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ABSTRACT

This paper presents the general principles of building a sailing yacht designed for people with multiple disabilities.
Specific requirements for the crew on such vessels have been stressed. A lot of attention has been given to the possible
disabilities of the design subjects and accessibility of the new yacht. The universal design method has been adopted to
enable meeting ergonomic and rehabilitation requirements. We discuss selected stages of the design process: problem
analysis, yacht construction and equipment. We discuss the influence of the type of disability on yacht use, in detail.
Two tasks have been combined, that of a sailor with disabilities and that of a yacht. Both of them need to be taken into
account in the socio-technical ‘sailor with disabilities - yacht’ system. A set of required yacht adaptations has been
developed to meet the relationships in this system. Typical dangers in sailing on the Empatia 60 FD yacht are further
enumerated. We provide a set of design rules for constructing dedicated yachts for the disabled and their practical use.

Keywords: sea yacht for disabled persons, universal design, human factors

SUBJECT AND PURPOSE OF YACHT
DESIGN
Full accessibility of living space is the basis of everybody’s
independent acquisition of experience and knowledge.
Yachting enables people with disabilities and seniors to
explore the world, interact with other people, and make
their individual plans and ambitions come true. A training
and recreational yacht is designed for the active acquisition
of knowledge and sailing experience, as well as for active
recreation and rehabilitation of the disabled or seniors. It is
assumed that the yacht’s crew will be made up of people with
various motor, sensory, mental and age-related disabilities.
On a yacht, such disabilities make it difficult to:
t walk, stand, and, sometimes, sit for people with damage
to lower limbs, spine and neurological, cardiac, renal
ailments,
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t grasp and hold, in the case of upper limb injuries,
t get oriented in space, in the case of visual impairment,
t receive auditory information, when hearing is impaired.
In addition, these people change from voyage to voyage.
This, in turn, results in a change in the structure of disabilities
and creates difficulties in assembling watch crew. This is
because it is assumed that the yacht could be fully operated
by a crew dominated by people with disabilities. What matters
is the high ratio of disabled sailors to professional yacht crew
of 3:1 to 4:1, with a total crew of 15 to 16 crew members. This
is a completely new concept in the construction of a Category
A yacht. The new yacht can also perform recreational, active
leisure functions on short voyages along the coast.
To recapitulate, there are several purposes for building
a yacht for people with disabilities:
t running integration and therapeutic classes and cruises
(e.g. disabled people in wheelchairs with their caregivers),

t conducting training in sailing ranks,
t participation in regattas, races and rallies of sailing ships
with disabled crews for international integration,
t rehabilitation on yachts for the improvement of physical,
mental and social health in people with disabilities and
giving them the opportunity to live a normal life with
equal rights and, possibly, equal responsibilities as nondisabled persons,
t opening of the domestic market of active sailing tourism
for people with various physical disabilities, which requires
permanent yacht adaptation.
A yacht realising these objectives needs to be highly
innovative. Sailing and rigging should enable disabled persons
to operate the yacht on their own without the help of nondisabled persons. The crew and watch make-up must be
skilfully selected from among sailors with different types of
disabilities, to form a team efficient in operating the yacht. The
safety system must ensure the possibility of self-evacuation
with life-saving systems and monitoring of the crew’s
health condition, such as smart-bands, reading the yacht
location and signalling of hazards (fall, falling overboard).
Two control stations have been planned for crew training.
Kitchen accessibility for seniors, the disabled on wheelchairs
and the visually impaired will be guaranteed by the use of
lowering cabinet interiors and/or lifted tabletops. A similar,
compact solution for sanitary facilities would enable selfservice in the bathroom and WC. Due to space constraints
and specific conditions, the yacht will be equipped with
a specialised yachting wheelchair. The planned inter-deck
start-lifts are intended to ensure accessibility of the lower
deck and evacuation of wheelchair users in the absence of
electrical power during a water or fire alarm. The modern
design will also be a distinctive feature. Due to crew disability,
especially the presence of wheelchair users, the dimensional
proportions of the yacht’s hull need to be changed. The yacht
(Fig. 1) with a deck length of 18 m (60 ft) is relatively wide
(6 m, 20 ft), which is to ensure accessibility of the deck and the
interior of the superstructure for wheelchair users (Table 1).

Tab. 1. Technical parameters of the designed yacht for the disabled
Tentative name
Place of construction
Length × width [m]
Number of persons/number of disabled
persons
Number of sails [pcs.]
Number of masts [pcs.]
Displacement [t]
Draught [m]
Sail area [m2]
Propulsion [kW]

Empatia 60 FD
(For Disabled)
Polska
17,99 × 6,05
- 16/12, including up to
4 persons on wheelchairs
5
2
74
2,80
190 – 290
- 2 internal combustion
engines, 88.26 kW each

Specialised yachts dedicated to people with disabilities are
rarely encountered anywhere in the world. For example, three
such vessels are known in Europe: Wappen von Ueckermünde,
URI and Empatia. The parameters of these yachts are given
in Table 2.
Tab. 2. Known yacht structures dedicated to people with disabilities
Wappen von
URI
Empatia
Ueckermünde
Place of construction
Germany
Netherlands
Poland
Length x width [m]
21,98 × 5,6
16,43 × 5,6 13,4 (14,2) × 3,95
Number of crew
-6 - yacht for
-10/4 in
members/number
persons in
-7 (berths)
wheelchairs
of disabled persons
wheelchairs
Number of sails
5+2
3
3
[pcs.]
sztormowe
Number of masts
2
1
2
[pcs.]
Displacement [t]
45
38
18
Draught [m]
2,3
2,4
2,15
Sail area [m2]
235
128,5
110
Propulsion [kW]
84
111
47,8
Yacht name

A previously known, large vessel adapted for disabled
persons was the training sailing vessel STS Lord Nelson,
with a length of approximately 55 m [1]. This sailing ship
was, therefore, different in size from the other abovementioned vessels. On the sailing ship, half of the crew,
usually up to 20 people, could be people with disabilities. It
was decommissioned in 2019.

SUBJECT OF DESIGN - USERS WITH
DISABILITIES AND SENIORS

Fig. 1. The designed yacht for disabled users
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Disability impairs functional, especially somatic, ability
and life activity to the extent that it impedes the performance
of social roles. It is estimated that over a billion people (about
15% of the world population) live with some form of disability
[2, 3].
For example, people with motor disabilities constitute
almost half of all the disabled in Poland [2]. Such a disability
also includes a reduction in the manipulative movements of
the upper limbs, the locomotor movements of the lower limbs
and often results in the need to use a wheelchair. Mobility

disabilities are not only about using a wheelchair, but also
dysfunctions of the skeletal, articular, muscular, vascular and
nervous systems. The extent and severity of these disabilities
can be exacerbated in a yachting environment with a sloping
or wobbling deck, in a confined space with architectural
and communication barriers, and difficult environmental
conditions caused by wind and sea swell.
There are many human factors in the design. The yacht
needs to be accessible, safe and friendly to seniors and people
with disabilities. Accessibility provides for a possibility of using
the yacht’s functions despite existing barriers and performing
the intended service. Barriers on a yacht are due to uneven
and slippery surfaces, obstacles in traffic routes, high kerbs,
thresholds, stairs and steps, narrow doors and entrances,
poor lighting, lack of visual and audible information and
traffic lights. Correct design of traffic routes, construction
and friendly onboard equipment greatly facilitates moving
around on a yacht. It is a matter of adapting the tangible living
and working environment and the surrounding objects to the
ergonomic physical and mental limitations of human faculties.
Adapting the yacht to mobility constraints includes reaching,
grasping, holding, wheelchair manoeuvring, walking and
overcoming height differences in the yacht space, as well
as mobility possibilities. For example, physical accessibility
can be improved by graspability with right or left hand only,
minimising the need for precision movement, possibilities for
alternative handling or operation, no sense of stigmatisation
or segmentation when using the technical solution, visibility
from any position, access to all privacy functions regardless
of possible errors and risks, and user comfort.

DESIGN METHOD
Universal Design was chosen as a method focused on
the needs of seniors and people with disabilities, more
specifically social engineering design for all, regardless of
age or disability. There are dozens of similar design types.
The work by M. Zablocki [3] identifies 30 terms for similar
design varieties, ensuring the accessibility of products,
buildings or environment for all people without the need for
adaptation or specialised treatment. The ‘Universal Design’
term is very much in line with closely related terms such as
Inclusive Design, Design for All, and Assistive Technology.
The design concepts, different in name but similar in
content, are linked by the focus on the user with different
psychophysical abilities. Universal design is one of the many
methods used in technology. In yacht design, the method
of the so-called Evan’s ship design spiral (Evans) from the
concept to the concrete solution with a record of subsequent
activity iterations has become popular [4,5]. This method may
be applied to the design of yacht hulls [6].
The correct shaping of the spatial structure of a yacht consists
in adapting the yacht to the ergonomics and rehabilitationrelated needs of people with disabilities, especially those with
motor skill limitations like wheelchair users. The specific
character of work stages for the yacht under consideration
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was taken into account in the design process. The first stage
included the analysis of the required geometrical, kinematic,
force and energy issues for the specified spatial structure of
the yacht. At the construction stage, special attention should
be paid to equipping the yacht with new devices (e.g. lifts,
wheelchairs) supporting mobility and accessibility to the
upper and lower decks, control room, control and navigation
devices, camboose and mess room, berths, WC, lifts and
navigation table. Special yachting equipment includes rails,
pipes, cleats and capstans for rigging and sails, with furlers
adapted for disabled people. Similarly, the yacht design should
also cover colours, surface textures and lighting of the yacht’s
working and resting areas, especially for the visually impaired.
The choice of geometry and materials for people with grasping
and manipulation problems, such as rheumatoid arthritis, or
people with tetraplegia, is also important.

THE INFLUENCE OF THE TYPE
OF DISABILITY ON YACHT USE
The yacht’s crew consists of a professional team of
permanent users (skipper, boatswain, cook) and periodic
users who change from voyage to voyage: mainly sailors with
disabilities, their care-givers, volunteers and instructors. In
these groups, people with disabilities are of particular interest.
There are many types of disabilities, each of which presents
a challenge to sailing because of the need for different
adaptations of technical equipment.
People with limited mobility (spinal cord injuries,
cerebral palsy, paralysis, paraplegia or tetraplegia, muscular
dystrophy, cystic fibrosis, amputations, multiple sclerosis
and arthritis) tend to get easily tired due to muscle weakness
and spasticity. Mobility may increase susceptibility to
hypothermia in cooler weather conditions or hyperthermia
in hot and humid environments. Difficulties with balance
and coordination of movement may occur with serious core
injuries and sensory loss. Reduced sensitivity to foot and leg
injuries occurs in patients with limb paralysis. This requires
the use of soft footwear (e.g. trainers), the removal of sharp
edges on the boat and the absence of salt deposits on the
surfaces under the buttocks of a person with spinal cord injury
(SCI). Loss of bladder and bowel control involves another set
of problems. People with such disabilities may use mobilityenhancing equipment (wheelchairs, walkers, crutches) which,
however, entail difficulties in moving up and down stairs,
for example. Sitting or standing for long periods can entail
further problems. Some of the medicines used affect stamina.
People with developmental disabilities (Down syndrome,
traumatic brain injury, cerebral palsy, autism, cystic
fibrosis, muscular dystrophy and epilepsy) tire easily, need
modifications to the vessels and increased assistance from
instructors and volunteers. They exhibit a reduced ability to
feel pain and injury. Diabetics need to monitor their sugar
levels, maintain a suitable diet and have insulin available for
the duration of the voyage.

Visually impaired people (for example, those suffering
from congenital blindness, nodules, strabismus, cataracts,
diabetic retinopathy, glaucoma, macular degeneration)
have difficulties in orienting themselves on the yacht, in
determining the direction of water movement, the location of
the yacht and equipment, and in sensing direction and distance
from other vessels, buoys on the water, understanding wind
direction and speed. Sound assistance and touch guidance
on the yacht are needed.
People with hearing impairments (hearing loss or
impairment, neuropathy) need labelling on equipment,
visualisation of signs and well-defined and consistent
signalling.
People with cognitive impairments (autism, dementia,
attention deficit disorder, dyslexia, aphasia and learning
difficulties) show difficulty in understanding safety levels
under sudden changes in direction of the boat and heels. Their
lack of fear can be positively affected by gentle encouragement
and sailing training.
Therefore, disability limits the performance of functions
on a yacht. Table 1 presents examples of activity ranges for
people with and without disabilities.
Tab. 3. Examples of activity ranges for people with and without disabilities
Activities
Moving around the
yach
Yacht-shore
communication
Navigation
Logbook entries
Operation of the
VHF radio
Controlling
Engine work
Observing
Work with sails and
lines
Manoeuvres
Working in the
camboose
Indoor work - e.g.
cleaning

Ablebodied
people

Persons with disabilities - the
range of options is determined by
the type of disabilit

full range restricted range
full range restricted range
full range full range
full range full range except for blind people
full range except for deaf-mute
full range people provided the radio is
assembled in an accessible location
full range full range with ‘talking compass’
full range full range
full range restricted range
limited range dependent on how
full range the ropes are brought into the
cockpit
full range restricted range
full range restricted range
full range restricted range

Yacht maintenance

limited range - without the ability
to climb the mast but in some
full range
places can, e.g. remove rust or
replace the rope

Self-service on the
yacht

full range restricted range

It follows that only a small number of important yacht
handling activities can be carried out without restrictions by
people with disabilities. Such activities may include navigation
or control, but the performance of these functions requires the
use of specialised assistive technology solutions, e.g. ‘talking
compass and navigation aids’.
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THE ‘DISABLED YACHTSMAN’
SOCIOTECHNICAL SYSTEM
AND THE DESIGN PROCESS
The yacht design process is iterative, with gradually
increasing identification of design features. It follows a kind
of hierarchy of proceedings and can be computer-modelled
in many variants [4]. It is assumed that the design process
follows the principles of universal design of the ‘sailor - yacht’
system and connects the structure of the two related streams:
recognition and analysis of human activities on the yacht
and analysis of the yacht accessibility for the execution of
technological yacht tasks (Fig. 2).
The two identified trends integrate the concept of universal
design for all, regardless of age, gender or disability. The
huge diversity of people on a particular voyage, changing
from voyage to voyage, makes this design particularly
difficult. This diversity relates to human physiological,
psychological, anthropometric or cultural characteristics
and has an impact on the possible parameters related to
disabilities, working posture, handling space, loads, rhythm
and work methods. These features of yacht users limit the
usability of the previously used technological measure and
create new functional needs of these technical devices to
perform the tasks acceptably. The specific devices for yacht
operation and accessibility measures must be structured and
correspond to the environmental conditions and parameters
of the work process. The feedback between people with
disabilities or seniors and technical measures, the products
of universal design and their functional, spatial and temporal
transformations in the process of use form sociotechnical
systems.
Applying Ropohl’s [7] philosophy of socio-technical
systems, introduced into Polish literature by M. Gawrysiak [8],
it should be noted that a human being is a system itself, within
the ‘human-yacht’ super-system. According to Ropohl, the
action system, i.e. transformation of inputs, states and goals of
the system into information, energy and mass outputs, is the
basic system of technical object creation and use. The human
system interacts with action systems. Additionally, there is
a division of labour into a chain of functionally coordinated
activities and actions. Most often, this very integration forms
the sociotechnical system. Sociotechnical integration takes
the form of substitution (of human activities, e.g. movement,
forming) and the form of complementation (substitution of
human functions by the functions of a technical device for
the general purpose of relieving a human being, for example,
by using a wheelchair, a navigation chair with a horizontal
stabilisation system).
The human-technical device relations relate to somatic
functions, receptors and psychophysical integrity. These
relations are at the core of ergonomic design. As presented
in Fig. 2, task analyses (manual or assisted work), allocation
analyses (risk, geometric accessibility analyses) and analyses
of the fulfilment of physical-psychological requirements
(strength, posture, execution of movements) are performed
during the design.

Fig. 2. Structure of the design process for the ‘person with a disability - sailing-motor yacht’ system

To achieve socio-technical integration of people with
disabilities and seniors in the designed yacht, we propose to
apply the adaptations given in Table 4. This set of ergonomic
requirements will be the basis for proposing specific structural
solutions and yacht equipment.

DESIGN PRINCIPLES
INTRODUCTION

Tab. 4. Planned adaptations of the yacht under design
Disabilities

motor disabilities

intellectual
disabilities

sense of sight

hearing sense
secondary (e.g.
diabetes, asthma)
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Adaptations
small angle of deck inclination (for crew balance,
wheelchair traffic), deck with non-slip lining (for
crutches), handrails under the deck, rails around
the deck, steering wheel rails, baskets at masts,
handholds adapted for grip defects, bridges, boarding
ramps, yacht layout arrangement, high boom, easy
sail handling (rope markings, special structures for
steering in a seated position), audible navigation, free
passages along the yacht, inter-deck lift, WC, shower
for wheelchair users, kitchen furniture adapted for
wheelchair users and anthropometry of the crew,
liftable massage table - equipment for individual
rehabilitation
small deck inclination angle (for crew balance and
wheelchair traffic), handrails, rails around the deck,
steering wheel rails, boarding bridges, yacht layout,
high boom, sail handling facilities (rope colour
coding, special constructions for steering in seated
position), audible navigation, free passages along
the yacht
navigation with sound compasses and voicecontrolled rudders, high boom, colour scheme
adapted to the visual impairments, navigation maps
with convex shapes and Braille information, stickers
with voice information
yacht electro-inductive loop system, smartband-type
location of persons on the yacht with the signalling
of risk of falling or falling overboard, light, vibration
signalling at berths
space for monitoring equipment for patients, drugs
for diabetes and other diseases

POLISH MARITIME RESEARCH, No 3/2021

Technical design principles influence design decisions.
They are very often a result of practical actions. The knowledge
of these principles is not a guarantee of effective design as there
are always cases that escape any rules. Principles are kinds of
scientific laws that subordinate the effectiveness of the design
object with regard to the selection of actions and structural
features. These technical principles of methodological
machine design schools, both Polish (J. Dietrych [9]) and or
German (G. Pahl and W. Beitz [10]), lack contexts related to
the user of the anthropotechnical system.
The so-called systemic principles of universal design,
known from the literature, focus on the unambiguous
representation of relations in the sociotechnical system. They
constitute a set of seven postulates that are difficult to apply
in practice. When designing a yacht for disabled persons,
they take precedence over the other principles of design,
discussed at a later stage.
The design principles for constructing technical means for
the disabled, presented in Table 5, regulate practical activities
in the design process in the sense of ‘this is how it should
be!’ with no guarantee of efficiency. They include operation
basics (technical functions) and the essential features of the
design solution.
Technical solution principles define the basis from which
solutions for design tasks are derived, including principles
of operation and essential structural features. The principles
of operation are the basis for the realisation of technical
functions (physical effects and integration of individual
functions).

