a mean-squared-error
objective,

Lo = Lxy,(5-38) ell

using the Adam optimizer. The generic Adam update can be
written as

0 =0 —-—a

k1 k (22)

o~

M
=~

\/vk+e
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where 71, and ¥ are the bias-corrected first and second
moment estimates. The specific NN configurations used for
the reported L7 and full-scale demonstrations are summarized
in Table 12. Each network uses ReLU activation in the
hidden layers and a single linear output neuron representing
rudder demand. Adam optimization and a mean-squared-
error objective are used for all configurations. Training data
consist of 1000 simulated samples with a 10 s maneuver
interval per sample, and no explicit validation split is used in
the implemented training call.

5.5. Automatic Post-Run Evaluation Logic

The simulator includes an automatic post-run analyzer
intended to classify the quality of a completed maneuver.
Instead of acting online, this module consumes simulation
logs after execution and produces a structured diagnostic
outcome. Figure 7 summarizes the logic.

The metrics are defined in a segment-aware manner so that
major heading changes can be evaluated separately before
being aggregated. Table 13 summarizes the diagnostic
measures used by the analyzer and the engineering meaning
attached to each on.

6. Simulator Interface and Experimental Results

6.1. Implemented GUI Views

Figures 8-11 show the implemented interface across the four
main tabs: initialization, simulation, data analysis, and post-run
analysis. Together they demonstrate that the simulator operates
as a continuous engineering workflow rather than a single
visualization screen. Route preparation, live maneuvering,
result inspection, and performance diagnosis are all handled
inside the same environment, which makes repeated controller
tuning and comparison considerably easier.

Table 11. FL controller structure used in the simulator.
Heading-error set Rudder-output set Rule

Left large Hard left If heading error is left large, command hard left rudder

Left small Soft left If heading error is left small, command soft left rudder

Center Neutral If heading error is near zero, command neutral rudder
Right small Soft right If heading error is right small, command soft right rudder
Right large Hard right If heading error is right large, command hard right rudder

Table 12. Neural-network configurations used in the reported demonstrations.

Model Config. Time step (s) Update rate Hidden layers Neurons/layer Epochs Batch size
Full-scale A 0.25 20 2 32 200 64
Full-scale B 1.00 20 10 50 700 150

L7 A 1.00 5 1 10 50 32
L7 B 1.00 5 1 50 700 150
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R Maneuver Threshold PASS / WARN / Tuning'and
Simulation logs : N e, validation
segmentation evaluation FAIL classification 3

recommendations
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[ Peak overshoot ] [ Median settling time ] [ Heading RMS error ] [Rudder saturation raﬁo] [ Max. speed-loss ratio ]

Figure 7. Post-run analyzer concept. Configurable thresholds convert raw simulation traces into engineering-level feedback.

Table 13. Diagnostic metrics used by the automatic post-run analyzer.

Metric

Definition and engineering meaning

M =
Peak overshoot r

mapr p where each Mp jmeasures how far the heading exceeds the segment target relative to the initial
j . .

error magnitude. Large values indicate aggressive and weakly damped turning behavior.

Median settling time

T = media nj(Ts, J) where 75, j is the first time at which |e.,,| remains inside a tolerance band for a sustained inter-

val. Large values indicate slow recovery after reference changes.

Heading RMS error

1 . . . . .
Cous = \ / N szile;(k). This metric captures the average tracking accuracy over the full simulation run.

— N
R=1/NY" =

excessive actuator demand.

Rudder saturation ratio

15| > r/|5m ax|, where 7 is a configurable near-saturation fraction. High values indicate

MO
. . |R = max
Maximum speed-loss ratio | “ J

.—u
J min, j

u()./' + &

where 1, ; is the baseline segment speed and Ui the minimum speed reached during the

maneuver. High values indicate that heading corrections are degrading forward-motion efficiency.

6.2. Controller-Comparison Results

Figures 12-19 demonstrate that changes in the controller
configurations entered through the simulator are reflected in
the recorded heading, rudder, and speed responses for both the
L7 and full-scale models. Differences in transient behavior
and actuator demand are visible among the demonstrated
configurations. These cases are intended to demonstrate
the controller-testing and analysis workflow rather than
to establish the relative performance or superiority of the
implemented control methods.