In design, construction principles are, in addition to
criteria, the logical basis for the identification of structural
features (geometric, material and dynamic).
DESIGN PRINCIPLES OF YACHT ENGINEERING
DEVICES FOR THE DISABLED AND SENIORS
The principles of yacht design for the disabled (Table 5)
are used to evaluate and select functions and conceptual
solutions, as well as shape structural features of the technical
device, i.e. the yacht and its equipment (interdeck lifts,
bathing platform, steering position etc.). The presented set
of construction principles has been developed based on our
reflections and creative conclusions from methodological
discussions with skippers and disabled sailors, as well as
analysis, modification and reformulation of known principles
of mechanical constructions, principles of ergonomics and
principles of the rehabilitation process.
Tab. 5. General and derivative principles for the construction of technical
measures in design for the disabled
1. Principle of an optimal division of functions between the human
person and the technical measure: 1.1. Division of tasks between
the disabled sailor and the technical device e.g. electric furlers and
winches, rudder seat with verticalisation options; 1.2. Integration of
partial device functions e.g. stern platform for bathing and disembarking;
1.3. Function ‘freezing’ (‘disappearing device’ that still stay within
reach) e.g. wheelchair which takes little space at berth when folded; 1.4.
Absolute preservation of basic safety functions e.g. electric lift drive
and independent manual drive during evacuation and power failure
2. Optimum load principle: 2.1. Optimal physical and psychological
load on the human body in the use process e.g. rudder forces matched
to disabilities and loads; 2.2. Optimal flow of forces through the device
e.g. articulated or spring support of wheelchair wheels, prevention of
overloads, selection of material and economic profile for each type of
component load; 2.3. Intended instability, e.g. using an active wheelchair
in a balance or a Segway-type self-balancing two-wheeler; 2.4. Uniform
load distribution e.g. pneumatic decubitus cushion for the helmsman;
2.5. Forced influence e.g. foot protection on the wheelchair against
impacts of yacht elements, removal of sharp-edged elements from the deck
3. The self-supporting technical mean principle: 3.1. Safe design e.g.
elastically or plastically deformable zones for foot guards in case of
collision of the wheelchair with the yacht sides, use of vibration dampers,
wheelchair cushions; 3.2. Self-reinforcement e.g. using the inertia of
the rotating parts of the wheel ring to compensate for unevenness of
movement and increase the steerability of the wheelchair and the rudder;
3.3. Complementing human functions without useless or harmful
redundancy e.g. self-service in WC and bathroom; 3.4. Intrinsic safety, e.g.
shape and spacing of capstan parts to prevent crushing or cutting body parts
4. Structure ordering and fit principle: 4.1. Minimisation of errors
e.g. control of two wheelchair parking brakes from one place; 4.2.
Device invariance e.g. single brake adjustment with non-linear wear
compensation spring; 4.3. The adaptability of the technical device to the
anthropometric dimensions, body position and amplitude of movement on
the yacht, physical abilities and individual preferences e.g. lifting worktops,
toilet; 4.4. Optimal adaptation of the device structure to changing
anthropometric and psychophysical features of a human, e.g. a seat adapting
to the deflections of a yacht; 4.5. Avoidance of sharp edges, protruding
and moving parts of mechanical devices in manual activity areas e.g.
lift and bathing platform drive elements; 4.6. Optimal use of material
[11] e.g. repairable, recyclable materials, limiting the number of different
materials and/or their combinations; 4.7. Use of a functional material in
a functionally important place e.g. human-device interaction surfaces
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5. Collision overcoming principle: 5.1. The collision between system
safety and simple device design preserving the relationship of lightweight
and robust design without sacrificing safety and cost; between the reliability
of parts/components and functions and protection of people from accidents
and hazards at a given risk level in the execution of intended and unintended
actions and environmental safety; 5.2. The collision between utility and
economic characteristics, e.g. reliability and durability versus price
6. Principle of optimal use of energy; 6.1. Human energy, e.g. when using
a drive or control device with intrinsically inherently limited use of human
energy, ensuring maximum efficiency of human-device energy conversion,
taking into account climate conditions and body chilling: wind, rain
on board; 6.2. Device energy e.g. reduction of irreversibility or energy
recuperation with an alternative or hybrid muscle-electric drives; 6.3. The
principle of minimising the harmful effects of various energy types,
i.e. protecting humans and the environment from harmful mechanical,
acoustic, hydraulic, pneumatic, electrical, optical, thermal, chemical effects
7. User-friendliness principle: 7.1. Optimal mobility e.g. in wheelchairs:
lightness, manoeuvrability and low movement resistance, overturning
prevention, intelligent mechatronic wheelchair and stationary rudder seat
control; 7.2. Optimal support, e.g. anti-decubitus seats with even load
distribution and ventilation: an anatomical seat, active shell seat, cushion
with foam or gel filling; adjustable backrest with optional relaxation
position; vibration damping and spinal relief with spring-elastomer
cushioning of the wheelchair frame; 7.3. Integral possibilities of all-day
support with rehabilitation measures and aids for various work, therapy,
leisure and self-care activities on the yacht; 7.4. Individual adaptation
through multi-variants, e.g. modules attachable to the product platform,
component series and families for wheelchair reconfiguration for different
work and leisure environments; intuitive adjustment of the support zones
and the settings for optimum adaptation of the technical means to the person;
7.5. Comfort with different standards, quality e.g. functional system
integration with freedom of changes in aesthetic choices: combinations
of materials and equipment elements, their style, colours and design

CASE STUDIES ON THE APPLICATION OF DESIGN
PRINCIPLES
The construction principles given, enable solving problems
connected with the integration of the specific ‘disabled sailor
- yacht’ socio-technical system.
The positioning and operation relations between the
elements of the ‘disabled person-wheelchair-yacht’ system
must be mutually adapted. For example, manipulation of
the classical rudder might be impossible for a person in
a wheelchair due to the limited manipulation space of the
helmsman, whose legs do not allow a closer approach to
the steering stand (Fig. 3a). Besides, this solution does not
take into account the possible grip deficiencies of a tetraplegic.
The design of a rudder allowing the wheelchair to approach
and manipulate it constitutes the application of rules 1 and
4 (Figure 3b) [12]. Part of the steering wheel is placed below
the deck to provide a dedicated area for stable wheelchair
positioning. The solution known from Fig. 3c, allows for
approaching and manipulating the rudder (steering wheel) by
a tetraplegic with various grip defects because of special grips
adapted to such a disability. A set of such grips is presented
in Fig. 3d.

Fig. 3. Configurations of the wheelchair user - rudder system: a) unadapted
due to inability to grasp the rudder, b) adapted with special rudder geometry,
c) adapted to a disabled person with impaired grip, d) special DTS2 grips
attached to the rudder for different user disability degrees

A yacht for the disabled can be controlled from two
independent stands by a skipper or a disabled sailor (e.g.
in a wheelchair). Implementation of rules no 1, 1.1, 2.3 and
4.3 requires that the sitting on a chair changing its position
depending on yacht inclination, provides safety for a person
with an unstable torso. Seat tilt can be compensated by using
a mechatronic drive of the gyroscopically controlled seat
support lever (Fig. 4).

Fig. 4. Mechatronic tiltable seat controlled with a gyroscopic device adjusting
the steering seat to the yacht’s inclination (drawing based on [13])

Inter-deck transport of a person in a wheelchair poses
serious problems on a yacht. Difficulties arise from safety
requirements in emergencies with the electric drive
switched off. In such cases, the lift must be equipped with
an independent manual drive. Yacht transport lifts are usually
made for disabled sailors (Fig. 5b and 5c). The application of
principles no 3, 4.3, 4.4 and 7.2 to yacht design requires the
use of two platform lifts with unilaterally fixed guides, the
so-called stair-lift (Fig. 5a).

Fig. 5. Yacht lifts: a) platform lift with unilaterally fixed guides, b) platform lift
with bilaterally-fixed guides with electric drive and emergency manual drive,
c) view of the lift [14] on the Obsession yacht
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There are difficulties in the working space on the yacht
resulting from a maladaptation of the manipulation space
to wheelchair users. It is possible to make accessible space
in each of the three workstations through a lifting work
object (e.g. a cabinet) (Fig. 6a), ‘extending’ the upper limbs
(e.g. a manipulator with a grip) (Fig. 6b) or raising the
wheelchair seat (Fig. 6c). These solutions evade principles 1.1,
1.2, 4.3 and 4.4.

Fig. 6. Possibilities of adapting the required manipulation space to the
hand reach of wheelchair users: a) by changing the position of objects
in the environment, b) by extending the human body parts with the use
of a retractable manipulation gripper, c) by using a lift seat wheelchair with
spring relief

Principles 4.3, 4.4 and 4.5, concerning structure ordering
and adjustment, make it possible to see accessibility problems
(e.g. in the camboose), which may also apply to standing
cabinet arrangement (Fig. 7). Typical cabinet solutions are
generally not accessible to wheelchair users (Fig. 7a). Similarly,
access is also limited for an average-bodied (centile C50)
standing person (Fig. 7b). Access to, for example, standing
cabinets requires adopting uncomfortable body positions
(e.g. for seniors) (Fig. 7c).

Fig. 7. Limited operator access to furniture as a result of restricted
manipulation zone: a) in a seated position on a wheelchair, b) in a standing
position for an average-bodied person (centile C50), c) in a kneeling position, d)
for persons in centiles C5 and C95

Changing the anthropometric dimensions of standing
people (from centile C50 to C5 or C95) extends the access range
to other cabinet interiors (Fig. 7d). Designing a furniture
layout for wheelchair users and standing people is difficult
due to colliding requirements. Similarly, the application
of principles 4.3 - 4.5 results in adapting the height of the
tabletops to the anthropometric dimensions of the users
(Fig.8). Several methods for raising the tabletop manually
or electrically have been developed [15].

Fig. 8. Structural solutions for tabletop lifting mechanisms using: a) one pull
rod, b) one pull rod and gear, c) two pull rods, d) three pull rods [15].

Cutlery and its handles should be adapted to anthropometry
and disability degrees and comply with safety rules (no. 4.5).
Making the grips thicker and longer boosts finger grip stability
and enables a full grip (Fig. 9a). Restriction in the range of
movement of hand joints requires an additional curve to limit
the need for wrist movement (Fig. 9b) A handgrip reduces the
need to flex the fingers in rheumatoid arthritis (Figure 9c).

The safety-relevant rails (principles 1.4, 3.4 and 5.1) are also
used by wheelchair users. Protection against falling overboard
is provided by safety ropes fastened on the railing (Fig. 12)
or sliding in the guides.
Yacht-specific conditions (e.g. variable weather conditions,
deck inclination, significant changes in air temperature and
humidity, wet deck) entail the need to develop a special
yacht wheelchair. Modular wheelchair structures [17]
with a common load-bearing and drive unit, allow a wide
range of changes in wheelchair functionality, e.g. manual
wheelchair transport, lifting the seat, verticalisation (Fig. 13).
The visualisation shows a modular wheelchair with the seat
providing improved comfort and safety to the disabled sailor
on the yacht, through the use of a high backrest and lowered
centre of gravity. It also provides for the possibility of transfer
to the active wheelchair. It can be assumed that the design
follows design principles 1, 2.4, 3.1 and 7.2.

Fig. 9. Cutlery: a) a set with thickened and elongated handles for a firm grip,
b) a spoon and knife for people with severe hand joint limitations, c) a spoon
with a hand grip for people with manipulation and grip problems

Typical sailing activities are related to the handling of
the rigging, among other things. When planning for this
function, principles 2.1, 2.2 and 5 need to be examined. It is
difficult for the physically disabled to pull the rope due to their
low strength and problems with body stabilisation by a person
sitting in a wheelchair and the very braked wheelchair with
the drive wheels relieved (Fig. 10a) and adding weight to one
limb by a standing person (Fig. 10b). Wheelchair stabilisation
is improved by positioning it sideways to the rope pulling
direction.

Fig.11. Device for measuring the manipulation space and upper limb
forces of the disabled and seniors: a) measuring device in the PP Universal
Design and Mobility Means laboratory, b) measurements, c) application
of measurement results in kitchen accessibility studies, d) 3D graphic
representation of forces and reach zones (see [2,16])
Fig. 10. Transmission of forces to the ground while working with the rope: a) by
a person in a wheelchair, b) by a senior

Significant changes in the anthropometric (reach zones
- see Fig. 6 and 7) and biomechanical (forces - see Fig. 10)
dimensions of the disabled and seniors make it necessary to
measure these individual features and include them in the
design process. The measuring device (Fig. 11a-c) enables the
study of individualised anthropometric and biomechanical
features, whereas 3D graphic representation (Fig. 11d) enables
data input to the design (Fig. 11c) [16].
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Fig. 12. Systems protecting from falling overboard with detachable ropes attached
to handrail: a) detachable safety ropes, b) handrail attachment to the yacht

Fig. 13. A family of modular vehicles with a common load bearing-drive
platform, together with the visualisation of one family representative:
an electric wheelchair [2, 17].

The use of a Segway-based yacht wheelchair (Fig. 14)
allows: wheelchair verticalisation at yacht angles of inclination
up to 30 degrees (according to rule no. 2.3), overcoming
significant height differences due to large wheels (according
to rule no. 4.3), turning on the spot (according to rule no. 4.1,
7.1 and 7.5) and advanced control of driving parameters
(according to rule no. 6.2).

Fig. 15. Exemplary layout of a yacht superstructure fragment
Fig. 14. Polish adaptation of the Segway-type wheelchair by Blumil to yachting
for the disabled (a) and the way of moving on the wheelchair (b)

DISCUSSION
While planning the arrangement of usable areas inside
the yacht, we analysed accessibility using mock-ups of yacht
wheelchairs and ‘turning wheels’. Fig. 15 shows a layout
example for a section of the yacht superstructure with the
following requirements (and rule 4.3) met: turning around in
the kingston and kitchen, passage along the superstructure
and transport by an inter-deck lift.
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This research discusses a peculiar sociotechnical system –
‘disabled sailors-sailing yachts’. The operation of such a system
requires a socio-technical division of labour, in which human
and technical function carriers interact. The applied universal
design method, aimed at all yacht crew members, regardless
of age, gender and disability during the performance of all
the activities on the yacht, allowed for a deeper consideration
of the required adaptations in the construction of an ocean
sailing yacht. These relate to planning access, correct structure
concept, changes in the proportions of the yacht’s overall
dimensions, deck and interior equipment to ensure transport,
accessibility, and safety of the crew.
In the subject literature, a yacht for the disabled is the main
subject of only a few publications, and the topics presented
there are far from being exhaustive in designing such vessels.

For example, the work of Cerveira et al. [18] considers, among
other things, the limitations faced by yacht sailors related to
disabilities. It presented several stages of yacht adaptation
meeting the requirements of universal design. Major research
directions included the elimination of the influence of the
heeling angle, maintaining balance and mobility, yacht
steering and sail handling, followed by adaptations for
a particular user. The authors noted that simple solutions
greatly boost yacht accessibility [18]. The paper by A. Banaszek
[19] presents the application of several, typical structural
solutions in a yacht for the disabled. The importance of
this topic, from the perspective of emerging international
legislation, was highlighted. It has been noted that, on modern
yachts, depending on their physical limitations, the sailor may
encounter problems when boarding or using outdoor and
indoor spaces [20]. The research presented here aims to develop
solutions to boost sailing yacht accessibility [20]. Theses from
works [18-20] about the need to increase the accessibility of
yachts remain valid. This is also confirmed by research by
the EU Transport Committee, which judged accessibility of
transport and tourism for people with disabilities as being
fundamental [21].
The few previously cited publications [18-20] on yacht
design are important and the knowledge contained therein
still needs to be further developed. The development of
specific principles for yacht engineering devices, supporting
the work and leisure of persons with disabilities is another
step in the process of standardising yacht design procedures.
The presented case studies of adaptations of places where
functions are performed by the disabled are intended to
extend knowledge on essential adaptations to achieve yacht
accessibility. These examples have been developed following
the application of the above-mentioned principles.
The decision-making process in the design of ship power
plants has been analysed [22]. This process has many features
in common with general ship accessibility and safety. It means
that accessibility, as a property of the designed object, can be
shaped at the design stage.
The Empatia 60 FD yacht, currently under construction, is
intended to provide access and safety, integration and training
for sea sailing for the disabled community. However, the lack
of sufficient examples of interior yacht designs for the disabled
and seniors necessitates references to the literature on interior
building design. Examples such as the design of an inclusive
kitchen in a flat [2, 23, 24, 25] provide some insight into how
a kitchen needs to be adapted on a yacht. Because such works
do not take into account factors such as deck swaying, high
humidity, wet deck and transfer of water to the deck (e.g. in
the superstructure), these requirements must be formulated
differently. As reported in [18], ensuring accessibility also
means providing adaptations to the individual characteristics
of the disabled (e.g. problems with reaching, lifting and
manipulating heavy objects, large body mass or size). This
results in the need to measure individual human strength and
manipulation properties. The measurement device presented
in this paper and the method of processing hand forces and
ranges enable 4D information on the properties of a particular
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human to be used in computer systems [2,16,24,26]. This
device can also be used for making measurements for people
standing on sloping surfaces, such as a yacht.
Examples of new devices dedicated to yachting applications
may include an ergonomic swivel seat used in Paralympic
sailing boats [13], a rudder for the disabled [12] or lifted
tabletops [15], a specially designed two-wheel self-balancing
Segway-type yacht wheelchair or a seat module built on
a common product platform [17].
On a yacht, people with motor disabilities require
special consideration and equipment with technical means,
i.e. wheelchairs. Again, the literature basically lacks any
discussion on such technical means used on yachts. Any
borrowing of wheelchair structural solutions, used materials,
ensuring safety, proper selection etc. should start from the
analysis of wheelchairs intended for land use, e.g. active
wheelchairs [11,27,28].

CONCLUSIONS
The following conclusions are drawn from the research:
1. The paper discusses a new and difficult issue of yacht
design for disabled sailors. There are no known solutions
to this problem in the world. Difficulties arise from the
need for combining various alternative technical solutions
in the same equipment for different possible disabilities
(e.g. rudder, compass, helmsman’s seat).
2. Designing an ocean yacht for disabled users requires
an interdisciplinary approach. Apart from professional
yacht designers, specialists in ergonomics, rehabilitation
and disabled persons with sailing experience need to
participate in this process.
3. Universal design principles cannot be fully transferred
from land applications to yacht design, due to specific
features of the yacht environment and its behaviour e.g.
in adverse weather conditions.
4. The design principles given in this paper constitute
a guide to obtaining correct solutions for the yacht and its
equipment. It is not the yacht itself, as a technical measure,
that poses design problems but a yacht with disabled sailors
changing from voyage to voyage. Each disability requires
support for a different activity.
5. Case studies of new concepts develop the design principles.
Most examples of support for work and leisure activities
concerned wheelchair users. These people need special
assistance as difficulties in moving around the yacht,
steering, handling can make the yacht inaccessible.
This paper presents partial results of a European project
implemented by the National Centre for Research and
Development (NCBR) under the Intelligent Development
Operational Programme 2014-2020. Project designation
and title: POIR.04.01.04-00-0122/17-00 “Design and
construction of a prototype ocean schooner yacht for people
with disabilities”.
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ABSTRACT

A bulbous bow is a typical ship structure. Due to the influence of the bulbous bow, complex flow separation and gas
capture phenomena may appear during the water entry of ship-like sections. In this paper, experimental and numerical
studies on the water entry of a ship-like section with an obvious bulbous bow are carried out. Two thin plates are
installed at both ends of the test model to ensure that the flow field during the impact process is approximately twodimensional. The free-fall drop test is carried out in the test rig equipped with guide rails. By changing drop heights,
impact pressure on the model surface with different initial impact velocities is measured. A numerical model for
simulating the water entry of the ship-like section is established by using the Computational Fluid Dynamics (CFD)
method, based on the Navier-Stokes equations. Reasonable time steps and mesh size are determined by convergence
analysis. Four different flow models are used in the numerical analysis. It is found that the K-Epsilon turbulence
model can present the most reasonable numerical prediction by comparing numerical results with the experimental
data. Furthermore, the influence of the bulbous bow on the impact loads is numerically studied by using the validated
numerical model. It suggests that the bulbous bow has little effect on the impact force acting on the bow-flared area
but, in the position near the bulbous bow, the pressure will be affected by the second slamming and the air cushion.

Keywords: Water entry,Bow-flare sections,Slamming,Computational Fluid Dynamics

INTRODUCTION
The hydrodynamic impact between a ship and a wave can
cause severe slamming loads, which threaten the safety of the
local and overall structure of the ship’s hull [1-3]. In order
to better understand the hydrodynamic impact between the
ship and the water, water entries of typical ship structures
have attracted a lot of theoretical and experimental studies.
The cross-sectional shape of the bottom of a high speed
ship is usually approximated as a wedge [4]. Pioneering
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work on the water entry of the wedge can be traced back to
Von Karman [5] and Wagner [6]. Based on the momentum
conservation and the concept of added mass, Von Karman
performed the theoretical investigation of the hydrodynamic
loads acting on a wedge [5]. Wagner refined the model
of Von Karman by taking into consideration the local rise
of thewater surface during the water impact [6]. Neglecting
the effect of gravity and viscosity, Dobrovol’skaya derived the
similarity solution for the water entry of symmetrical infinite
wedges with a constant velocity [7]. Zhao and Faltinsen [8]

improved on Dobrovol’skaya’s results and presented reliable
results for dead-rise angles, down to 4°. Wang and Faltinsen
[9] further presented reliable results for dead-rise angles,
down to 1°. Kamath illustrated the water impact problem of
a symmetrical wedge with the open source computational
fluid dynamics (CFD) model REEF3D [10]. The numerical
results are in good agreement with the experimental data
reported by Yettou et al. [11]. Considering that the presence
of the ground may influence the hydrodynamic loading,
Jalalisendi et al. [12] carried out freefall experiments of
a wedge in finite water depth to investigate shallow water
entry. Panciroli et al. systematically performed freefall drop
tests of two groups of curved rigid wedges to investigate the
role of the curvature on the impact dynamics [13]. The test
data has been used to verify the numerical simulation of the
water entry of the curved wedges in Yu et al. [14]. Barjasteh
et al. presented an experimental study on the water entry of
asymmetric wedges and the effects of parameters (including
initial dead-rise angle, inclination angle and impact speed)
were discussed [15]. Chen et al. investigated the effect of ice
on impact loads during the water entry of a wedge by using
both CFD and a Wagner-type theoretical model [16].
Compared to the wedge section, the curvature of the bowflare ship section is more complicated. Aarsnes performed the
drop tests of a bow-flare ship section [17]. Five different roll
angles were considered in the tests. For each roll angle, the
test model was dropped from different drop heights. The total
test model was divided into three parts: one measuring section
with a dummy section on each side. Impact forces, impact
pressures and vertical accelerations were measured in the
tests. In subsequent studies, many numerical methods were
validated using these tests, including the Boundary Element
Method [18-19], the Constrained Interpolation Profile method
[20], the Arbitrary Lagrangian–Eulerian method [21], and the
Finite Volume Method [22]. Free-fall drop tests of a symmetry
bow-flare ship section were performed in the Wave Induced
Loads on Ships (WILS) Joint Industry Project [23], which was
conducted by the Korea Research Institute of Ships and Ocean
Engineering (KRISO). Under the proposal of the International
Hydrodynamic Committee of the International Society of
Offshore and Polar Engineers, comparative studies between
different numerical methods and experimental data have
been carried out [24-25]. Park et al. [26] carried out a drop
test of simple wedge models with fixed dead-rise angles and
cross-section models of practical container carrier sterns.
The influence of single and twin skeg models on the pressure
history is discussed. Guzel [27] conducted drop tests with
a bow flare ship section model and a catamaran section model
at various impact velocities. Hydrophobicity modifies the
water uprising characteristics and energy balances, and
reduces the impact loads acting on marine structures during
slamming events.
Based on the above review, there were only a few
experimental tests on the water entry of ship-like sections
in the previous studies. This work was, therefore, motivated
by the lack of experimental data suitable for ship-like
sections with an obvious bulb. Reasonable experimental
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data are helpful to the establishment and validation of the
numerical model. The present aim is to analyse the slamming
characteristics (i.e. pressure time history, impact loads) of the
ship-like section by experimental and numerical study. For
the ship-like section with an obvious bulbous bow, the flow
separation may occur at the location of the bulbous bow, and
then the separated free surface impacts on the ship section
again. During the secondary slamming process, a gas-filled
cavity will form between the ship section and the separated
free surface, making the flow field around the section
complicated. For the ship-like sections in the previous tests
of Aarsnes [17] and MOERI [23], the size of the bulbous bow
was small and no cavities (or only small cavities) appeared
during water entry. In the present study, the drop test of
a ship-like section with an obvious bulbous bow is carried
out and a reasonable numerical model is established by using
the finite volume method. Then, the influence of bulbous bow
on hydrodynamic impact loads acting on bow-flare sections
is numerically studied.

EXPERIMENT SETUP CONFIGURATION
AND MODELS
In order to ensure the water-entry attitude of the model,
the free-fall drop test was carried out in the test rig shown
in Fig. 1. Four guide rails, vertical to the still water surface,
were installed in the test rig. The model shelf connected with
the guide rail could slide freely along the guide rail. By fixing
the test model with the model shelf, the velocity direction of
the model was guaranteed to be vertical to the water surface.
Fig. 2 shows the state of the test model installed in the test
rig. Fig. 3 shows the model profile and installation position of
the pressure sensors. The profile of the model was unchanged
along the length direction. The width and length of the model
were 1500 mm and 900 mm, respectively and the mass of the
model was 477 kg. Two thin plates (5 mm) were installed at
both ends of the model to ensure that the flow field during
the impact process was approximately two-dimensional [28].
The outer plate of the model was 5 mm thick steel plate with
supporting structures inside the model, so that the test model
can be regarded as a rigid body.
Six pressure sensors (HM91, German HELM Company)
were installed in the test model and the test surface of the
pressure sensor was approximately equal to the outer surface
of the model [29]. The positions of P1-P5 were equidistant in
the bow-flared area. The measurement range of the pressure
sensor was 50 kPa. The diameter and natural frequency of
the pressure sensor was 8 mm and 150 kHz, respectively.
A displacement sensor (PT1DN, American Celesco Company)
was installed in the test model. The measurement range of the
displacement sensor was 6.3 m. The displacement of the model
and hydrodynamic impact pressure acting on the model
are collected synchronously, and the sampling frequency
of the pressure and the displacement signals set to 10 kHz
[28-29]. All measured signals are automatically converted
into corresponding units of measured variables through the

calibration factors that were input into the DAQ software
prior to the tests and collected through a data acquisition
system DH5902.

Fig. 1. The test rig

According to the initial drop height and displacement
curve of the model, the time when the lowest point of the
model touches the still water surface can be determined and
is defined as t=0. The velocity of the model at t=0 is defined
as the initial velocity of the water entry in the present study.
By differentiating the displacement of the model with time,
the initial velocity of the model with different drop heights
was obtained.

Fig. 2. The state of the test model installed in the test rig

EXPERIMENTAL RESULTS
The impact velocity during the free-fall water entry can
be adjusted by changing the drop height of the model. The
initial impact velocities of the model in the test were 2.648,
3.074 and 3.448 m/s, respectively, corresponding to three
different drop heights. In order to ensure the stability of the
test results, at least three repeated tests were carried out for
each test condition. Fig. 4 shows the results of three repeated
tests for the case with the initial impact velocity V0=3.448 m/s.
Although there are a few deviations in the test data of the
three same test conditions, the test data has good repeatability
in general.
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Fig. 3. Model profile and installation position of pressure sensors

(a)

(b)

(c)

(d)

(e)
Fig. 4. The results of three repeated tests for the case with the initial impact velocity V0=3.448m/s: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5

Fig. 5 shows the change of flow field during the test.
As shown in Fig.5(a), before the bulb entered the water, the
motion of the model is similar to a free-falling body. As the
model continued to move downward, it began to enter the
water and was subjected to the reaction force of the fluid.
At this moment, the bulb slamming lead to the flow separation
of the fluid (Fig.5(b)). It can be seen that the flow field outside
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the thin plate at both ends of the model is less disturbed,
and the water splashes mainly along the two sides of the
model section. Then, the water jet impacted on the flare of
the section, as shown in Fig.5(c). With the further falling
of the model, a large amount of water escaped after the flare
slamming, as shown in Fig.5(d).

Fig. 6 shows the comparison of impact pressures at the
locations P3 and P6, which have the same height but different
longitudinal positions. It can be seen that the impact pressure
in the middle part of the model varies very little along the

length direction, which indicates that the flow field in the
middle part of the model is similar to the water entry of the
two-dimensional section.

(a)

(b)

(c)

(d)
Fig. 5. The change of flow field during the test

(a)

(b)

(c)
Fig. 6. The comparison of impact pressures at locations P3 and P6 for different initial impact velocities: (a) V0=2.648 m/s; (b) V0=3.0748 m/s; (c) V0=3.448 m/s
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Fig. 7 shows the impact pressure results with different
initial impact velocities. Because of the influence of flow
separation near the bulbous bow, the pressure sensors at P1
and P2 are almost simultaneously stimulated. Flow separation
and gas trapping occur near the bulbous bow during the
impact of the ship-like section due to the relatively appropriate
entry velocity. The low velocity entrances cannot bring the
water to separate and so, when the water entry velocity is high,
the separation of flow probably skips P1 and P2 and directly

a)

hits the vicinity of P3 and P4. P3 reaches peak value earlier
than P1 and P2 at V0=3.448 m/s in Fig.7(c). The peak pressure
time at P3 is delayed in other cases (Fig.7(a) and Fig.7(b))
under different water entry velocities; this also verifies the
relationships between the water entry velocities and the flow
separation characteristics. After the flow separation occurs,
the water surface gradually rises along the hull surface and
the pressure sensors at P3, P4 and P5 generate signals in
turn, respectively.

b)

c)
Fig. 7. The impact pressure results with different initial impact velocities: (a) V0=2.648 m/s; (b) V0=3.0748 m/s; (c) V0=3.448 m/s

NUMERICAL MODEL
NUMERICAL METHODS
The water entry of the ship-like section is numerically
studied by using the commercial Computational Fluid
Dynamics (CFD) solver StarCCM+ software [30]. The two
fluids (water and air) are assumed to be immiscible and
incompressible [22] [25]. The interface between air and
water is captured by using the VOF technique and the
High-Resolution Interface Capturing (HRIC) scheme [3132]. The VOF technique has been illustrated in the author’s
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previous work [33]. Temporal integration is carried out by
using the Euler implicit scheme. The governing equations are
discretised by the central difference scheme in space except
the convection term, which uses a second-order upwind
scheme. The Segregated Flow solver based on the SemiImplicit Method for Pressure-Linked Equations (SIMPLE)
algorithm is used to solve the pressure and velocity coupling
problem during the water entry. The motion of the grid
around the ship section is numerically realised by using the
overset mesh method, and the transfer of physical quantities
between the overset zone and the background zone is realised
by using the linear interpolation method.

COMPUTATIONAL OVERVIEW
The ship-like section considered in the present study
is symmetrical and its motion is limited to the vertical
direction. Therefore, only half of the model is established.
As shown in Fig. 8, the computational domain is rectangular
and the vertices of the rectangle are marked A, B, C and
D, respectively. A Cartesian coordinate system OXY is
introduced to describe the numerical model. The OX axis
is located at the undisturbed water surface and the OY
axis lies in the symmetrical axis of the bow-flared sections.
The dimension of the computational domain in the XY-plane
is described by L1, L2 and H, respectively. W is the half-width
of the bow-flared sections. Referring to the discussion on the
size of the computational domain [32] [34], the lengths of L1,
L2 and H are set to 8W, 4W and 10W, respectively.

(a)
(b)
Fig. 9. Mesh views: (a) global domain; (b) fine mesh near the section

CONVERGENCE STUDY
The studies for evaluating the effects of grid resolution and
the time step on the calculated results were carried out and the
initial impact velocity of the model was set to V0=3.448 m/s.
The K-Epsilon turbulence model was selected as the flow
model. The effects of different flow models are discussed in
Section 5.1 and the main characteristics of four different mesh
configurations are shown in Table 1. Fig. 10 shows impact
pressures with different mesh densities. The time step was set
to Δt=2.5×10-4 s. It can be seen that the results of the coarse
and coarser mesh configurations are obviously different from
the other two mesh configurations, especially for the location
P1. The results of medium and fine mesh configurations show
good agreement, although there is still a small deviation.
Fig. 11 shows impact pressures with different time steps.
The medium mesh configuration was chosen. It can be seen
that the results of Δt=5×10-4 s and Δt=2.5×10-4 s are in good
agreement for all of the five locations. The time step was set
to Δt=2.5×10-4 s in the following simulations.
Tab. 1. Summary of the element count with different mesh densities

Fig. 8. The schematic diagram of the computational domain

The boundary conditions of the numerical model are set
as follows. The boundary condition of ‘AB’ is set to pressure
outlet. Only air is allowed to exit the domain. The boundary
conditions of ‘BC’ and ‘CD’ are set to velocity inlet, where
the velocity and the composition of field components (air
and water) are specified. Only water is allowed to enter into
the boundary ‘CD’. The boundary condition of ‘AD’ is set to
symmetry boundary. The boundary condition of the ship
section is set to no-slip wall. Fig. 9(a) shows the mesh view of
the global domain. An overset mesh is applied to the model
and it is shown in black in Fig. 9(a). In order to simulate the
interaction between the section and the water accurately, fine
mesh is assigned to the region where the section may pass.
Fig. 9(b) shows the fine mesh near the section.
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Mesh
configuration

Number of elements
Background

Overset

Total

coarser

47278

9469

56747

coarse

132835

68375

201210

medium

132835

360663

493498

fine

459661

473947

933608

(a)

(b)

(c)

(d)

(e)
Fig. 10. Impact pressures with different mesh densities: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5
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(a)

(b)

(c)

(d)

(e)
Fig. 11. Impact pressures with different time steps: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5

RESULTS AND DISCUSSION
CONFRONTATION OF NUMERICAL RESULTS WITH
EXPERIMENTAL DATA
In the numerical simulation of water entry problems,
different flow models have been adopted in the previous
studies [22] [35]. For the water entry of a two-dimensional
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wedge, Johannessen compared the impact pressure and the
impact force of different flow models by using the CFD solver
StarCCM+, and found that the selection of flow models has
little effect on the impact loads. In the present study, several
different flow models in the CFD solver StarCCM+ were
used to simulate the water entry of the ship-like section,
including the K-Epsilon turbulence model, SST K-Omega
turbulence model, Spalart-Allmaras turbulence model and
Laminar model.

Fig. 12 shows the free surface changes of the flow field
obtained by using different flow models at t=0.075 s. It can
be seen that the results of three turbulence models show
obvious flow separation phenomenon at the position of the
bulbous bow. However, the free surface predicted by the
laminar flow model rises gradually along the ship section,
which is obviously different from the numerical results of
turbulence models.
(a)

(b)

(c)

(d)

Fig. 12. The free surface changes of the flow field obtained by using different
turbulence models at t= 0.075 s: (a) Epsilon; (b) K-Omega; (c) S-A;
(d) Laminar

(a)

(b)

(c)

(d)

(e)
Fig. 13. The comparison between numerical results and experimental results for the initial impact velocity V0=3.448 m/s: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5
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Fig. 13 shows the comparison between numerical results
and experimental results for the initial impact velocity
V0 =3.448 m/s. For the location P1, the pressure history
predicted by using the laminar flow model generates earlier
and the peak value of pressure is larger. This is because
there is no flow separation phenomenon in the results of the
laminar Model; the water surface contacts the P1 position
more quickly. The numerical oscillation in the results of the
SST K-Omega turbulence model and the Spalart-Allmaras
turbulence model is more obvious than that of the K-Epsilon

turbulence model for location P1. The result of the K-Epsilon
turbulence model agrees well with the experimental value.
For the location P2, the variation trend of the numerical
results obtained by using the K-Epsilon turbulence model is
closer to that of the experimental value compared with other
flow models, especially for the pressure rise stage between
t=0.1 s and t=0.12 s. But the results of the K-Epsilon turbulence
model and the experimental value still have some deviations
in the peak value of impact pressure.

(a)

(b)

(c)

(d)

(e)
Fig. 14. The comparison between numerical results and experimental results for the initial impact velocity V0=2.648 m/s: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5
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(a)

(b)

(c)

(d)

(e)
Fig. 15. The comparison between numerical results and experimental results for the initial impact velocity V0=3.074 m/s: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5
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For the locations P3, P4 and P5, the overall deviation of
numerically predicted results for different flow models is small.
Compared to the numerical results of other flow models, the
K-Epsilon turbulence model has the best agreement with the
experimental results. For the peak slamming pressure of P3,
P4 and P5, the deviation between the numerical results of the
K-Epsilon turbulence model and the experimental values is
1.72%, 1.33%, 4.34%, respectively.
Fig. 14 and Fig. 15 show the comparisons between
numerical and experimental results for V0 =2.648 m/s and
V0=3.074 m/s, respectively.
The flow model is set to the K-Epsilon turbulence model.
The numerical results are generally in good agreement with
the experimental results for different initial impact velocities,
except location P2. For location P2, the impact pressure is
mainly caused by the secondary impact of the separated liquid
on the ship section. In addition, the effect of the air cavity
cannot be missed. The peak value of impact pressure (P2),
obtained by using numerical methods, is much larger than
that of the experimental data. Since the air cavity is important
in such a three-dimensional model, due to the bulbous bow,
the air effect may be significant [36-37].

Fig. 16. The comparison of the original and simplified sections

INFLUENCE OF BULBOUS BOW ON IMPACT LOADS
In some studies of ship slamming, the bulbous bow of the
original bow-flared section may be simplified [38-39]. Fig. 16
shows the comparison of the original and simplified sections.
The profiles of the two sections are the same in the bow-flared
area (y>380 mm). In order to analyse the influence of bulbous
bow on the impact loads, a comparative analysis on the water
entry of the two sections was carried out. The impact velocity
is constant at 4 m/s. The flow model is set to the K-Epsilon
turbulence model. Fig. 17 shows the comparison of the
water surface elevation during water entry of two sections.
It can be seen that there is obvious flow separation and gas
capture phenomena during the water entry of the original
section, which cannot be seen in the water entry process of
the simplified section.
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Fig. 17. The comparison of the water surface elevation during water entry
of two sections

(a)

(b)

(c)

(d)

(e)
Fig. 18. Impact pressure of the simplified section obtained by using different flow models: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5
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(a)

(b)

(c)

(d)

(e)
Fig. 19. The comparison of impact pressure at typical locations: (a) P1; (b) P2; (c) P3; (d) P4; (e) P5
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CONCLUSIONS

Fig. 20. The comparison of vertical impact forces on the bow-fared area (y>380
mm) between two sections

Fig. 18 shows the impact pressure of the simplified section
obtained by using different flow models. The impact velocity
is constant at 4 m/s. It can be seen that the numerical results
of different flow models are in good agreement, which is
consistent with the previous study on the water entry of the
wedge [35]. Therefore, the selection of flow model has little
influence on the numerical results when there is no flow
separation and secondary impact phenomena during water
entry.
Fig. 19 shows the comparison of impact pressure at typical
locations. For the P2 position, which is obviously affected by
the secondary impact, the peak value of impact pressure is
obtained by using the original section, which is larger than
that of the simplified section. For the locations P1, P3, P4 and
P5, the impact pressure obtained by using the original section
is less than that of the simplified section. This means that
the impact pressure obtained by using the simplified section
is relatively conservative for most locations on the section.
Fig. 20 shows the comparison of vertical impact forces
on the bow-fared area (y>380 mm) between two sections.
The equation of motion of a water-entered object is written
as Mg+Fb+Fd+Fc+F=mߦ ࡇ The forces to be considered are
the inertia force (Mg), buoyancy force (Fb), drag force (Fd),
capillary force (Fc), and the impact force (F), which is the
force that is applied by the fluid on the object. It can be seen
that the variation trend of impact forces of two sections are
very close. At the initial moment of time, the original section
receives a greater impact force than the simplified section,
due to the presence of a flat horizontal section on the cross
section of the bulbous bow. For the zone below P1, the flat
horizontal section of the bulb increases the initial impact
force. This happens at the expense of large initial significance
of added masses of water. The simplified section initially
interacts with small added masses. The deviation of peak
impact force between the two sections is approximately 4.53%.
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Bulbous bow is a typical structure for a ship bow. However,
there is little research on the water impact test of ship-like
sections with bulbous bow structures. For the ship-like
sections in the previous tests carried out by Aarsnes [17]
and MOERI [23], the size of the bulbous bow is small and no
cavities (or only small cavities) appear during water entry.
In this paper, experimental and numerical studies on the
hydrodynamics during the water entry of a ship-like section
were carried out.
The free-fall drop test is carried out in the test rig equipped
with guide rails. By changing the drop height, the impact
pressure on the model surface with different initial impact
velocities is measured. The profile of the model is unchanged
along the length direction, and two thin plates are installed
at both ends of the model. By comparing the test data of
the two same test conditions, the experimental results
show good repeatability. By comparing impact pressures
at the locations which have the same height but different
longitudinal positions, it is found that the impact pressure in
the middle part of the model varies very little along the length
direction, which indicates that the flow field in the middle
part of the model is similar to the water entry of the twodimensional section.
The water entry of the ship-like section is numerically
studied by using the commercial Computational Fluid
Dynamics (CFD) solver StarCCM+. The motion of the grid
around the ship section is realised by using the overset
mesh method. Numerical results show good convergence
of time step and mesh size. Four different flow models are
used in numerical analysis. It is found that the Laminar
model cannot reasonably predict the flow separation and gas
capture phenomena near the bulbous bow. By comparing the
numerical results with the experimental results, it is found
that the K-Epsilon turbulence model shows better agreement
with the experimental results than other flow models. The
simulation results of P1, P3, P4 and P5 are in good agreement
with the experimental results. The simulation result of P2 is
not good because of the secondary impact of the separated
liquid and the air cushion effect.
Referring to the previous studies on the simplified
treatment of the original bulbous bow section, a simplified
section without a bulbous bow is introduced to discuss
the influence of bulbous bow on the impact loads. For the
simplified section without a bulbous bow, the numerical
results of different flow models are very close, which is
consistent with the previous study on the water entry of the
wedge. By comparing the impact pressure of the two sections,
it is found that the bulbous bow reduces the impact pressure
at most positions on the ship-like section, but increases the
local impact pressure near the bulbous bow (P2 location) due
to the secondary impact of the separated fluid. By comparing
the impact force of the two sections, it is found that the
bulbous bow has little effect on the impact force acting on
the bow-flared area.

In the present study, pressures for points located on the
bulb bow have not been obtained due to the installation
limitation of sensors. Further research is needed for the water
entry experiment about the bow section with different bulb
shape and installation of sensors.
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ABSTRACT

Recently, there has been a significant development of ecological propulsion systems, which is in line with the general
trend of environmentally friendly “green shipping”. The main aim is to build a safe, low-energy passenger ship with
a highly efficient, emission-free propulsion system. This can be achieved in a variety of ways. The article presents the main
problems encountered by designers and constructors already at the stage of designing the unit. The research conducted
made it possible to create a design with an effective shape of the hull, with the prospect of an energy-efficient and safe
propulsion system with good manoeuvrability. The scope of the research included towing tank tests, recalculation of the
results in full-scale objects and a prediction of the energy demand of the propulsion system. The results obtained were
compared to indicate power supply variants depending on the hull shape.