6.3. Full-Scale Simulation on a Selected Istanbul Strait
Route Segment

Figures 20-25 demonstrate the complete software workflow
using an archived full-scale vessel simulation conducted
on a geographically referenced route segment of the
Istanbul Strait. The simulated route covers only a limited
section of the Strait near a navigationally constrained area
and does not represent a complete Istanbul Strait transit.

In this subsection, the term full-scale refers to the vessel
dimensions and model parameters rather than the geographic
extent of the simulated route. The purpose of this case is
to demonstrate the integration of geographic visualization,
closed-loop control, signal recording, data inspection, and
post-run assessment within the developed software. It is not
intended to establish an optimal controller design.

Figure 20 shows the Simulation tab during execution of the
selected route. The central map displays the geographically
referenced waypoints, the prescribed route, the current vessel
position, and the trajectory generated during the maneuver.
The surrounding interface panels provide the instantaneous
vessel states, actuator values, simulation parameters, and
active controller settings. The time-history panels on the
right provide live visualization of selected motion and
control variables. This arrangement allows the user to
observe the spatial vessel motion and the corresponding
dynamic response within the same software environment.
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Figure 22. Speed vs. reference in data analysis tab.
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Figure 23. Rudder angle plot in data analysis tab.
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Figure 21 presents the recorded vessel heading together with
the reference heading generated by the waypoint-guidance
module. The reference changes as the active waypoint
is updated, producing several distinct turning segments
along the route. The vessel follows the general sequence of
commanded headings, although overshoot and oscillatory
recovery are visible after some reference changes. These
results are not presented as evidence of optimized heading
control. Instead, they demonstrate that the Data Analysis tab
can load an archived simulation, display recorded variables,
overlay related signals, and reveal transient characteristics
that are not immediately apparent from the geographic
trajectory alone.

Figure 22 compares the vessel speed with the commanded
reference speed. The measured speed remains relatively close
to the reference, with temporary reductions occurring during
the more demanding turning sections. The limited speed
reduction should not be interpreted as an inconsistency with
the heading oscillations shown in Figure 21. Heading and
speed are regulated by separate closed-loop controllers. The
heading controller generates the rudder command, whereas
the speed controller modifies the propeller rotational speed
according to the difference between the measured and
commanded surge speeds. Their effects remain coupled
through the MMG vessel dynamics, but the propulsion
controller actively compensates for maneuver-induced
changes in resistance and surge speed.

The rudder-angle history in Figure 23 provides the actuator-
level information associated with the heading response.
Large positive and negative rudder commands occur after
several changes in the reference heading, and the rudder
reaches its imposed limits during some portions of the
maneuver. These periods correspond to the stronger heading
corrections visible in Figure 21. The figure therefore
demonstrates why route completion alone is insufficient for
assessing controller behavior. A vessel may continue along
the intended geographic route while requiring substantial
steering activity or exhibiting weakly damped heading
recovery.

Figure 24 shows that the propulsion input is not held constant
during the maneuver. The propeller rotational speed changes
throughout the simulation as the speed controller responds
to deviations from the reference speed. Increases in propeller
command occur around several turning events, indicating
active compensation for transient speed loss and additional
hydrodynamic resistance. This response explains why the
vessel speed in Figure 22 remains comparatively close to its
reference despite the pronounced rudder activity and heading
oscillations. Figures 21-24 together provide a more complete
interpretation of the maneuver by relating heading tracking,
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speed regulation, steering demand, and propulsion activity.

Figure 25 presents the same simulation in the Post-Run
Analyzer tab. The module processes the recorded signals
and reports overall and segment-level indicators, including
peak overshoot, median settling time, heading RMS error,
rudder-saturation ratio, and maximum speed-loss ratio. The
calculated values are compared with user-defined preferred
and acceptable limits and are displayed through both a
normalized radar chart and a textual diagnostic report.
Under the limits configured for this demonstration, the run
is classified as FAIL because selected heading-tracking and
actuator-use measures exceed the acceptable ranges, even
though the speed-loss measure remains comparatively small.