Keywords: Green shipping,Hybrid,Energy management,Propulsion,Hull shape optimisation

INTRODUCTION
Due to increasing problems with energy resources and
environmental pollution, the use of new forms of energy
is becoming an important direction for the development
of ships, as seen in [1] and [2]. Ships generate various types
of solid waste, sewage, noise and combustion products of
fuels. The life cycle of any motor vessel significantly affects
the level of environmental pollution. This is the main
reason for making new regulations in the field of sea and
ocean protection. Since exhaust gases are considered as the
leading and most harmful component of pollutants, modern
and more ecological solutions are needed. Hence, hybrid
propulsions, which are considered sustainable, are becoming

an increasingly popular option for both small and large ships
in every field of marine industry. For more details, see [3]–
[5]. Additionally, to improve propeller system efficiency and
increase reliability, also hybrid energy storage systems are
being used in transport and renewable energy systems.
As shown by Michalski [6], the energy demand of a ship
results from the relation between the propelling force
(effective drag) and the amount of the drag force with which
the water resists the hull’s motion and is directed against
its motion. The propelling force and the hull resistance
change with the speed, while the resistance increases with
the speed and the propeller driving force decreases (with
constant parameters of the propeller’s motion). It follows
that by reducing the hull resistance, we will reduce the total
POLISH MARITIME RESEARCH, No 3/2021
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resistance of the ship, so also the energy consumption on the
ship will be reduced. On the other hand, we should search for
a high-performance propeller system, which will consume
energy resources in an economic way.
The amount of hydrodynamic drag depends on the
parameters of the hull and environmental conditions. The
selection of the best solution is through choosing the most
effective hull shape, so it comes down to developing a shape
that has the best hydrodynamic properties. The objective
function in this design task is the hull resistance value, while
the highest efficiency coefficient of the propulsion system
is the aim of the design task for energy management. This
is a typical optimisation problem in the shipbuilding industry,
involving the search for both the “most efficient” geometry
and the “most efficient” method for energy consumption,
Also for this reason, economical energy management is
becoming increasingly popular around the world. However,
new propulsion solutions often prove to be costly, so it is
desirable to reduce the operating costs as much as possible.
At the same time, it is necessary for the propulsion system
to work as efficiently as possible. Achieving the optimum
operating parameters of the propulsion is possible through
the use of various energy management strategies, accroding
to [7] – [9].
The history of hybrid propulsion probably dates back to
the early 19th century, when H.H. Jacobi first applied electric
propulsion to a ship. Initially, this solution generated many
problems. The imperfections of electrical machines and the
lack of an efficient power source were among them. At the end
of the 19th century, this changed with acid-based batteries
and the improvement of the existing electric motors and
generators (mostly for the Navy). In 1986, J. Holland launched
the first fully functional and relatively safe submarine with
a parallel hybrid diesel-electric propulsion. This type of
propulsion is still used these days, mainly in submarines.
Over the years, there was a gradual development of electric
drives, used mainly on special ships such as icebreakers and
passenger ships. This was caused by the possibility of a quick
change of the rotational speed of the propeller shaft and the
lack of vibrations of the hull, typical for large diesel engines,
which had a huge impact on the comfort of sailing [10].
Another important issue influencing the growing interest
in electric and hybrid propulsion was the development of
light and energy-saving lithium batteries. This allowed the
installation of a distributed engine room – putting a few
smaller power generators in several places, instead of the
conventional propulsion system with a shaft line. Electric
motors that took energy from generators began to be installed
in thrusters (including azimuth thrusters), so the engine could
drive propellers directly, as mentioned at [11].
The authors paid attention to the problems linked with
energy management, what is demonstrated in [12]–[14] during
research on electric and hybrid propulsion and during the
design of a small inland shuttle ferry with a hybrid propulsion
[15]. The results and conclusions drawn from these experiences
have been included in the paper.
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The aim of this article is to show how to predict the energy
consumption for inland shuttle ferries and to compare the
influence of the hull shape on the energy demand of such
objects.
In this problem, the ferry travels between the banks of the
river in the city centre. It is a very unusual case of sailing as
the route is very short. There are more periods of acceleration
and braking than of constant motion in this trip. The analysis
is based on the results of towing tank experiments carried
out on two models in scale. The models differ significantly
in the shape of the hull. However, the basic performance
parameters and characteristics influencing the total resistance
values remained the same.
The scope of the research included towing tank tests,
recalculation of the results in full-scale objects and a rediction
of the energy demand of the propulsion system. The obtained
results were compared to indicate power supply variants
depending on the hull shape.
PROBLEM OF ENERGY MANAGEMENT OF SHORTROUTE VESSELS
Vie [16] has shown, that electrical systems have become
very popular lately so more companies are interested in using
them to power vessels. First of all, electric propulsion is a fuelsaving solution, especially for units with a varying operating
profile, because the generator power can be used for both
types of drives (diesel-electric) through electric motors and
auxiliary systems. The most important issue is the safety
of shipping, as mentioned [17] [18]. Classification societies
control ship designs, accept and certify specific products for
use in the shipbuilding industry and supervise the technical
condition of the ship during its operation. On large ships,
where comprehensive solutions produced by global concerns
are used, usually a high level of safety is maintained.
The situation is different for small vessels. On the one hand,
designers make the driveline and power system by combining
components from different contractors. This creates a lot
of problems with the integration system of the propulsion
and power supply. On the other hand, the problem is proper
energy management, which is especially important when
the propulsion system is powered by batteries, as it shown in
references [19] [20]. Due to the high cost of batteries, designers
try to minimise their number and weight. However, for vessels
using batteries as the main source of energy, classification
societies often require the installation of a generator as
a backup source of power. This is to ensure safety in the
case that the batteries are discharged prematurely as a result
of improper management of the batteries’ energy. A large
number of batteries is not only a huge cost, but also creates the
problem of their weight, which affects the use of the vessel. The
heavier the batteries, the more submersible the ship, especially
for small ones. A greater draft means worse hydromechanical
properties – the greater the resistance of the ship’s hull, the
bigger the energy consumption.

METHODS AND CASE DETAILS
The ship discussed was developed in 2015‒2016 as part of
a research project on a new ferry for the National Maritime
Museum in Gdańsk [15]. The goal of the project was to create
a feasible proposition for a new sustainable ferry, which could
replace the existing ship, named m/v Motława, in service from
1975. The main assumptions of the project were as follows:
t hull length – 12.0 m, width – 5.0 m;
t number of passengers: 36 people;
t crew: 3 people;
t construction material: steel;
t propulsion: electric, battery and photovoltaic panels;
t equal manoeuvrability forwards and backwards.
This design task was solved using an innovative design
method based on multi-criteria optimisation, according to
[21]. The developed hull samples were assessed against two
criteria:
t stability, which related to the angle of heel due to crosswind
and the location of passengers and crew to leeward;
t resistance, which concerned the wetted surface of the hull
(a small wetted surface equals low frictional resistance
and total resistance).
The geometry samples obtained were assessed using the
Leningrad Design Office [22] and Holtrop‒Mennen [23]
methods (total resistance for the determined forward speed).
The results of the research in references [21] [22] indicated
that the optimal shape should be a compromise between a
simple cuboid (highest stability) and a part of a spheroid
(lowest resistance). These calculations were also confirmed
by tests on a towing tank, as it shown in [24]. The developed
design, described as Motława A for the purpose of this study,
is shown in Fig. 1.

However, it should be noted that the methods used are
appropriate for assessing uniform forward motion, which is
a case of the long-distance cruise of a sea or inland waterway
vessel at a constant speed. Estimation of the propulsion
power necessary to obtain the design speed is based on the
determination of the amount of resistance in a research
laboratory by towing a scale model. These tests are the basis
for calculating the propulsion power and make it possible
to estimate the energy consumption during the cruise when
the main energy consumption is while the ship is moving at
a constant speed in open water. Different energy consumption
is not taken into account, for example due to acceleration
or other manoeuvres, because in this case they are small in
comparison to the total demand.
However, for a shuttle ferry using a gliding motion, such
standard methods of calculating the demand for propulsion
power, based mainly on the empirical models of uniform
motion shown in [25] [26], are probably useless from a practical
point of view. They can only be considered as design support
tools, indicating qualitative, not quantitative, solutions. In
the case under examination, the ferry covers a distance
of approximately 100 m and makes a lot of manoeuvres
(accelerates or brakes) for a significant part of the cruise.
Guided by this conclusion, in this paper, apart from the
considerations on the method of determining the ship’s
energy demand, we also wanted to check whether in the
case of such a specific ship it is justified to optimise the shape
of its hull in terms of resistance.
For this purpose, a twin of the designed ferry was
developed, which represented a simplified version of the
hull while maintaining the basic dimensions of the hull L,
B and the wetted surface Sw. The difference in length on the
waterline Lwl was 2%, which in the case of the Froude number
Fn gives the difference in values of 1 / 1000. It was assumed
that the values of depth D and draft T may change but cannot
be greater than the value of the base hull. This assumption
allowed for a hydrodynamic equality between the resistance of
the original model and the simplified sample. The developed
shape sample was described as Motława B. The hull redesign
process was entirely carried out using algorithm generating
software (Grasshopper for Rhinoceros) instead of standard
CAD modelling systems. A visual comparison of the hulls
is shown in Fig. 2.

Fig. 1. Hull of Motlawa A

Fig. 2. Green hull – Motława A, gold hull – Motława B
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The diagram of the propulsion system for the tested vessel,
named for the purposes of the article Motława A, is shown
in Fig. 3.

Model 511

Full-scale ship
Motława B

Model 010

Tab. 1. Main parameters of the models and the full-scale ship
Full-scale ship
Motława A

Fig. 3. Propulsion and power supply system schematic of the Motława A ferry;
1 – collision bulkhead; 2 – propulsion compartment, 3 – battery compartment,
4 – crew room with main switchboard [27]

L – ship length [m]

12

1.2

12

1.2

B – ship breadth [m]

5

0.5

5

0.5

Parameter

TESTS
TOWING TANK TEST FOR BOTH MODELS
Tests have been carried out at the hydrodynamic laboratory
of the Institute of Naval Architecture and Ocean Engineering
of GUT. The dimensions of the towing tank are 40 m in
length, 4 m in breadth, and 3 m in depth. The tests were
performed in accordance with the ITTC procedure [28],
and the measurement uncertainty of the recorded data was
calculated in accordance with [29]. The model was fastened to
the carriage in a way which preserved two degrees of freedom
(heaving and pitching).
Two models in 1:10 scale were used in the experimental
research. The model number 511 represented the Motława
A ship and the model number 010 represented a simplified
version of the Motława B hull. The basic parameters of the
models and full-size vessels are given in Table 1. Both models
are shown in Fig. 4 and Fig. 5.
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LWL – ship waterline length [m]

10.47

1.047

10.23

1.023

T – ship draught [m]

0.93

0.093

0.74

0.074

3

V – displacement volume [m ]

23.12

0.0231

23.12

0.0231

Aw – wetted area [m2]

50.53

0.5053

50.53

0.5053

Fig. 4. Model no 511 – Motława A

Fig. 5. Model no 010 – Motława B

The measured total resistance of the models was
recalculated to the real ship scale using three-dimensional

was measured and it was found that the energy efficiency
of such a propulsion unit exceeds 90%. For more detail, see
[31] [32]. The efficiency ηmot = 0.9 was chosen for further
calculations. It is known, however, that the main source of
energy losses in the system is the thruster (or the propeller).
When the vessel is moving at a constant speed, the efficiency
of a properly selected propeller can reach 55%. A slightly
lower value, obtained on a similar vessel, was chosen for the
calculations: ηprop = 0.5. Therefore, on the basis of classical
model tests, it was possible to determine the demand for
propulsion power when the ship was moving at a constant
speed (Fig. 6).

Fig. 6. Comparison of the results of model tests of the Motława A and B ferry as a function of speed:
a) resistance as a function of speed; b) towing power as a function of speed

extrapolation based on the extended Froude method. The
total resistance coefficient was composed of:
– friction resistance coefficient depending on the Reynolds
number Rn;
– residual resistance coefficient;
– pressure resistance coefficient taking into account the
k shape coefficient, which increases the level of friction
resistance of both the ship and the model in relation to
corresponding flat plates, according to [23] [30].
In order to calculate the energy demand of the propulsion
system, it was necessary to take into account the energy
efficiency of this system. It was decided to use AC motors with
permanent magnets. The motor is controlled by a frequency
converter powered by a lithium battery pack. During previous
tests, the energy efficiency of a similar propulsion system

MANAGEMENT OF ENERGY CONSUMPTION DUE TO
THE WAY OF MOVING FOR BOTH HULL VARIANTS
The typical equipment of a towing tank is usually not
designed to take measurements when the model is accelerated
to the specified speed. Therefore, three different acceleration
characteristics of the model were programmed in the test
laboratory to determine the energy requirements during the
acceleration of the shuttle. This made it possible to register
the drag force during acceleration of the model to a given
speed. When the speed of the model was determined, the
towing force was calculated. However, during acceleration and
braking, the ship’s propeller works in unfavourable conditions
and its efficiency is difficult to estimate. Therefore, in these
motion phases, due to the greater load, a lower propeller
POLISH MARITIME RESEARCH, No 3/2021
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efficiency was chosen and set to 35%. The efficiency values were
determined on the basis of typical propeller efficiency curves
from the hydromechanical characteristics, as mentioned in
[33] [34]. For each phase the motor efficiency was the same
value 90% (ηmot = 0.9).

Fig. 7. Measurement results in the model test laboratory during the
acceleration of the Motława A model, showing acceleration variants from t1 to
t3; a) the speed distribution of the ship; b) the towing power of the ship

Due to the limitations of the towing tank, which was
not adapted to tests at variable speed and was designed to
tow the model with a constant speed, only three different
characteristics of acceleration to the speed of 8 km / h were

determined. The process was indicated as t1, t2 and t3 (Fig. 7).
The acceleration process was carried out with three different
acceleration values so the duration to the speed of 8 km/h
was t1 = 12 s, t2 = 10 s and t3 = 9 s.
Various strategies of the vessel’s movement were proposed
and developed for the model, showing that it is possible to
cover the same route at the same time with different energy
consumption [19]. For comparison of the energy consumption
one of the developed strategies ACB (Acceleration, Constant,
Braking) for the maximum speed of 8 km / h was chosen. The
energy consumption for the acceleration and braking phases
for Motława B was estimated and calculated by the resistance
difference between Motława A and Motława B for the constant
speed phase. Verification of the results of that phase will be
verified in subsequent stages of empirical research.
The measurements allowed us to determine the
characteristics of the instantaneous power demand and speed
as a function of time (Fig. 8). The analysis used measurements
of the power needed to accelerate the vessel when the speed of
8 km / h was reached in 10 seconds (t2). It was assumed that
in each of the analysed cases the cruise lasts an average of 65.5
seconds, and the route is 100 m long. It was also assumed that
the cruise was safe and that the ferry does not have to avoid
obstacles or make sudden manoeuvres to avoid a collision.
In the case of the ACB strategy to cover the route, the
results from classical measurements (Fig. 6) and the
acceleration phase (Fig. 7) were used. For the braking phase,
it was assumed that the energy consumption was equal to half
of the energy needed to accelerate the ship. This is due to the
fact that the resistance of the ship naturally slows down the
movement of the ship. It is hard to estimate the efficiency of
a propeller operating in water when using the propeller to
stop the ship. The same method, time and braking distance
were adopted for each characteristic.

Fig. 8. The differences in energy consumption for the same movement strategy, depending on the shape of the hull
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RESULTS AND DISCUSSION

For t3

The greatest demand for ferry operation occurs in the
summer season, due to the number of tourists visiting the
city. The ferry is scheduled to make 10 return trips per hour.
Currently, it is planned that in the summer period, when the
intensity of tourist traffic is the highest, the energy stored
by the vessel must be sufficient for a 12-hour cruise, during
which up to 120 round trips will be made.
The results obtained make it possible to calculate the
energy demand depending on the shape of the hull with
the same parameters. The time needed to complete the oneway course was also included in the calculations. The results
of energy consumption, depending on a given acceleration
characteristic, prepared in the previously presented graph
(Fig. 8) for one hour of the cruise, during which 10 round
trips were made, are presented in Table 2.
The values presented in Table 2 show quite significant
differences in energy demand. The calculations for the
averaged result of the three characteristics show that the
theoretical minimum energy consumption during 12 hours
of intensive voyage for Motława A is 12 × 4.5 kWh, so about
55 kWh. For a hull with a different shape coefficient – Motława
B, it is 12 × 11.7 kWh, so about 140 kWh. The difference
between the results obtained indicates that, depending on the
hull shape, other power supply variants should be selected.
Tab. 2. Comparison of energy consumption with the same movement strategy
for different hull shapes of the tested vessel
For t1

Acceleration Constant Braking

Total

Time [s]

12

34.5

20

66.5

Road [m]

13.2

75.9

11

100.1

Energy demand [kWh] –
Motława A

0.0979

0.0360

0.0988

0.2326

Energy demand [kWh] –
Motława B

0.2535

0.0932

0.2558

0.6024

Energy demand [kWh] - 10 Return trips in 1h - Motława A

4.6525

Energy demand [kWh] - 10 Return trips in 1h - Motława B

12.0486

For t2

Acceleration Constant Braking

Total

Time [s]

11

35.5

20

66.5

Road [m]

11

78.1

11

100.1

Energy demand [kWh] Motława A

0.0882

0.0370

0.0988

0.2240

Energy demand [kWh]] Motława B

0.2284

0.0959

0.2558

0.5800

Energy demand [kWh] - 10 Return trips in 1h - Motława A

4.4794

Energy demand [kWh] - 10 Return trips in 1h - Motława B

11.6002

Acceleration Constant Braking

Total

Time [s]

9

36

20

65

Road [m]

9.9

79.2

11

100.1

Energy demand [kWh] Motława A

0.0853

0.0375

0.0988

0.2216

Energy demand [kWh] Motława B

0.2209

0.0972

0.2558

0.5739

Energy demand [kWh] - 10 Return trips in 1h - Motława A

4.4325

Energy demand [kWh] - 10 Return trips in 1h - Motława B

11.4788

CONCLUSIONS
The research shows that the shape of the hull with the same
parameters is very important for the design of the propulsion
system. The generated resistances for the tested vessel differ
approximately 2.5 times. So if the choice is to install standard
2.5 kWh lithium battery modules on board, it is necessary to
install more than twice as many as on a vessel with an optimal
hull shape. Such a solution will not only significantly increase
the weight of the vessel, taking up space on a small ferry, but
also mean the ferry is able to carry fewer passengers per trip.
The initial strategy of the vessel’s movement was to
accelerate to a speed of 6 km / h and complete the route
in about 120 seconds. The load of the propulsion during
acceleration to a higher value turned out to be an aspect
worth considering. Initially the value of 8 km / h seems
to be the optimal value, because with higher acceleration
the energy consumption increases faster and faster, which
can be read directly from the resistance curve. However,
it is possible to use higher speeds if a different movement
scenario is used. Developing the most optimal strategy is
not easy. Therefore, the use of a propulsion with a higher
power makes the motor, speed controller and gears work with
high efficiency. On the other hand, high power brings with
it significant friction forces, which are especially important
in the case of bearings and gears. The high initial speed in
the first phase of the cruise also leads to an increased risk
of collision and the possibility of a sudden stop of the vessel
with high energy consumption. It is worth noticing that for
short routes, as in the discussed example, the first phase of
the cruise is of particular importance, because the distance
travelled by the vessel is relatively small, with relatively high
energy consumption. In the case of long sea routes, this phase
is not considered when estimating the energy demand because
the energy consumption in acceleration is low compared to
the rest. As the distance increases, the second phase becomes
more important as the energy consumption depends on the
speed. In these cases, the braking stage was always the same.
It was assumed that the drive was started in order to brake
the ship at a speed of 4 km/h. The assumed braking time of
about 20 seconds allows the vessel to stop slowly, which is
convenient for passengers and does not put additional strain
on the propulsion system. For a shuttle ferry, a significant
part of the ship’s total energy consumption during a single
POLISH MARITIME RESEARCH, No 3/2021
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journey results from the first phase of the cruise when the
ship is accelerating. Choosing a non-optimal shape of the
hull additionally increases the drag and causes a significant
increase in the energy demand of the vessel. Therefore, already
at the design stage it is possible to try to significantly reduce
the cost of the designed power supply devices and leave more
free space that can be used for another purpose.
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ABSTRACT

Abstract: In this paper, two analysis models for tension leg platform (TLP) are proposed based on different simulation
methods of the tendons for studying the TLP motion responses in waves. In the uncoupled analysis model, the tendon
is simplified as a spring, and the restoring forces matrix is derived with the consideration of the influence of the
coupled effect of horizontal offset and vertical setdown of the platform. In the coupled model, the axial and transverse
vibration’s coupled effect has been considered for the establishment of the vibration equations for the tendons, and
the finite difference method is used to solve the vibration equations. The time-domain coupled motion model of the
platform and the mooring system is established based on the interaction forces between the tendons and the platform.
The coupled and uncoupled TLP models are compared and analysed to determine their applicability. Compared with
the uncoupled TLP model, the coupled TLP model has greater accuracy and a wider application range, and the effects
of second-order wave force on the platform responses, horizontal offset, and vertical subsidence are analysed.

Keywords: Coupled TLP model; Uncoupled TLP model; Hydynamics; Second-order wave force; Offset and setdown

INTRODUCTION
The tension leg platform (TLP) models can be calculated
using the frequency domain method or the time domain
method. The International Conference on Ship Structure (ISSC)
and the American Petroleum Institute (API) [1] divided the
time domain model for TLP into two categories: the uncoupled
TLP model and the coupled TLP model.
At first, Paulling [2, 3] proposed two uncoupled TLP models
which were used to calculate the motions of the platform
with three degrees of freedom and six degrees of freedom,
respectively. The Morrison equation is used to calculate the wave
forces. The wave forces act on the platform, and tendons need
to be predicted accurately to design a robust mooring system.
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A method for predicting the motions of and forces on the
platform in regular or random waves was developed based on
the linearised hydrodynamic method. The experimental results
were in good agreement with the predicted results. Angelides [4]
proposed a similar computational model that simplifies tendons
as linear springs. Malaeb [5] introduced a set of 6x6 stiffness
matrices for the calculation of TLP, in which the tendons were
also simplified as linear springs. Although Malaeb’s stiffness
matrix representation method was proposed nearly 30 years
ago, it is still widely used for analysing the uncoupled TLP
model. Chandrasekaran [6] calculated the dynamic responses
of the triangular TLP in the random waves based on the
uncoupled model in which the influence of diffraction effect
and second-order wave force was ignored. Kawanishi [7] studied

the responses between TLP and pile foundation under the
seismic excitation based on the uncoupled model. The results
showed that the uplift capacity of the pile foundation must be
more than twice the initial net buoyancy. Zhai [8] used the
uncoupled model to calculate hydrodynamic parameters in the
frequency domain, such as the transfer function, added mass,
and damping coefficient. The motion responses of the platform
under the action of wind and waves were calculated using the
non-linear time-domain analytical method. According to the
time series of the motion responses, the influence of Jonswap
spectrum’s parameters (including wave height and peak factors)
on the heave responses of the platform was analysed.
Chandrasekaran [9] compared the triangle and four columns
of TLP and analysed them using the Mathieu equation. The
analysis results showed that the platform motion becomes
unstable as the tendon length increases but increasing the
pretension of the tendon can improve the stability of the
platform. Low [10] linearised the non-linear stiffness matrix
and analysed the motion responses of the traditional TLP. He
also achieved the coupling between degrees of freedom through
linearization techniques. Senjanović [11] proposed a consistent
formulation of the stiffness matrix, derived from the general
solution established for hydroelastic analysis of ship structures,
as a specific case. The stiffness was compared to the known ones,
and discrepancies were analysed and discussed.
The coupled TLP model is achieved by replacing the linear
spring system with tethers and their material properties
and mass. Because the distributed mass of tethers and the
influence of resistance and additional mass are considered
in the coupled TLP model, the accuracy of the calculated
results will be improved significantly. At the same time, these
factors may cause the transverse and axial excitation of tethers,
affecting the platform’s movements. In addition, it should be
noted that considering the mass of tethers will also affect the
static deformation of the structure due to its own gravity [12].
Jameel [13] studied the TLP motion and its tether tension
under extreme sea conditions.2 The wave-surface elevation
is calculated by using the theory of small amplitude waves.
Jain [14] considered the coupling effect between the six degrees
of freedom of the platform and analysed the nonlinearity of the
platform’s motion caused by the change of tether tension and
wave dragging force.
Faltinsen [15] aimed to provide a physical understanding
through simplified mathematical models and introduced linearwave induced motions, loads on floating structures, numerical
methods for ascertaining wave-induced motions and loads,
viscous wave loads and damping, stationkeeping, and water
impact and entry. Chatterjee [16] considered the elasticity of
the platform decks and columns when calculating the coupled
motion of TLP. Choi [17] conducted experiments and numerical
analysis on the coupling characteristics of TLP and flexible semisubmersible floating structures. The free damping tests of TLP
and semi-submerged platforms showed that they had complex
coupling characteristics and multiple natural modal frequency
components. Ran [18] used WINPOST FEA software to model
tethers and developed a coupled Spar model. At the same time,
wave forces were evaluated using the WINPOST&WINTCOL

project. Mazarakos [19] introduced a coupled analysis method
for the mean second-order loads of a floating structure, which
was suitable for offshore wind energy sources exploitation.
The time domain numerical calculation methods for TLP
under the combined action of waves and currents often involve
the problems of calculating the hydrodynamic performance of
the platform, the non-linear vibration problem of the tethers,
and the coupled motions of the platform and the tethers. For
the research methods of the mooring system, most scholars
have simplified the tethers into a massless spring structure. The
coupled mathematical model in this paper fully considers the
coupled effect of the axial and transverse vibration of the tethers.
For the research methods of wave forces on the TLP, most
scholars have adopted the Morison formula to direct estimation.
In this paper, a combination of the potential flow theory and
Morison formula is used to calculate the wave forces, which
can effectively consider the effect of the diffraction potential on
TLP. Based on the previous studies on TLP from the different
scholars, the two TLP analytical models are further improved
through the whole work. In the uncoupled TLP model, the
coupled effects of horizontal offset and vertical setdown of the
platform are considered in the restoring force coefficient matrix.
In the coupled model, the coupled effects of axial and transverse
vibrations of the tethers are considered. The two models are
compared and analysed, and the applicable conditions are given.

MATHEMATICAL MODEL
OF THE UNCOUPLED TLP
When TLP moves in real sea conditions, it will show wavefrequency movement and present horizontal offset and vertical
setdown under the action of external loads such as wind load,
current load, and mean second-order drift force. Moreover,
because the riser system of TLP is arranged in a cluster manner,
the horizontal deviation of the platform may cause interference
between the risers of serial arrangement. Therefore, it is
necessary to study the influence of horizontal deviation and
vertical subsidence on TLP. Fig. 1 shows the structure diagram
of the uncoupled TLP model in this case. The model simplifies
the tether into a linear spring structure and is used to analyse
the motion responses of TLP when considering the coupled
effects of horizontal offset and vertical setdown of the platform.
In this paper, the platform is regarded as a rigid body, and the
movement of the tethers is regarded as the elastic movement of
the spring along with the movement of the platform. Therefore,
the uncoupled TLP motion equation under the influence of
tethers is given by:

(Mij+ μij) j(t) + Kij j(t) +

x (t) = FiW(t) + FiD(t)

ij j

(1)

where x j (j=1,2…,6) is the movement of the TLP;
Mij (i, j =1, 2…,6) is the sum of the mass of the floating structure
and the vertical pipe considering the pretension force; μij is the
added mass of floating structure; Kij is the damping matrix;
is the coefficient of restoring force matrix considering the
ij
effect of tethers; FiW is the sum forces of Froude-Krylov force
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and diffraction force; FiD is the drag force. The methods of
the hydrodynamic coefficients of the platform can be found
in Appendix A.

Affected by the horizontal offset of the platform, the
phenomenon of vertical setdown occurs in TLP and is
expressed by z.

FV + ρдAwz = FG + (T0 + Δt)(l – z)/l

(3)

Here, FV is the force due to buoyancy; FG is the force due
to gravity. Aw is the waterline surface area of the platform
columns. T0 is the pretension of the single tether. Δt is the axial
force increment of the tether caused by the vertical sinking
of the platform.
By simplifying Eq. (3), the variation of tether caused by the
vertical sinking of the platform can be obtained as follows:

Δt = (T0 + ρдAwl) z/(l – z)

(4)

In general, because Δt is relatively small, it can be ignored
when the analysis of a TLP mooring system is simulated.
The equilibrium forces of the platform in the X direction are:

Fig. 1. Structure diagram of uncoupled TLP model

x = nt(T0 + ΔT1 + Δt)sin γx

11 1

(5)

where nt is the number of tethers (as shown in Fig. 3), and
γx is the angle between the position of the tensile tether and
the initial position when the platform has surge motion.
Additionally, the sine of γx is defined as:

sin γx =

(6)

Substituting equation γx into Eq. (5), the restoring force
coefficient of TLP surge motion can be obtained as follows:
11

Fig. 2. Relationship between offset and setdown

– l)AE0/l
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x = nt(T0 + ΔT1 + Δt)cos γx + FG

31 1

(8)

Similarly, the equilibrium equation of the moments along
the Y-axis can be obtained as follows:
51

=–

sin γx·

(2)

where ΔT1 is the axial force increment of the tether caused by
the horizontal offset and surge motion of the platform; l is the
length of the tether; A is the cross-sectional area of the tether;
E 0 is the elastic modulus of the tether.
46

(7)

The equilibrium forces of the platform in the Z direction are:

When TLP is subjected to lateral force, the platform will
have a horizontal offset. At the same time, the tether is in an
inclined state. Because the tension leg has a narrow range of
elasticity, the elongation of the tether is ignored when the
stiffness matrix under the influence of the tendon is derived. The
relationship satisfied by the platform’s horizontal deviation and
the vertical setdown phenomenon is shown in Fig. 2. Suppose
that the horizontal offset of the platform has a component x
on the X-axis and a component y on the Y-axis, the vertical
subsidence of the platform is
.
Thus, the stiffness matrix coefficients of the platform under
the influence of horizontal offset and vertical setdown are
given, respectively.
As shown in Fig. 3, assuming that the displacement of the
platform’s longitudinal motion is x1, the variation ΔT1 of TLP is:

ΔT1 = (

=

Fig. 3. Displacement in surge degree of freedom

(9)

due to changes in buoyancy and weight; (3) equivalent stiffness of
the tethers; (4) stiffness due to vertical setdown of the platform.
The restoring force coefficient of the roll/pitch motion is:
44

=

+ FV(zB – zE) – FG(zG – zE) +
cos2x4 + ρдAw (zB – zE)z

55

=

+ FV(zB – zE) – FG(zG – zE) +
cos2x5 + ρдAw (zB – zE)z

Fig. 4. Displacement in sway degree of freedom

where is the height of gravity.
As shown in Fig. 4, assuming that the displacement of the
platform’s sway motion is x2, then the change in tension of the
tether caused by the combined action of the horizontal offset
and the platform’s swaying motion is:

– l)AE0/l

ΔT2 = (

(10)

Similarly, the equilibrium equation of forces on the Y-axis
is as follows:

x = nt(T0 + ΔT2 + Δt)sin γy

22 2

(11)

where ΔT2 is the axial force increment of the tether caused
by the horizontal offset and sway motion of the platform.
Meanwhile, γy (shown in Fig. 4), is the angle between the
position of the tensile tether and the initial position when
the platform incurs sway motion. Taking the sine of γy yields:

sin γy =

(12)

(17)

(18)

where Ix is the moment of inertia of the platform’s waterplane
in the X-axis; Ixx is the cross-section moment of inertia of
the platform in the X-axis; Iy is the moment of inertia of the
platform’s waterplane in the Y-axis; Iyy is the cross-section
moment of inertia of the platform in the Y-axis; zB is the vertical
coordinate of the buoyancy centre of the platform; zE is the
vertical coordinate of the top of the tether; zG is the vertical
coordinate of the centre of gravity of the platform.
When the platform incurs yaw motion, its angle is assumed
to be x6. The displacement of the tether in the horizontal plane
is given in Fig. 5, which is mainly composed of two parts. The
first part is the displacement caused by the horizontal offset of
the platform, and the second part is the displacement caused
by the yaw movement of the platform. Then, the elongation
of the tether is:

l1 =

(19)

where a and b are half of the distance between the centre points
of the columns, shown in Fig. 5.
Based on Eq. (19), when the platform incurs simultaneous
horizontal offset and yaw motion, the variation of the tether
is as follows:

The restoring force coefficient of sway motion is:

ΔT6 =

=
22

(l1 – l)

(20)

(13)

The balance forces of the platform in the vertical plane are:

In the same way, we can obtain the expressions shown as
below:

x = nt(T0 + ΔT2 + Δt)cos γy + FG
32 2
=
42

22

(15)

Assuming that the displacement of heave motion is x3, then
the restoring force coefficient is:
33

= (nt

+ Aw)

x = nt(T0 + ΔT6 + Δt) + FG – FV

36 6

(21)

(14)

(16)

When the platform is in roll/pitch motion, the angle is
assumed to be x4. The compositions of roll/pitch motion consist
of four parts: (1) stiffness due to static water surface; (2) stiffness

By establishing the balance equation of the moments in the
Z-axis of the platform, the restoring force coefficient of sway
motion can be obtained:
66

= nt(T0 + ΔT6 + Δt) ·

(22)

By calculating the TLP restoring force coefficient matrix and
applying the Runge-Kutta method to the differential motion
equation of the platform, the motion equation of TLP under
wave action can be obtained. Fig. 6 shows the flow chart of
the uncoupled TLP model.
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Fig. 5. Displacement in yaw degree of freedom

MATHEMATICAL COUPLED TLP MODEL
Fig. 7 illustrates the structure of the uncoupled TLP model.
In order to study the TLP time-domain motion responses, the
coupled condition of the tether vibration and platform motion
is considered, and the coupled TLP model is used to conduct
numerical prediction research. In the research process, the
following two factors are mainly considered in the analysis
of the TLP motion responses:
1) The coupled effect between axial and transverse vibration
of the tether;
2) The influence of the coupled effect of the platform motion.
TIME DOMAIN MOTION EQUATION OF TLP
When the time domain numerical simulation of TLP is
carried out in this paper, the platform is regarded as a rigid

Fig. 7. Structure diagram of coupled TLP model

body, and the coupled motion Eqs. (20) and (21) of TLP
considering the tether vibration influence is given.

(Mij+ μij) j(t) + Kij xj(t) + Cij xj(t) =
FiWave(t) + Fi + FV – FG

In Eq. (23), ij is the coefficient of restoring force matrix;
FiWave is the force exerted by the waves on the platform; Fi is the
force exerted by the tethers on the platform; FV is the buoyancy
of the platform; FG is the gravity of the platform.
The tether is attached to the platform at z = L and the
seabed at z = 0; the function w3(z, t) is used to express the
axial vibration of the tether. The axial vibration of the tether is:

Fig. 6. Flowchart of uncoupled TLP model
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(23)

ρA0ẅ3(z, t) – (EA0(wʹ3(z, t) + wʹr(z, t)2)) = f3(z, t)

x-axis and z-axis, respectively, given by:
(24)

where ρ is the material density of the tether; wr(z, t) is the
radial motion; f3(z, t) is the distributed force-per-unit-length
along the axial direction of the tether, and its expression is:

f0 (z, t) =

–ρдA0 + ρf дAf

0<z<d

ρдA0

d<z<l

(25)

There is no displacement at z = 0, and its boundary
condition is:

w3(0, t) = 0, wʹ3(0, t) = 0

(26)

At z = L, the force of the tether on the platform is

FL3(l, t) = –nt(T0 + EA0w3 (l, t))

φ1 =

cos(kr – ωt) cosθ0

(31)

φ3 =

sin(kz – ωt)

(32)

where H is the wave height; T is the wave period; k is the wave
number; ω is the wave frequency; d is the depth of water. The
boundary condition of the tether is:

w1(0, t) = 0, wʹ1(0, t) = 0

(33)

The force of tether on the platform at x = L is:

FL1(l, t) = ntEA0(wʹ3 + wʹ12)wʹ1 – ntEI0wʹʹʹ1

(34)

The differential equation of surge motion is:
(27)

(M11+ μ11)ẅ1(l, t) + C1i wi(l, t) = F1Wave(t) + FL1(l, t)

(35)

Taking the platform itself as the research object, the external
forces acting on the platform mainly include gravity, buoyancy,
wave forces, and tether forces, and combined with Eq. (23), the
differential equation of heave motion is obtained:

In conclusion, the numerical simulation of TLP surge
motion can be solved by combining Eqs. (29), (34), and (35).
The vibration equation of radial motion of the tether in
the y-direction is:

(M33+ μ33) ẅ3(l, t) + C3i wi(t) =

ρAẅ2(z, t) – (EA0(wʹ3(z, t) + wʹ2(z, t)2)wʹ2(z, t)) +

F3Wave(t) + FL3 (l, t) + FV – FG

(28)

In conclusion, the numerical solution of heave motion is
achieved by combining Eqs. (24), (27), and (28). Considering
the fact that the coupled TLP model takes the influence of
axial and transverse vibrations of the tethers into account, it
is necessary to solve the governing equations of the platform’s
surge and sway motions before solving the governing equation
of TLP heave motion.
The equation of radial vibration of the tether in the
x-direction is:

ρAẅ1(z, t) – (EA0(wʹ3(z, t) + wʹ1(z, t)2)) +

(EI0wʹʹ1(z, t))ʹʹ– ρI0ẅʹʹ1(z, t) = f1(z, t)

| 1 – φ3wʹ1 +

φʹ1 –

φʹ1 –

3

1

1

f2 = –CAρf Af (–ẅ3wʹ2 + ẅ2) + CMρf Af ( 2 – φ3wʹ2) +
CDρf router ( 2 – φ3wʹ2 +
| 2 – φ3wʹ2 +

φʹ2 –

3

φʹ2 –

3

2

2

+ Ucsinθ0)

+ Ucsinθ0|

(37)

where φ2 is the velocity of fluid particles caused by waves in
the y-axis, given by:

cos(kr – ωt) sinθ0

(38)

The boundary condition of the tether is:

+ Uccosθ0)

+ Uccosθ0|

The transverse force in the y-direction is:

φ2 =

f1 = –CAρf Af (–ẅ3wʹʹ1 + ẅ1) + CMρf Af ( 1 – φ3wʹ1) +
3

(36)

(29)

The transverse force f1(z, t) is mainly produced by the action
of waves and currents and formulated using the Morison
equation. Suppose the angle between the current and the
x-direction is θ 0 and we get:

CDρf router ( 1 – φ3wʹ1 +

(EI0wʹʹ2(z, t))ʹʹ– ρI0ẅʹʹ2(z, t) = f2(z, t)

w2(0, t) = 0, wʹ2(0, t) = 0

(39)

The force of tether on the platform at x = L is:

FL2(l, t) = ntEA0(wʹ3 + wʹ22)wʹ2 – ntEI0wʹʹʹ2

(40)

The differential equation of sway motion is:
(30)

where Uc is the current velocity, CA is the added mass coefficient,
CD is the drag coefficient, and CM is the inertia coefficient. φ1
and φ3 are velocities of fluid particles caused by waves in the

(M22+ μ22)ẅ2(l, t) + C2i wi(l, t) = F2Wave(t) + FL2(l, t)

(41)

In conclusion, the numerical simulation of the sway motion
can be solved by combining Eqs. (36), (40), and (41).
Longitudinal tether excitations will impart disturbances
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in the pitch (θ) degree of freedom. Pitch motion is defined as
an angular displacement occurring about the y-axis, shown
in Fig. 8a. The equation describing the pitch displacement is
written as:

(M55+ μ55)ẅ5(l, t) + C5i wi(l, t) =
F5Wave(t) + FL5(l, t) + FVe5

(M44+ μ44)ẅ4(l, t) + C4i wi(l, t) =
(43)

(44)

where F6Wave is the moment of a wave to the platform in the
z-axis; FL6 is the moment of the tether to the platform in the
z-axis.

Fig. 8a. The motions diagram of TLP: pitch/roll motion
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w1(0, t) = 0, wʹ1(0, t) = 0
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(45)

At z = L,

FL1(l, t) = ntEA0N(l)wʹ1(l, t) – ntEI0wʹʹʹ1(l, t)
FL2(l, t) = ntEA0N(l)wʹ2(l, t) – ntEI0wʹʹʹ1(l, t)
FL3(l, t) = –nt(T0 + EA0w3(l, t))
FL4(l, t) = –nt(hT0w4(l, t) + aEA0w1(l, t))
FL5(l, t) = –nt(hT0w5(l, t) + aEA0w2(l, t))
FL6(l, t) = –

where F4Wave is the moment of a wave to the platform in the
x-axis; FL4 is the moment of the tether to the platform in the
x-axis; e 4 is the perpendicular distance of the new centre
of buoyancy from the x-axis passing through the CG, with
equation e4 = sin w4.
The yaw motion of TLP is mainly caused by the wave
moment and the moment acted upon the tethers in the z-axis
direction, shown in Fig. 8b. The differential equation of motion
satisfied by the angular displacement of the platform under
the action of the moments in the z-axis direction is:

(M66+ μ66)ẅ6(l, t) + C6i wi(l, t) = F6Wave(t) + FL6(l, t)

Taking surge motion as an example, the boundary
conditions of the tether are:
At z = 0,

(42)

where F5Wave is the moment of a wave to the platform in the
y-axis; FL5 is the moment of tether to the platform in the y-axis;
FV is the buoyancy of the platform; e5 is the perpendicular
distance of the new centre of buoyancy from the axis passing
through theCG(centre of gravity); e5 = sin w5, where is
the height of the centre of gravity.
Longitudinal tether excitations will also impart disturbances
in the roll (φ) degree of freedom. Roll motion is defined as
an angular displacement occurring about the x-axis, shown
in Fig. 8a. The equation describing the roll displacement is
written as:

F4Wave(t) + FL4(l, t) + FVe4

CALCULATION METHOD
OF THE COUPLED TLP MODEL

ntaT0w1(l, t)

(46)

where FLi(i=1,…,6) are the forces of the tethers on the platform
with six degrees of freedom. N(z) is the axial force of the beam,
given by N(z) = EA0(wʹ3(z, t) + wʹ1(z, t)2).
If the system is vibrating in its ith mode, then the response
of the system would be as

w(z, t) = φi(z)exp(Iωi t)

(47)

where I is the imaginary unit, ωi is the ith normalised natural
frequency, and φi(x) is the ith normalised transverse mode
shape of the beam.
By dropping the axial, damping, non-linear, and nonhomogenous terms in the governing PDE and boundary
conditions of the transverse motion, and using Eq. (29), one
would get:

EI0φi(4)(z) – (N(z)φʹi(z))ʹ – ρA0ω2i φi(z) = 0

Fig. 8b. The motions diagram of TLP: yaw motion

(48)

and φi satisfies the boundary conditions of φi(0) = 0, φʹi(0) = 0.
Eq. (48) is rewritten into the form of first-order equations,
namely:

= [A](z, ωi ) i(z)
where

i

can be expressed by the interaction forces FL1(l, t) and FL4(l, t),
respectively. Then, the expression of Eq. (51) is:

(49)

(z) = [φi(z) φʹi(z) φʹʹi(z) φʹʹʹi(z)]T.