This result illustrates the intended function of the post-
run module. The simulator does not treat geometric route
execution as sufficient evidence of acceptable maneuver
quality. Instead, it preserves the complete state and actuator
histories and converts them into structured engineering
information that can support controller adjustment,
comparison between archived runs, and subsequent software-
based testing.

6.4. Limitations and Software Availability

The present study has several limitations. The implemented
MMG model has not yet been independently evaluated against
experimental maneuvering benchmarks, and the PID, FL,
and NN configurations were not obtained through a common
formal tuning or optimization procedure. Consequently,
the demonstrated cases should not be interpreted as
validation of hydrodynamic prediction accuracy or as
a controlled comparison of controller superiority. The
current experiments also do not systematically address
environmental disturbances, parameter uncertainty, or
robustness across different operating conditions. In addition,
the geographically referenced full-scale case is limited
to the selected Istanbul Strait route segment described in
Section 6.3. These limitations define the scope of the present
software demonstration and motivate future benchmark
validation, disturbance-rich testing, and controlled controller
comparisons. The current research implementation is not
publicly distributed as an open-source software package.

7. Conclusion

This paper presented a ship simulator for control testing
that combines MMG-based vessel dynamics, waypoint
guidance, autonomous and manual control modes, Istanbul
Strait-centered visualization, controller comparison, post-
processing, and automatic maneuver-quality evaluation. The
resulting platform goes beyond a simple route-following
demonstrator and functions as a reusable environment for
iterative maritime control development.
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Figure 24. Propeller speed plot in data analysis tab.
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The reported cases demonstrate that the simulator can connect
geographically defined routes, MMG-based vessel dynamics,
interchangeable controller implementations, synchronized
signal recording, and post-run assessment within a common
workflow. The PID, FL, and NN examples further show
that changes in controller configuration can be examined
through the same visualization and analysis structure,
although the present demonstrations are not intended to
establish controller superiority. The data-analysis and post-
run evaluation modules provide quantitative information
on tracking response, actuator activity, and speed loss that
complements the geographic trajectory. Future work should
focus on benchmark validation of the maneuvering model,
disturbance-rich scenarios, systematically tuned controller
comparisons, and hardware-oriented validation.
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NOMENCLATURE
Symbol Description Unit
m Ship mass kg
3 Added mass in surge kg
m Added mass in sway kg
Izé Yaw moment of inertia about the kg-m?
center of gravity
J. Added yaw moment of inertia kg-m?
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Longitudinal position of the center
of gravity

Surge velocity

Sway velocity

Yaw rate

Resultant vessel speed

Vessel heading

Total surge force

Total sway force

Total yaw moment
Hull-induced surge force
Hull-induced sway force
Hull-induced yaw moment
Propeller-induced surge force
Rudder-induced surge force
Rudder-induced sway force
Rudder-induced yaw moment
Water density

Length between perpendiculars
Ship draft

Non-dimensional sway velocity
Non-dimensional yaw rate
Propeller thrust

Propeller thrust-deduction factor
Propeller rotational speed
Propeller diameter

Propeller thrust coefficient
Propeller advance ratio
Propeller wake fraction

Vessel drift angle

Rudder angle

Rudder normal force

Rudder force-deduction factor
Hull-rudder interaction coefficient
Longitudinal rudder position

Longitudinal position of hull-rudder
interaction force

Rudder area
Resultant rudder inflow velocity

Longitudinal rudder inflow velocity

Lateral rudder inflow velocity

Rudder inflow angle

N-m
kg/m3

rad

deg

rad

Rudder flow-straightening coefficient —
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. Reference waypoint x-coordinate m
Yoos Reference waypoint y-coordinate m
W Reference heading deg
e, Heading tracking error deg
» Reference surge speed m/s
: Surge-speed tracking error m/s
" Commanded rudder angle deg
b omd Commanded propeller rotational ps
speed
K, Proportional controller gain =
K Integral controller gain -
1
K, Derivative controller gain -
Mp Peak overshoot -
T Settling time S
e Root-mean-square heading error deg
R, Rudder-saturation ratio -
s Maximum allowable rudder angle deg
R Maximum speed-loss ratio -
u, Baseline surge speed m/s
u. Minimum surge speed during a ma-  m/s
neuver
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