(55)

The matrix

According to the axial motion Eq. (24) of the tether, we
can obtain:

ρA0ẅ3(l, t) – Nʹ(l) = f3(l, t)
According to the definition of the first derivative, the
approximate expression of Eq. is:

=

(50)

where Δz is the increment of the tether at the position z.
Substitute Eq. (50) into Eq. (49) and one gets:
i

(z + Δz) = [[A](z, ωi )Δz + I4×4]i (z)

(51)

The tether is dispersed into n equal parts, as shown in Fig. 9.
The nodes are numbered from 0 to N.

(56)

The governing Eqs. (55) and (56) of the tethers are solved
together with the surge motion Eq. (28) and the heave motion
Eq. (35), and the time history curves of the surge motion and
heave motion of TLP can be obtained. Similarly, the solution
of sway motion is similar to the surge motion. After the time
history curves of TLP’s surge, sway, and heave motions are
obtained, the interaction forces between the tethers and the
platform, as shown in Eq. (46), are inserted into Eqs. (42),
(43), and (44), and solved in parallel. The time history curves
of pitch, roll, and yaw motions are obtained.
The calculation flow chart of the coupled TLP model is
shown in Fig. 10.

Fig. 9. Nodes of tether numbering scheme

By applying the above tether discrete method, the motion
equation at node k can be expressed as:
i

(kΔz) = Πkj=1[[A](k–j,ωi )Δz + I4×4]i (0)

(52)

When k = n, the expression of the end node of the tether is:
i

(l) = Πnj=1[[A](n–j,ωi )Δz + I4×4]i (0)

(53)

Namely,
Fig. 10. Time domain coupled motion flow chart of TLP

COMPARATIVE ANALYSIS
OF THE COUPLED TLP MODEL
AND THE UNCOUPLED TLP MODEL
where φʹʹi(l) can be obtained by the force of the tether on the
platform, and:

FL4(l, t) = ntEI0wʹʹ1(l, t) = ntEI0φʹʹi(l)exp(Iωi t)

(54)

Similarly, φʹʹʹi(l) can be obtained by the force FL1(l, t)
exerted by the tether on the platform. Thus, φʹʹi(l) and φʹʹʹi(l)

The four corners of the platform are connected by four
groups of tethers, and each group is composed of two tethers,
as shown in Fig. 11. The calculation parameters of the platform
are shown in Table 1; the number of surface elements of TLP is
3105, and the time step is 0.05 s. Table 2 shows the parameters
of the tether. The flow parameters of the regular waves are
shown in Table 3. We will use the uncoupled TLP numerical
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program and the coupled TLP numerical program, respectively,
to calculate the mathematical model in this paper.

Fig. 12a. RAO for TLP: surge motion
Fig. 11. The mesh of tension leg platform
Tab. 1. ISSC TLP calculation parameters
Parameters

Values

Depth of column (m)

31.3

Length of pontoon (m)

60.0

Diameter of side column (m)

16.0

Total platform mass (including vertical tension) (kg)

3.466e7

Number of tethers

8

The moment of inertia in the X direction (kg · m2)

8.45e10

The moment of inertia in the Y direction (kg · m2)

8.45e10

2

The moment of inertia in the Z direction (kg · m )

1.02e11

Tab. 2. Tether parameters
Parameters

Values

Tether length (m)

600

Inner diameter of tether (m)

0.2501

Outer diameter of tether (m)

0.9

Total pretension (N)

1e8

Material density (kg · m–3)

6000

Elasticity modulus (GPa)

200

Tab. 3. Flowfield parameters
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Parameters

Values

Wave length (m)

156

Wave height (m)

10

Wave period (s)

10

Coefficient of inertia force

2

Coefficient of mass

1

Coefficient of drag force

1

Depth (m)

430

Angle (degrees)

60°
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Fig. 12b. RAO for TLP: yaw motion

In order to verify the accuracy of the calculation results,
the uncoupled TLP model and the coupled TLP model are
respectively used to calculate the RAO motion response of the
ISSC TLP platform, and the calculated results are compared
with the experimental results of Tan [20]. Tan’s model test was
carried out in a seakeeping basin with a water depth of 450 m.
The experimental simulation of the RAO test was carried out
for the model respectively. By comparison, it can be concluded
that the coupled TLP model is closer to the experimental results
than the uncoupled TLP model. The main reasons for the error
between the theoretical analysis results and the experimental
results include: the average wet surface theory is applied to
the wet surface of the floating body when the plane element
method is used for model analysis, but the actual wet surface
changes with time.
Fig. 13 shows the comparative results of the motion
responses in the regular waves using different methods.
Among them, the dotted line represents the uncoupled TLP
model, which assumes the tether as a massless spring structure.
The solid line stands for the coupled TLP model calculation
method, in which the current velocity is 0 m/s, and the wave
direction angle is 60°. By studying the statistical results in
Table 4, it can be concluded that the vibration frequency of
the uncoupled TLP model is similar to that of the coupled TLP
model, and the vibration amplitude of the coupled TLP model

Fig. 13. Comparison of motion responses of TLP under different calculation methods
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Tab. 4. Statistical table of motion responses of TLP
Coupled TLP model

Uncoupled TLP model

Amplitude (m)

Freqency (rad/s)

Amplitude (m)

Freqency (rad/s)

Amplitude (%)

Freqency (%)

Surge

0.5302

0.637

0.5726

0.634

7.997

0.591

Sway

0.91924

0.638

0.9821

0.634

6.838

0.689

Heave

0.0313

0.599

0.0357

0.634

14.863

5.654

Amplitude (rad)

Freqency (rad/s)

Amplitude (rad)

Freqency (rad/s)

Amplitude (%)

Freqency (%)

Roll

0.0086

0.599

0.0109

0.634

26.744

5.654

Pitch

0.0136

0.598

0.0178

0.634

30.882

5.876

Yaw

0.2439

0.637

0.2623

0.634

7.544

0.591

is slightly smaller than that of the uncoupled TLP model.
Among them, the relative errors of amplitude and frequency
of surge, sway, and yaw motions of the two calculation models
are relatively small; the average relative errors of amplitude
and frequency are about 7.46% and 0.591%, respectively.
The relative errors of amplitude and frequency of roll, pitch,
and heave motions are large, and the average relative errors
of amplitude and frequency are about 24.16% and 5.728%,
respectively. The vibration of the tether in the uncoupled
model is linear, and the vibration of the coupled model is
non-linear. The influence of the tethers on the movements of
the TLP is mainly reflected in the movement of the platform
on the vertical plane, so the results of the platform motions
on the vertical plane (heave, pitch, and roll) calculated by
the two methods are quite different, while the results of the
platform motions on the horizontal plane (surge, sway, and
yaw) are less different.
Combined with the motion response results of TLP under
the regular waves, the most obvious distinguishing feature
of these two models is the platform’s motion in the vertical
plane (roll, pitch, and heave). Compared with the coupled
TLP model, the uncoupled TLP model has higher oscillation
frequencies and amplitudes. The main reason is that the mass
of the tether is not taken into account in the uncoupled TLP
model, and the tether is simplified as a spring structure with
stiffness, ignoring the coupled effect of axial and transverse
vibrations of the tethers. The consistency of the coupled and
uncoupled TLP models is also noteworthy and demonstrates
that the simpler system (the uncoupled TLP models) can be
used to predict the surge/sway and sway motions. However,
when calculating and studying the heave and roll/pitch
motions of TLP or the motions of the tethers, the coupled
TLP model is more suitable. In addition, the coupled TLP
model considers both the coupled effect of the tether vibration
and the coupled effect of platform motions. In contrast, the
uncoupled TLP model only considers the coupled effect of
platform motions, which also affects the movement of the
platform in the vertical plane. To sum up, compared with
the uncoupled TLP model, the coupled TLP model has the
characteristics of higher precision of calculation results and
wider application range.

54

Relative errors

POLISH MARITIME RESEARCH, No 3/2021

THE EFFECTS OF SECOND-ORDER
IRREGULAR WAVE ON THE TETHER
To study the influence of second-order wave forces acting
on tether motion using the coupled TLP model, the motion
responses of four design schemes are calculated in Table 5.
Tab. 5. Design scheme of the irregular waves
First-order
wave force

Mean drift
force

Secondorder
differential
frequency
force

Second-order
sumfrequency
force

case1

9

×

×

×

case2

9

9

×

×

case3

9

×

9

×

case4

9

×

×

9

Note: “9” means to consider, and “×” means not to consider.

Fig. 14 shows the comparative results of the surge motion
responses of TLP under the second-order wave forces. As
shown in Table 5, case1 only considers the influence of firstorder wave force, case2 considers both first-order wave force
and mean drift force, case3 considers both first-order wave
force and second-order differential frequency force, and case4
considers both first-order wave force and second-order sumfrequency force. As shown in Fig. 14a, the four design schemes
have similar motion trajectories and different platform offset
distances. Since the wave direction angle is 0°, the offset of
the transverse vibration can be regarded as the offset of the
platform.
The offsets of the four design schemes are calculated in
Fig. 14b. Among them, the offsets of case2 and case3 are
obviously large, while case4 and case1 have little change, and
their values are relatively close. It is verified that both the mean
drift force and the second-order differential frequency force
will cause low-frequency slow drift motion of the platform,
resulting in the increase of the horizontal offset of the platform.
Meanwhile, the second-order sum-frequency forces have little
influence on it.
Filtering is performed on the history curve of the transverse
vibration in Fig. 14a, and the filtering threshold is set as
0.157 rad/s (40 s) to obtain the high-frequency curve and lowfrequency curve of the surge motion as shown in Fig. 14-d and

Fig. 14. Comparison results of surge motion responses of TLP

Fig. 15. Comparison results of heave motion responses of TLP
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Fig. 14e. The low-frequency curve shows that both the mean
offset force (case2) and the second-order sum-frequency force
(case3) will cause the surge motion of the platform to occur
in the long-period low-frequency floating motion, while the
second-order high-frequency force (case4) has little effect on
the surge motion of the platform.
Fig. 15 shows the heave motion responses of TLP under the
second-order wave forces. The setdown of the platform has
occurred in different degrees under the four different design
schemes by observing Fig. 15b. The setdown of case2 (mean
drift force) and case3 (second-order differential frequency
force) are large, similar to the platform’s offset.
The time-history curve of the axial vibration in Fig. 15a is
filtered, and the filtering threshold is 0.628 (10 s). By observing
the local magnification of the low-frequency curve of axial
vibration, there is no obvious change in the amplitude and
vibration frequency of the tether, indicating that the secondorder wave force is not directly related to the setdown of the
platform. The setdown of the platform is mainly caused by
the coupled effect of surge/pitch motion and heave motion.
By observing the local magnification of the high-frequency
curve of the axial vibration, the time history curve of case4
(second-order sum-frequency force) moves at high frequency
in the local time period, which shows that the second-order
sum-frequency force will cause the high-frequency motion
of the platform.
Table 6. The influence of wave force on platform motions
First-order
wave force

Mean drift
force

Secondorder
differential
frequency
force

Second-order
sumfrequency
force

Surge
motion

Wave
frequency
motion

Offset

Offset

/

Heave
motion

Wave
frequency
motion

Setdown

Setdown

Highfrequency
motion

“/” represents wave forces have no influence on platform motions.

the average error between the results and the coupled TLP
model is less than 10% when the platform’s surge, sway, and
yaw motions are calculated by the uncoupled TLP model.
However, the model is simple and easy to implement. When
studying the heave, roll, and pitch motions of TLP, the average
error between the uncoupled TLP model and the coupled
TLP model is greater than 15%, and the coupled TLP model
is more suitable.
Under the action of second-order wave force:
a) the second-order differential frequency force and the average
drift force cause the horizontal offset of the platform.
b) The second-order sum-frequency forces have little influence
on the movement in the horizontal plane but produce highfrequency movement in the vertical plane.
c) The average drift force and the second-order difference
frequency force make the platform drift slowly.
This work was financially supported by National Natural
Science Foundation of China (No. 52075469).

APPENDIX A: HYDRODYNAMIC
COEFFICIENT OF THE PLATFORM
BEM (boundary element method) determines the
hydrodynamic coefficient of the platform under the action
of waves. Since the platform is a slender structure, the effect
of wave viscosity on the slender structure cannot be ignored.
Then, the drag force on the floating structure is determined by
the Morison equation. Therefore, the hydrodynamic coefficient
of the platform is calculated by the methods of BEM and the
Morison equation.
Added mass and memory function
The added mass and memory function can be determined
by calculating the radiation potential of the platform. The
integral equation of the radiation potential is calculated by
using the boundary element method. The expression [21, 22]
is shown as follows:

To sum up, Table 6 illustrates the influence of wave forces
on platform motions. Both the mean wave drift force and
the second-order differential frequency force will cause the
offset of the platform. Additionally, the axial vibration will
also produce the setdown phenomenon due to the influence
of the platform motion coupled effect. The second-order drift
force causes the axial vibration to move at a high frequency.
(57)

CONCLUSION
This paper has established two TLP models: the uncoupled
TLP model and the coupled TLP model. In the uncoupled TLP
model, the effects of horizontal offset and vertical setdown
are considered in the restoring force coefficient matrix. In
the coupled TLP model, the finite difference method is used
to solve the non-linear tether vibration equation numerically.
By comparing the results of the TLP motion responses
calculated by the two models, the conclusions are as follows:
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where Φk is the velocity potential that needs to be evaluated.
The coordinates of field point p and source point qare (x, y, z)
and (ξ, η, ζ), respectively, with both lying in the water (z ≤ 0).
,
, and
represent the horizontal or the three-dimensional distance
between field point p and source point q or the ’ q s image
about the still water surface. sb is the wet surface of the floating
structure. nq is the unit normal vector of any source point
on the wet surface. (p, t; q, τ) is the memory term of the
corresponding time-domain Green function. Its expression

[23] is:

By the calculation of algebraic equation sets, the integral
equations of added mass and memory function are:

(p, q; t) = 2 dk

sin(

)ek(z+ζ)J0(kR)

(58)

where J0 is the Bessel function of the first kind with order 0.
The calculation method of the Green function is based on
Clement [8]. The memory of the Green function is transformed
into a fourth-order ordinary differential equation, and then the
Runge-Kutta method is adopted to calculate the differential
equation.
According to the method of Fual [9], Eq. (57)is decomposed
into instantaneous part and memory part. The expressions
of them are:

(59)

μik = ρ
jk

ψk(q)njdSq

(t) = ρ

Ajk(ω) = μik –
Bjk(ω) =

(66)

χk(q, t)dSq

(67)

Kjk(τ)sin(ωτ)dτ

(68)

Kjk(τ)cos(ωτ)dτ

(69)

where jk(t) is the memory function; Ajk(ω) is the added mass;
Bjk(ω) is the damping coefficient.
The damping matrix
The damping matrix assumption is related to the mass
matrix and the restoring force matrix, which can be expressed
as follows:

ΦT[K]Φ = [2ζiωimi]

(70)

where Φ is the shape matrix ωi is the structure natural frequency
K is the damping matrix mi is the modal mass mi = ΦT[M]Φ, ζi is
the dimensionless damping ratio of each mode, generally 0.05.
The solution of Φ and ωi is presented below.
For the undamped vibration:
(60)

M + KY = 0
Eqs. (59)and (60) are numerically discrete. A series of
quadrilateral grids use the wet surface of the 3D object to
approximate. In each quadrilateral grid, the velocity potential
is taken as a constant, and then the algebraic equation sets of
instantaneous part and memory part are:

Aij(ψk)j = Bi
Aij[χk(tN)]j = B(tN)i

(71)

The characteristic determinant is:

|T – λM| = 0

(72)

The characteristic vector [Φ1, Φ2 … Φ N] and characteristic

i = 1, 2, … , M

(61)

i = 1, 2, … , M

(62)

value

where M is the number of quadrilateral elements; N is the
current time steps; (ψk)j is the instantaneous part of the j
element; [χk(tN)]j is the memory part of the j element in the
time of tN ; Aij, Bi, and B(tN)i are the coefficient matrixes, and
the expressions are:

(63)

are obtained,

λi = ωi2

ωi =

(73)

= [Φ]T[M][Φ]

(74)

The modal mass is

The K matrix can be obtained by solving the following
matrix equation:

(64)

ΦT[c]Φ = 2ξi

(75)

WAVE FORCE

(65)

Froude-Krylov force
Froude-Krylov force is caused by the incident potential,
and its expression is:

where Δt is the time step; tN = NΔt; tn = nΔt.
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FjI(t) =

p (q, t)njdSq

(76)

where FjI is the Froude-Krylov force in the j(j = 1, 2, … ,6) mode
of motions. nj is the unit surface normal vector.
The expression [10] of the dynamic pressure acting on the
floating structure by the incident waves is:

p(p, t) =

(p, t – τ)ζ0(τ)dτ

Re{

ek(z–iα)eiωtdω}

Wxʹ =

(77)

where (p, t) is the impulse response function of pressure.
The expression is:

(p, t) =

the relative velocity of the fluid. D is characteristic length. In
this paper, is the diameter of the column. v is the coefficient
of kinematic viscosity, which is 1.346eE-6 m2/s when the
temperature of seawater is 10°C.
The velocity of a fluid particle is calculated by the Airy linear
wave theory. The velocity of water particles (x-direction) is:

sin(kz – ωt)

(84)

The velocity of water particles (y-direction) is:

Wyʹ = 0

(85)

(78)

The velocity of water particles (z-direction) is:
When the incident wave is a regular wave per unit
wavelength, ζ0(t) = eiωt.
Diffraction force
The diffraction force is mainly caused by the diffraction
potential, and its expression is:

Wzʹ =

cos(kz – ωt)

where WH is the wave height; WT is the wave period; k is the
wave number; ω is the wave frequency; d is the water depth.
According to the method of the coordinate transformation,
it transforms the particle velocity in the wave coordinate system
OʹXʹYʹZʹ to the static coordinate system OXYZ:

Wx = Wxʹ cos α
Wy = Wyʹ cos α
Wz = Wzʹ
(79)

where the impulse response function (p, t) is:

Fj7=

ζ0(τ)dτ[–ρ

(q,t–τ)njdSq]

7

(81)

Drag force
For slender columns, the influence of the drag force on the
platform can be calculated by the Morison equation, and the
drag force per unit length of column is:

f D= ρCDD(wx – )|(wx – )|

(82)

where D is the diameter of the column; CD is the coefficient
of drag force; wx is the horizontal component of the velocity
of the fluid particle; is the velocity of a floating structure.
The determination method of drag force coefficient [11] is:

60.566 – 5.93 Re
CD = 1.25
0.7

Re ≤ 10
10 < Re ≤ 5 × 105
Re > 5 × 105

(83)

where: Re is the Reynolds number, that is, Re = UD/v. U is
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(87)

α is the angle between the coordinate system OʹXʹYʹZʹ and the
static coordinate system OXYZ.
The relative velocity between water particle and floating
structure in the static coordinate system OXYZ is:

=(

(80)

The calculation method of diffraction potential is the same
as that of radiation potential. By solving the integral equation of
the diffraction potential, the expression of diffraction force is:

(86)

1

+

2

+

3

)+

×

= x1 + x2 + x3
where:

×

=

(88)
(89)

, and substitute it into Eq. (88). Then

the relative velocity is:
r

= wrx + wry + wrz = [wx – ( 5x3 – 6x2 + 1)] +

[wy –(– 4x3 – 6x1 + 2)] +[wz – ( 4x2 – 5x1 + 3)]

(90)

The wet surface of the platform is separated into a series of
differential rings, and the centres of the circles are taken as
discrete points. Based on the Morison equation, the drag force
calculating formula in the case of the ith discrete element is:

= ρCDD

(91)

The calculation formula of the drag forces of the platform
in waves is:

FDx

FDxi

FDy =
FDz

FDyi
FDzi

(92)

where N is the number of discrete elements on the platform.
The calculation formula of the drag moments of the platform
in waves is:

MDx = FDzy – FDyz
MDy = FDxz – FDz x
MDz = FDyx – FDxy

(92)

When the relative velocities are calculated, the velocities
of the platform are required. Therefore, the formulas of wave
drag forces are linked with the differential motion equations of
the floating structure, and the time iteration of the differential
equations is carried out. Then the drag forces of waves on the
platform can be calculated.
Second-order wave forces
The wave force on the platform includes not only the firstorder wave force calculated above but also the second-order
wave force. The second-order wave forces consist mainly of
the mean drift force, the sum-frequency wave force, and the
differential frequency wave force [20].
There are two methods of calculating the mean drift force,
including the near-field method and the far-field method.
The near-field method is based on the direct solution of the
waterline surface and object area components to obtain the
average drift force for the six degrees of freedom of the platform.
The far-field method is achieved mainly through the law of
conservation of energy. In contrast, the far-field method can
only result in the calculation of the platform’s component in
the horizontal plane. The near-field and far-field formulations
of the mean drift force are given separately [21, 22].
The near-field equation for mean drift force is:
(94)

drift force calculated by the near-field method on the motion
response of the TLP.
The expression for the second-order force [21, 22] can be
expressed as:
2

F (2) = ρд η(1) ndΓ – ρ

(ϕt(2) +

( ϕ(1))2)ndS

(98)

The above equation is bounded using second-order
bypassing-radiation theory, and the standard form of the
second-order force calculation equation:

F (2)(t) = A21 fd(ω1) + h{A21 f+(2)(ω1, ω1)e–2iω1t +
A22 f+(2)(ω2, ω2)e–2iω2t + 2A1A2 f–(2)(ω1, ω2)e–2i(ω1–ω2)t +
2A1A2 f+(2)(ω1, ω2)e–2i(ω1+ω2)t} + A22 fd(ω2)

(99)

where fd is the normalised mean drift force; f+(2) is the secondorder transfer function (QTF) of the normalised sum-frequency
force; f–(2) is the second-order transfer function (QTF) of the
normalised difference frequency force; ω1 and are the ω2 wave
frequencies of the two incident waves; A1 and A2 are the wave
amplitudes of the two incident waves respectively.
In this paper, the frequency domain solution of the secondorder force is calculated based on the HydroD module, including
the average drift force fd and the second-order transfer function
(QTF) of the sum-frequency force and differential-frequency
force, respectively, and embedded in the coupled TLP model
compiled in this paper to obtain the TLP motion responses
under the influence of the second-order wave forces.
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ABSTRACT

The design of lifting blade shapes is a key engineering application, especially in domains such as those of marine
propellers, hydrofoils, and tidal energy converters. In particular, the excitation frequency must be different from that
of the structure to avoid resonance. The natural frequency in the cases where the fluid–structure interaction (FSI) is
considerably different if considering the coupling added mass (AM) of the water. In this study, vibration experiments
were performed using a real propeller in air and water. The modal parameters, natural frequencies, and mode shapes
were determined. Validations were performed using 3D solid and acoustic elements in a direct coupling finite element
format. The modal results and AM ratios were in agreement with the experimental results. Convenient application and
high efficiency are basic requirements for an engineering application. Therefore, an empirical formula was established
for the first-order FSI natural frequency to enable rapid estimation, thereby satisfying this requirement.

Keywords: Fluid–structure interaction, Real propeller vibration experiments, Direct coupling, Finite element method, Added mass ratios.

INTRODUCTION
As a key component of ship propulsion systems, the
propeller represents a valuable technological advancement
to supply the propulsion power. When a propeller rotates, it
acts as a reactive thruster and pushes a mass of fluid astern.
Several key technical aspects of propellers have been described
by Carlton [1], pertaining to energy-saving, propulsion,
centrifugal force and hydrodynamic force, cavitation, and
noise and vibrations, among others. Recently, Król [2]
reviewed the topics of rotor–stator propulsor system design
and operation, described the current state of the art and
summarised various researchers’ results from installing
energy-saving devices. The analysis has proved very useful,
giving the expected trend of a higher efficiency gain due

to the ESD installation for a higher propeller loading. Our
present work is focused on the fluid–structure interaction
(FSI) vibrations of an actual propeller obtained from an
inland river ship, with emphasis on the modal parameters
and reduction coefficients of the frequencies.
When the excitation frequency coincides with the natural
frequency of the structure, the structure may exhibit a high
level of vibrations that may lead to structural fatigue and
failure. When a propeller immersed in a fluid oscillates,
the surrounding fluid may cause the natural frequencies
to be lower than those in air. The current propeller design
is improving with novel designs that are different from the
conventional processes. Therefore, we consider whether
assigning a reasonable approximation can avoid the vibration
resonance of the blade in a water medium, particularly in the
initial design stage.
POLISH MARITIME RESEARCH, No 3/2021
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Academics have attempted to examine the FSI through
experimental, theoretical, and numerical simulation
approaches. For instance, the original tests were performed
during World War II [3], considering approximately 50
models of the 3-bladed KCA series and several models of
the KCC and KCD series. The most extensive data correspond
to a collection of propeller models that were tested at King’s
College 60 years ago [4]. Parsons et al. [5] used the 3D lifting
line method coupled with the 2D unsteady thin foil theory to
examine four-blade Wageningen B-Series propellers vibrating
because of unit heave or unit pitch oscillations. Hyloarides
and Van Gent [6] tested B-series propellers using the lifting
surface method. Zhao et al. have performed independent
studies in the field of FSI vibration analysis since the 1990s
([7], [8], [9]), with their contributions covering the theory,
experiments, and numerical algorithms.
The concept of the added mass (AM) was generalised by
Korotkin [10], and this aspect was considered to reduce the
frequencies of free oscillations. Eq. (1) was used to determine
the added mass coefficients analytically, with reference to
the fluid density and total kinetic energy outside of the
surface. Thereafter, Ghassemi and Yari [11] applied Eq. (1) to
numerically examine the FSI sphere, ellipsoid, and propeller.
However, the derived AM coefficient matrix corresponded
only to the first-order natural frequencies.

ɉ ൌ െߩ ඵ

߲߮
߮ ݀ܵ
߲݊ 

(1)

More advanced equipment has been used to measure
underwater propeller vibration, such as the laser Doppler
vibrometer (LDV), scanning LDV, and tracking LDV.
Castellini and Santolini [12] performed LDV testing on
a naval propeller rotating underwater and compared the
time histories of various rotational speeds during operation in
)
Direct Coupling
Structure, FEM

Fluid, BEM/FEM

Coupling

Freq.,
Disp.,
Pres.,
...

Indirect Coupling
Structure, FEM

Fluid, CFD/BEM

Converg. Freq.,
Disp.,
Pres.,
...

water and air. Abbas et al. [13] obtained LDV measurements
to perform an underwater propeller vibration analysis.
Guangnian [14] used particle image velocimetry technology
to study the characteristics of the tip flow field of a DTMBP4119 propeller in a large cavitation tunnel.
Numerical analyses and experiments are often conducted
in a synchronous manner. For instance, as described by
Vaz et al. [15], several institutions have used eight different
codes, specifically, ANSYS CFX®, ANSYS Fluent®, Excalibur,
FINETM/Marine, OpenFOAM, PROCAL, ReFRESCO, and
Star CCM+®, to simulate the propeller cavitation dynamics.
Computations for the DTMB-P4119 model were carried out
by Nouroozi and Zeraatgar [16] in symmetric flow using
FLUENT, and validated by the available experimental data.
Nadery and Ghassemi [17] used STAR-CCM+ to calculate the
hydrodynamic coefficients of the propeller NACA0006, and
discussed the propeller in oscillating flows with and without
a stator. Zhang et al. [18] applied RANS onto geometrically
similar propellers in cavitation predication, and discussed the
influences of the mesh density and time steps. A meaningful
numerical solution may be achieved by combining the error
estimates in simulations with the uncertainty quantification
realised in the experiments. Furthermore, when experimental
data are not available, numerical simulations may be a worthy
alternative choice.
The simulation of FSI is a highly specific topic in
computational mechanics, as reported by Sigrist [19], and
can provide a general framework to classify various coupling
phenomena. For this FSI vibration problem, two approaches
can be recognised in the numerical simulation, as shown in
Fig. 1: the direct method (using fluid–structure coupling
codes) and the indirect method (coupling fluid and structure
codes).
The governing equations of FSI are formulated as a unique
coupled system in the direct method. The structural deflections
of the propeller and resulting hydrodynamic forces lead to
Fluid-structure Codes
Accuracy
Stability
ALE formulation
Difficult,
Not for highly nonlinear,
...

Fluid & Structure Codes
Robustness
Efficiency
Different discretisation,
Approximation,
Instabilities, ...

Fig. 1. Numerical simulation: coupled fluid–structure and fluid and structure code coupling [19]
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changes in the structural response, which are described as
a set of coupled equations. Suo and Guo [20] applied the
3D hydroelasticity theory for propeller vibrations in water
and incorporated the findings into finite element codes to
determine the natural frequencies. Lin and Lin [21] performed
the hydroelastic analysis of propellers based on a coupled 3D
non-linear FEM and non-cavitating lifting surface method.
In general, the finite element (FEM) and boundary element
(BEM) methods can be combined as a promising numerical
technique to address vibro-acoustic coupling. Zou et al. [22]
extended the coupled FEM/BEM, taking into account the
effect of the shaft. Li et al. [23] investigated the effects of
the excitation frequency and inflow velocity on the added
mass and damping of elastic marine propellers, by using the
coupled FEM/BEM method.
In the indirect method, the simulations are primarily
based on an iterative procedure. The governing equations
of the fluids and structures are solved separately. Coupling
helps realise the exchanges between two codes. The
hydrodynamic forces are computed and added onto the
blade surface, and are subsequently affected by the structural
responses. The iterative procedures are implemented for the
fluid pressures and structural responses sequentially until
convergence. Using ABAQUS®, Young [24], [25] examined
flexible composite propellers with large deformations and
determined the hydroelastic pressure by using the BEM
algorithm. Subsequently, the iterations were implemented
until convergence was attained between the BEM and FEM
solvers. He et al. [26] developed a 3D FEM/computational
fluid dynamics (CFD) coupling algorithm to investigate
the natural frequencies, mode shapes, and hydrodynamic
load coefficients of a highly skewed propeller. Lee et al.
[27] introduced a BEM-FEM (ABAQUS)-based algorithm
to predict the unsteady thrust and torque coefficients for
flexible propellers. Neugebauer et al. [28] analysed the FSI of
propellers by using a CFD-based method. Kapuria and Das
[29] analysed and optimised the hydrodynamic performance
of a composite propeller through FEM/CFD coupling.
Several basic mode shapes are illustrated in Fig. 2. The
existing reports [1] indicated that the vibration modes are
usually dominated by whipping and torsion, and no lateral
deformation occurs. In this scenario, the structure exhibits
a strong anti-lateral inertia, and the fundamental mode
corresponds to the first-order whipping case.

a) 1st whipping

b) 1st torsion

The FSI phenomenon is not only of academic interest, but
also has practical significance. For instance, in the case of
emerging marine propellers, there are few numerical codes in
wide use and many aspects have not been sufficiently clarified.
The change in the natural frequency in different media (air
and water) is of particular significance. It is unclear whether
the frequency reduction can be considered as a set of numbers
characterising the intensity of the coupling or if certain laws
exist for simple applications, as reported by MacPherson et
al. [30] in a semi-empirical fashion.
In contrast to these studies, in the present work, an actual
propeller was considered. In particular, experiments provide
meaningful practical data for physical insight and code
verification. Three main categories of FSI research challenges
were considered in this work. In the theoretical context, the
mathematical formulation of the coupling was established
in a unique finite element format. A transfer function was
used to define the impulse response relationship of a physical
system, and this frequency response function (FRF) was
explained to enhance the basis of the experiments. The
measurements conducted in the experiment helped define
the device characteristics and system settings. The natural
frequencies and mode shapes of a real propeller were identified
through impact hammer testing. The physics of FSI oscillation
coupling effects has been fully understood by the existing
soft ware tool, which can corroborate the experimental results.
Finally, an empirical qualitative expression was presented for
the FSI first-order natural frequency estimation. By using
this formula, an engineer can predict the FSI vibration. The
expression can probably be used to promptly determine
whether the excitation frequency has fallen into the resonance
frequencies or not, during the concept design stage.

FOUNDATION AND ALGORITHM OF FSI
PHYSICAL MODEL AND ASSUMPTIONS

The FSI is recognised as an inter-field relationship, the basic
mechanism of which can be described as follows: the flow
may induce a fluctuation in the pressure and/or deformation
and velocity of the structure. Moreover, the structural motion
may change the flow condition at the interface with the fluid.
The f luid momentum
(Navier–Stokes) and
continuity equations can
be simplified to obtain the
convective wave equation
by considering t he
following assumptions:
(1) The f luid is
compressible
and
irrotational, and the
pressure disturbance of
c) 2nd whipping
d) 2nd torsion
the fluid is small.

Fig. 2. FSI propeller blade modes [1]
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(2) No body force or viscous stresses exist.
(3) The components of the hydrodynamic forces and
inertial torques act on a propeller placed arbitrarily in
an immovable fluid.
(4) The propeller is immersed sufficiently deep in water; thus,
the influence of the water surface can be excluded.
In the existing studies, two code combinations (such
as the FVM-FEM, BEM-FEM, and SPH-FEM) have often
been used to examine the FSI. However, when considering
the convenience of mesh grids, seamless transformation of
the physical information on the interface, and availability
of commercial code resources, the FEM may be the most
suitable choice. Accepting a unique coupling grid introduces
smaller errors, and the transformation may be sufficiently
accurate. The FEM can be used to compute the pressure
and velocity fields at arbitrary interior/exterior points. The
following section describes the mathematical algorithm.
For conciseness, only the key equations and matrices are
presented.

ଶ  െ

డఘ
డ௧

 ߩ ή ߘݒ ൌ Ͳ, where i = 1, 2, 3

ଶ ൌ
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(2)

(3)

(4)

where
ρ is the density of the fluid;
vi is the curl of the perturbation velocity;
p and p denote the density and pressure;
c0 is the sound velocity in the fluid, assuming a constant
entropy.
By substituting Eqs. (3) and (4), the governing equation
can be obtained. Consequently, Eq. (2) can be rewritten in a
general form as Eq. (5):
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(6)

The boundary conditions must be specified on the surfaces
and infinity. Therefore, the wave equation of Eq. (5) is
supplemented as follows:
(1) Impenetrability of the infinite boundary condition.

߲
ൌͲ
߲݊

(9)

(2) Free surface condition: The disturbance caused by the
body moving through a fluid that is initially at rest decays
to zero. This condition is also known as the Sommerfeld
boundary condition [31].

߲ሺ௧ሻ ܿଶ ߲ ଶ 
 ή ଶ ൌͲ
߲ݖ
݃ ߲ݐ

We assume a small compressibility, taking into account
that the density changes owing to the elastic deformability
related to the pressure changes, and obtain the following
state equation:

݀ ൌ ܿଶ ή ݀ߩ

߲ଶ
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and p is the potential of the fluid pressures, owing to which the
potential flow problem satisfies the superposition principle.
Typically, in stationary solid conditions, both the normal
and tangential velocities reduce to zero. The fluid viscosity
is neglected; and the no-slip boundary condition cannot be
enforced on a structure–fluid boundary. Therefore, as the
boundary limit, the normal component of the velocity is
continuous, as indicated in Eq. (7), and the pressures and
stresses are continuous on the surface, as indicated in Eq. (8).

The governing equation of the momentum conservation
can be expressed as in Eq. (3).

ߩ ή

(5)

where

GENERAL FEM ALGORITHM FOR THE FSI COUPLING
SYSTEM
The motion of an ideal compressible fluid can be described
as a wave equation. If the density indicates the balance of the
mass flow entering and leaving, and an infinitesimal control
volume equals the rate of the change in the density, the mass
conservation can be described as in Eq. (2).

ͳ ߲ଶ
ή
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ܿଶ ߲ ݐଶ

(10)

The theorem of the ‘variational principle’ can be used to
match the conditions of the geometry relation and continuous
boundary conditions of the normal velocity and stress.
According to the Galerkin principle, an identical form can
be generated to that obtained by minimising the variational
principle. Therefore, there exists a weak form in Eq. (11), in
which the stabilising terms are integrated by parts, along with
the boundary integral. In other words, for equilibrium to be
ensured, the total potential energy must be zero for variants
of the admissible displacement.
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The weighted integral formulation of the structure can be
expressed as in Eq. (12) [32]:
ඵ ߩ௦

߲ଶݑ
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(12)

The integral equations are simply statements of this
variation with respect to certain variables. The variational
principle specifies a scalar quantity such as p (pressure).
Subsequently, the displacement can be approximated using
the differential operators.

(13)

ഥ denote the shape functions of the pressure and
where N and ࡺ
displacement, respectively; p denotes a set of pressures of the
fluid; and u denotes the displacement at the structural node.
We substitute the approximation presented in Eq. (13)
into Eq. (11) and differentiate with respect to the stationary
equilibrium. The approximation allows the use of the integral
forms obtained elementwise and final form generation.
Therefore, the FSI structure vibrations can be represented
as a hypothetical set of displacement and pressure variables
(u, p) in Eq. (14), for an undamped system [33], [34].
Create the structural
components of the propeller

Mesh the propeller using the
structural element SOLID 98
L
P

R
Q

(14)

where Q is the FSI matrix, with the element matrix being
ܳ ൌ ߩ  ܰ ் ܰ݀ܵ ; Mf and Kf denote the mass and stiffness
matrices of the f luid, with their element matrices
ܯ ൌ 

ଵ
బమ

ଵ

ܰ ் ܰ ܸ݀   ܵ݀ܰ ் ܰ and ܭ ൌ 


డே డே
డ௫ డ௫

ܸ݀,

The equation of motion for free vibration leads to the
solution of the natural modes, for which the right side of the
coupling functions is zero. Thus, Eq. (14) can be converted
to Eq. (15).

ܯୱ
߱  
െܳ
ଶ

Ͳ ݑ
ܭ
൨ቄ ቅ ൌ  ୱ
ܯ 
Ͳ

ͳ
ܳ ݑ
ߩ  ቄቅ
ܭ

(15)

The mass and stiffness matrices in an FSI system are
asymmetrical and full, respectively: The stiffness matrix
remains sparse with a limited bandwidth, whereas the mass
matrix is densely populated.
Create the fluid domain
surrounding the propeller
In general, Eq. (15) can be
made symmetrical by using
the subspace method or
Lanczos iterative approaches,
Mesh the fluid with the
acoustic elements FLUID 30
P
as described in handbooks
O
M,N,O,P
M
[32], [33]. The coupled dynamic
N
equation
can be converted into
I
L
K,L
K
I
a
generalised
eigen solution of
J
J
Eq.
(16).
Default element coordinate system
Tetrahedral option
X

I

Z

K
M

X
Z

ͳ
ܳ ݑ
ܨ
ߩ  ቄ ቅ ൌ ቄ ୱ ቅ
Ͳ
ܭ

Y

O
Y

Ͳ ݑሷ
ܭ
൨൜ ൠ   ୱ
ܯ ሷ
Ͳ

respectively; and Ms and Ks denote the mass and stiffness
ഥ ܸ݀
matrices of the structure, with ܯୱ ൌ ߩ ୗ തതതത
்ܰܰ
and ܭୱ ൌ ܸ݀ ܤܦ ்ܤ , respectively.

ሺݔǡ ݕǡ ݖǡ ݐሻ ൎ  ܰ ሺݔǡ ݕǡ ݖሻ  ሺݐሻ ൌ ࡺ
ഥ ሺݔǡ ݕǡ ݖሻ ݑ ሺݐሻ ൌ ࡺ
ഥ ࢛
ݑሺݔǡ ݕǡ ݖǡ ݐሻ ൎ  ܰ

ܯୱ
 
െܳ

N
J

ሾܯᇱ ሿሾߖሿሾ߉ሿ ൌ ሾܭୱ ሿሾߖሿ

Select the coupling area for the
fluid pressure load vector, and setup
boundary conditions

where [Ψ]is the eigen-vector
matrix, that is, the mode shape,
ሾߖሿ ൌ ሾሼ߰ଵ ሽǡ ሼ߰ଶ ሽ  ڮሼ߰ ሽሿ, and
[Λ] represents the eigenvalues,
that is, the natural frequencies.
From t he t heoretica l
standpoint [33], the condensed
(u, p) formulation can describe
the physical nature of the
vibro-acoustic coupling. After
solving this formulation, the
hydro pressure and induced
structural deformation owing to
the pressure can be obtained in
one step. Moreover, a computer
program employing the same

Coupled acoustic fluid-structural System with
asymmetrical matrix will be generated in
ANSYS for Full Harmonic Analysis
߱2 

ܯs
െܳ T

0 ݑ
ܭ
൨ቄ ቅ =  s
ܯf 
0

(16)

1
ܳ ݑ
ߩ0  ቄ ቅ
ܭf

Enter solver, set the specified modal
analysis option as asymmetric matrix

Post-process: list the eigenvalue and show
the modal shape.

Fig. 3. Flowchart of the structure-fluid coupling analyses in ANSYS
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standard operations can enable an evaluation of the quantities
analogous to the calculations.
ALGORITHM OF THE ACCELERATION FRF

ஶ

λǡ
Ͳǡ

ሾܪሺ߱ሻሿ௫ሷ ൌ 
ୀଵ

The FRF reflects the data transforms between the input
excitation and output response in the frequency domain. The
FRF is composed of the sum of motions of all the modes of
vibration that have been excited, as the system is assumed to
behave in a linear manner. A ‘perfect’ impact has an infinitely
short duration, resulting in a rich spectrum. The ‘impulse’
input is considered commonly as a δ function, as indicated
in Eq. (17).

ߜሺ ݐെ ߬ሻ ൌ ቄ

ே

ͳ ߱ଶ ܣ ܣ
ܭ ͳ െ ሺ߱Τ߱ ሻଶ

(21)

where ψi (and ψj) denote the normalised phase associated with
the order of the points, which is the ith mode; ω and ωi are
the circular frequencies; Ki is the generalised stiffness matrix;
and ܣ and ܣ denote the amplitude of the phase shift {ψi} at
the point r and l, respectively.
In this manner, a large amount of modal information
is contained in the transfer function, and it can be used to
realise the mode recognition. This aspect is the principle of
the ‘impact hammer test’ for the resonances.

ݐൌ߬
ݐൌͲ

න ߜሺ ݐെ ߬ሻ݀ ݐൌ ͳ

(17)

ିஶ

The duration is directly linked to the frequency content
of the force excited. The transfer operation is defined as the
Fourier transform of the time-domain differential equation
to the equivalent frequency domain algebraic equations. The
input function f(t) satisfies the Dirichlet condition, and thus
F(ω) can be computed using Eq. (18).
ஶ

ͳ
݂ሺݐሻ݁ ିఠ௧ ݀ݐ
ʹߨ
ିஶ

ܨሺ߱ሻ ൌ  න

(18)

The transform matrix is defined as ሾܪሺ߱ሻሿ௫ሷ in Eq. (19),
representing the appropriate FRF between a unit force and
the response acceleration.

ሾܪሺ߱ሻሿ௫ሷ ൌ

൛ܺሷሺ߱ሻൟ
ሼܨሺ߱ሻሽ

MODAL TESTING OF THE PROPELLER
(19)

where ൛ܺሷሺ߱ሻൟ is the acceleration response and ሼܨሺ߱ሻሽ is the
excited force.
The frequency domain parameter estimation uses data
directly in the frequency domain. The impulse response
function can match the multi-DOF free vibration physically.
ே

ሾܪሺ߱ሻሿ௫ሷ ൌ 
ୀଵ

ͳ ߱ଶ ሼ߰ ሽሼ߰ ሽ்
ܭ ͳ െ ሺ߱Τ߱ ሻଶ

(20)

The weighting, often known as the modal participation
factor, is a function of the excitation and mode shape
coefficients at the input and output degrees of freedom.
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Fig. 4. Mechanical system for the modal testing of a real propeller
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Successful testing depends on several factors, and the
hardware and equipment represent a key aspect, pertaining
to the operator’s communication link to the analyser. Fig. 4
shows a schematic of the construction of our test system.
The approximate natural frequencies and a rough estimate
of the corresponding mode shapes were first determined by
measuring a series of FRFs. A multi-input and single-output
approach was used. If n points are struck, the normalisation
is based on the ith largest point through the transfer functions,
and the normalised results are connected in the order of
the points, corresponding to the ith mode. In the approach,
a frequency domain model of the structure was used in
conjunction with the FRF measurements.
To implement suitable rectifications, the following steps
were performed: the first step involved signal generation.
After the shaker trigger was armed, the force by the impact
was recorded by the acceleration sensor. The analyser
was initialised, and it acquired the signal once the force

transducer operated. The acceleration response corresponded
to the externally mounted stores, when the accelerometer
measurements at a single point within the store were available.
The output voltage, external electric load resistance, and
excitation frequency were measured and recorded.
The second step involved data acquisition and signal
processing operations. The signal source supplied for signal
conditioning was an alternating current voltage, converted
from the mechanical vibration energy. The signal amplifiers
converted the outputs to analogue voltages. The end of
the charger amplifier was connected to a data acquisition
equipment. The Data Auto Sample and Process System (DASP)
software was used to perform the signal analysis and data
acquisition at the interpolated points. Finally, the modal
parameter identification was performed. The measurement
functions for the averages and the frequency response analysis
or spectrum analysis were realised using the analyser. In
general, the DASP software includes the built-in FFT codes
to determine the natural frequencies and display the mode
shapes, and it can calculate the corresponding least squares
error.
To implement these advanced experiments, state-of-theart testing technologies were required, along with expensive
equipment. The cost of these aspects can easily be justified
because the impact hammer test is the most cost-efficient
and effective experimental approach.

the grids and perform factory laser equipment measurements
during the test preparation, which was expensive and tedious.
The measured points corresponded to the intersections of
the grid to be input into ANSYS® to provide an accurate
representation of the propeller shape.
Excitation points澳

Experimental cell澳

Thickness
measuring grids澳

Cell geometry澳

Fig. 5. Distribution and labelling of the test points on the propeller blade

INPUT AND SIGNAL COLLECTION EQUIPMENT

Weight

77.30

kg

In general, a shaker is used to trigger the propeller with
broadband random noise. Triggering can be performed
for automatic re-arming after each trigger to ensure that
several hammer impacts can be realised sequentially and
averaged without the need to interact with the signal
analyser. A hammer, MSC-1, was used to excite an impulse
signal, and its details are presented in Table 2. The shaker
generated a voltage signal proportional to the exciting force.
A transducer was fixed at the end of the shaker. The shaker
amplifier gain was linearly proportional to the excitation
acceleration amplitude.
Impact tips with different hardness values were selected
to be used with the hammer for the considered measurement
frequency range. When low frequency measurements were
required, a soft rubber tip was used, and when high frequency
measurements were required, a hard metal tip was used.

Propeller diameter, D

0.562

m

Tab. 2. Technical specifications and details of the hammer

PROPELLER SPECIMEN
It is more meaningful to use a real propeller, because
not only can the practical appearance help discover the
physical phenomena, it can also provide a reference for the
virtual digital world. The propeller geometry and material
characteristics are listed in Table 1.
Tab. 1. Propeller data
Propeller type
Number of blades
Material

MAU 4-40
4
Ni-Al-Bronze Cu-3

Hub diameter, Φ

0.11

m

Hub depth, h

113.0

mm

Diameter of hub hole, r

30.0

mm

Propeller pitch ratio

0.688

Expanded area ratio (EAR)

0.54

Skew angle

10˚

A symmetrical structure was employed to simplify the test,
as the modes would also be symmetric. As shown in Fig. 5,
a quartered propeller was selected and labelled. The testing
propeller is a real propeller obtained from an inland river
ship, which can ensure authentic measurements. Moreover, it
was challenging to access certain locations and determine the
thickness of the blade. Therefore, it was necessary to scratch

Type
Force measurement, (N)

MSC – 1
0–500

Sensitivity, (mV/N)

10.0

Resonant frequency, (Hz)

20 k

Impedance, (Ω)

< 100

Dimensions of hammer, (mm)
Weight, (g)

POLISH MARITIME RESEARCH, No 3/2021

18 × 40
50
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The accelerometer was the proximal signal gain equipment,
which measured and recorded the accelerations. After the
trigger was armed, the accelerometer waited for the impact
to occur and started acquiring the signal data. The entire
impact waveform was captured in one timeframe. INV9822
was the piezoresistive accelerometer, coated at the blade tip
position. In general, accelerometers work on a principle of the
inertia force of the mass acting upon an actual spring element,
the acceleration of which is measured using strain gauges
made of semiconductor material, and the device requires
a low voltage supply. INV9822 has a diameter of 30 mm, and
height of 50 mm, and the additional technical specifications
are presented in Table 3.
Tab. 3. Types and technical specifications of the accelerometer
Type

INV 9822

Charge sensitivity, (mV/g)

100

Weight, (g)

50
2

Resolution ratio, (m/s )
Frequency response, (Hz)

0.0005
0.5–8.0 k

Resp. freq., (Hz)

> 25 k

Impedance, (Ω)

< 100

The data were supplied in analogue form; however,
the digital instrument enabled signal processing through
the analogue-to-digital conversion. The closed-loop system
involved a four-channel digital signal processor, 306DF, which
supported automatic active channel detection for the oneman calibration functionality. In general, the processor is
a stand-alone unit with a frequency of 0–20 kHz. Because the
system was assumed to behave in a linear manner, the FRF
was composed of the sums of the resonance curves for each
vibration mode. The processor could process the quantities in
the form of a string of discrete values. Modal analysis transfers
were intuitive to perceive. The common frequency response
function analyser could be implemented through a tuneable
narrow-band filter. Three impact events were performed at
a point to perform averaging; nevertheless, the process was
rapid.
The analysis software included a pre-process tool to assign
the geometry data to points on the structure. The software
could be configured with various levels of memory, displays,
and data storage, and the measurement system was ensured
to have sufficient channels to simultaneously record all the
responses. The propeller resonances could be determined
in this manner.

MEASUREMENT AND RESULTS
TEST CONTROL STRATEGIES
A more sensitive measuring system is better to acquire
the signal. However, in certain cases, the results may be
unsatisfactory, resulting in the vibration levels at certain
frequencies being excessively high or low. Note that an
experiment is affected not only by the properties of the
equipment, but also by the measurement system itself.
The features must be considered in terms of the aliasing,
leakage, windowing, filtering, zooming, and averaging. The
accuracy of the measurements can be controlled to a large
extent by the time spent in analysis, and this aspect must be
considered during testing. For instance, a pre-trigger should
be set correctly to ensure that the impulse on the points is
captured immediately before the trigger is activated. A nearly
perfect measuring system must be used when the charge
amplifiers match well with the accelerometers and recording/
displaying instruments.
In this work, the electrical devices were connected in series.
The essential characteristic for the charge amplifiers (7021) is
that they must have an extremely high input impedance. The
dynamic signal analyser can automatically read the DOF and
apply to the numbers with the correct directions. A charge
amplifier was used at low frequencies, and the overall gain
or sensitivity was thus independent of the transducer cable.
Type 7021 and INV9822 require a low voltage power supply
to be fed to the transducer; however, notable advantages can
be attained in terms of a lower sensitivity to cable noise and
fragility.
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The aforementioned experiment strategy was used to
obtain the natural frequency of the propeller in air and water.
The presence of turbulence was ignored. The modal parameter
estimation was based on the assumptions that the system was
linear and stationary. The following steps were performed to
configure the measurement system.
FREQUENCY RESPONSE MEASUREMENTS IN AIR
An accelerometer was placed at a certain position to
capture the responses, specifically, point no. 45 at the tip
of the blade. The accelerometer was attached with a stud
adhesive. A total of 77 excitation points were selected from
the scratched points on the propeller surface (shown in Fig. 5).
These points were also input into the DASP.
For the vibration experiment in air, the entire process was
performed at room temperature, as shown in Fig. 6. Note that
it is difficult to fix the structure to the ground in real life. As
shown in Fig. 6, this problem was overcome by physically
fixing the hub between a steady disc and steel platform. In
this manner, the displacements and rotations were set to
nearly zero.

air. Single-point excitation and single-point response were
recorded. Triggering was implemented for the analyser to
start capturing data until an event occurred, such as the
impact of the impact hammer. The mode shape in water was
assumed to be identical to that in air. The sensor signals were
protected against electromagnetic interferences by connecting
the signal amplifier through shielded cables.

Data acquisition system
Charger amplifier澳

Shaker澳
Test points澳

Accelerometer澳

Steady disc澳
Accelerometer澳

Steel platform澳

Fig. 6. Propeller ‘hammer impact’ vibration experiment under laboratory
condition

Various modes of oscillation were captured simultaneously.
Fig. 7 illustrates the experimental frequency: the measured
response amplitude values were plotted as the solid curves,
and the natural frequencies were determined using the
scattered scanning research, indicated by the dashed lines.
The geometry input allowed the generation of the wireframe.
Typically, the model is created such that all points on the
model correspond to the structure. Full 3D visualisation of
the test is shown in Fig. 11.

Heavy suspension澳
Fig. 8. Single-point excitation and single-point response experiment in water

In water, the structure was suspended and thus could not
be regarded as being fully rigid. Nevertheless, as shown in
Fig. 8, we could realise a sufficiently heavy suspension to
approximate the necessary grounded condition.
The natural frequencies obtained through the DASP are
shown in Fig. 9.

232.84 Hz
1120.7 Hz

988.8 Hz
712.9 Hz

500.5 Hz

Fig. 7. Magnitude of the propeller response of the natural frequencies in air
Fig. 9. Magnitude of the propeller response of the natural frequencies in water

FREQUENCY RESPONSE MEASUREMENTS IN WATER
The experiments in water were performed, as shown in
Fig. 8, in a water body with sufficient dimensions. The hammer
could not be used to realise point-by-point excitation, as in

The natural frequency of the FSI is lower than that in air,
and the vibration of the blade is transmitted to the water,
which increases the mass of water due to the dynamic
behaviour. λ (%) in Eq. (5) reflects the frequency reduction
POLISH MARITIME RESEARCH, No 3/2021
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due to the FSI. Moreover, λ is often used to represent the FSI
added water mass.

݂௪௧
ɉሺΨሻ ൌ ͳ െ
݂

(22)

material had a density of 8.6×103 kg/m3, Young’s modulus of
120.0 GPa, and Poisson’s ratio of 0.34.
Bottle cap placed for
size comparison

After obtaining the signals of the dynamic characteristics
in air and fluid, the vibration frequency was tabulated as in
Table 4.
Tab. 4. Natural frequency of the tested propeller blade in air and water
Modes, n
1: 1st whipping
nd

Freq. in air
(Hz)

Freq. in still
water (Hz)

Reduction
ratio λ%

232.03

146.48

36.87%

2: 2 whipping

500.49

419.92

16.10%

3: 1st torsional

712.89

576.12

19.19%

4: 1 flexural

988.79

732.42

25.93%

5: 2nd torsional

1120.6

957.8

14.53%

st

As demonstrated by the experiments of the propeller blades,
the influence of the mass on the eigenvalues is dominant when
the frequencies of free oscillations and those of their fields
are reasonably close (the reduction does not exceed 40% but
is no less than 25%). It was observed that the fluid notably
influenced the reduction coefficients. When the resonance
frequency of the system increased, the mass of water around
the blade probably decreased. It is thus reasonable that the
propeller is considered to be stationary. When the propeller
rotates at a low speed, the frequency is not considered to be
notably influenced [23].

VALIDATION AND DISCUSSION
Although coupled simulations can attain reasonable
levels of accuracy and reliability for industrial and academic
purposes, for the sake of robustness, the multi-physics
algorithms offered by general-purpose codes are often
adopted considering the coupling strategies presented
earlier. Nevertheless, the code user must perform a practical
validation to validate the coupling procedures. The validation
generally requires a dedicated code to be developed, which
may be extremely expensive. Therefore, in this work, the
numerical validation was performed using ANSYS® through
the APDL, and the existing element format was configured to
add the user-defined parameters. The advantages of this aspect
are obvious: low cost and high accuracy, high universality,
and convenient analysis.
The propeller blades were considered to be a set of
symmetrical blades, with the thickness changes taken into
account. The blade root was thick, with the maximum thickness
at the middle of the blade neck. The thickness decreased from
the root of the blade to the tip. Fig. 10 illustrates the built FEM
model and the real one, which are nearly identical. SOLID
185 elements were employed to discretise the propeller. The
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Fig. 10. Propeller structure and FEM model

The frequency obtained through the 4-blade isotropic
structural computation was compared with that obtained
considering the FSI of a single blade. The finite element
model of a single blade was considered and assumed to fully
emerge into the air medium. The speed of sound in air was
defined to be 313.3 m/s, and ρo, which denotes the air density,
was set as 1.29 kg/m3. FLUID30 acoustic body elements in
ANSYS® were used to simulate the air around the propeller.
The governing equations for acoustics have been provided in
Section 2. The FSI can be mapped automatically if the acoustic
elements are adjacent to the solid structural elements. When
using the coupled FLUID30, the displacement degrees of
freedom were set as KEYOPT(2) = 0 on the interface to avoid
zero-pivot warnings. It was necessary to define all the nodes
on the interfaces. Thus, except for the nodes that lie on the
interface and move with the structure, all the other nodes were
established in space. The acoustic element on the interface
was shared with the velocities or accelerations to realise direct
coupling. The coupling matrices were discretised taking into
account the acoustic pressure and structural displacement
at the interface. We have tested that this arrangement of
elements is sufficient for the observation of the global modal
shapes, and fine division has been considered along the
leading and trailing edges.
The effects of fluid around the propeller and structure itself
were clarified, and the variables could be solved in a single
time step by using the PCG Lanczos method in ANSYS®.
The natural frequency results are presented in Table 5. The
frequencies of the full model (not considering the FSI)
were λ1 = 234.87 Hz and λ 2 = 682.6 Hz. The solution of the
model determined the free vibration of the propeller blade,
taking into account their interaction and the influence of the

surrounding fluid: λ1 = 232.67 Hz, and λ2 = 686.12 Hz. The
shape of the propeller oscillations in air was similar to that
obtained through the structure simulation. The comparison
in the last column clearly demonstrates a high agreement (see
column 4 vs. column 6).
Tab. 5. Comparisons of propeller blade natural frequency between structural
FE, FSI FE, and experimental results.
Experimental, f/Hz

Full model vibration,
f (Hz)

Diff. %

Quarter model in air
FSI, f (Hz)

Diff. %

232.03

234.87

1.21%

232.67

0.28%

2: 2 whipping

500.49

682.61

26.68%

686.12

27.06%

3: 1st torsional

712.89

756.79

5.80%

777.57

8.32%

4: 1st flexural

988.79

1275.57

22.48%

1248.38

20.79%

1120.6

1385.87

19.14%

1460.39

23.27%

Modes, n
1: 1st whipping
nd

nd

5: 2 torsional

The preceding mode shapes of the first five frequencies are illustrated in Fig. 11. The computation accuracy of the natural
frequency of the FSI single blade exhibited the accuracy of the coupling analysis.

(a).1 experimental mode shape of f1 = 232.03 Hz

(a).2 numerical result of f1 = 232.67 Hz

(b).1 experimental mode shape of f2 = 500.49 Hz

(b).2 numerical result of f2 = 686.12 Hz
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(c).1 experimental mode shape of f3 = 712.89 Hz

(c).2 numerical result of f3 = 777.57 Hz

(d).1 experimental mode shape of f4 = 988.77 Hz

(d).2 numerical result of f4 = 1248.38 Hz

(e).1 experimental mode shape of f5 = 1120.6 Hz

(e).2 numerical result of f5 = 1460.39 Hz

Fig. 11. First five natural frequencies in air and their mode shapes: (a-e).1 show the experimental results, and (a-e).2 results obtained using ANSYS®

When comparing the results, considering the computation
cost, error, accuracy and research priority, the single blade
propeller could be applied for the water FSI FEM verifications.
The fluid density of the water acoustic element was 1.03×103
kg/m3, and the sound velocity c0 in water was 1500 m/s. The
vibration response analyses were limited to relatively large
medium variations, and thus the changes in the harmonic
response were large.
Under the assumptions that were validated numerically,
the mode shapes were noted to be the same in air and water.
For the convenience of comparison, the numerical results
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of the natural frequency in water and relative differences
between these values with those obtained in the experiments
are presented in Table 6. The added mass is recognised as an
exclusive function of the body geometry, and its coefficient
is incomparably affecting the reduction of the vibration
natural frequency. The added masses effects (λi) of the FSI
are presented in Table 7. Both these data points are illustrated
in Fig. 12. The numerical modal analysis helped to identify
the problem and generated an effective solution.

Tab. 6. Coupling frequencies of the numerical analyses and experiments in water
Numerical,
f/Hz

Experimental,
f/Hz

1: 1st whipping

143.63

146.48

1.95%

2: 2nd whipping

496.15

419.92

-18.15%

Modes, n

Differences,
%

3: 1st torsional

567.44

576.12

1.51%

4: 1st flexural

1021.19

732.42

-39.43%

5: 2nd torsional

1141.09

957.8

-19.14%

CONCLUSIONS

Tab. 7. Results of the added mass related reduction factors and their absolute errors
Modes, n

Numerical λ, %

Experimental
λ, %

1: 1st whipping

38.27%

36.87%

1.40%

2: 2nd whipping

27.69%

16.10%

11.59%

Absolute
errors, %

7.83%

3: 1st torsional

27.02%

19.19%

4: 1st flexural

18.20%

25.93%

7.73%

5: 2nd torsional

21.86%

14.53%

7.33%

When the excitation force is known to coincide with
one of the natural frequencies found in the modal analysis,
the structure can be redesigned or modified to shift the
natural frequency away from the excitation frequency. The
explanation is analogous to that which explains the changes
in the oscillation frequencies of the blades, when taking into
account their interaction.

(a)

(b)

Fig. 12 (a) Natural frequencies and (b) relative frequency reduction factor
obtained using numerical calculations and experimental approaches.

After simplification, λ1 was 38.0%, which satisfied the
engineering practice values and approximately matched the
conclusion presented by Carlton [1]. Some empirical formulas
in inch units for the fundamental vibration natural frequency
of propeller blades in air have been proposed by Carlton
[1] and MacPherson et al. [30]. Modifying the formulas to
international SI units, and considering our modal analysis
in the experiment and FEM computation, the first-order
natural frequency in water can be summarised using Eq.
(23), in units of kg-mm-Hz.

݂௪௧ ൌ

݃ήܧ
ͲǤͲ
ݐҧ
ඨሺ
ሻ ή ሺ ሻ ή ܿ ή ݐ
ଶ
ߩ
ሺܴ െ ݎ ሻ
ܿҧ

where R is the propeller diameter, rh is the blade root diameter,
g is the acceleration due to gravity, E is the modulus of
elasticity, ρ is the material density, ݐҧ is the average thickness
ሺ ሻlength of the blade, t is
of the blade, ܿҧ is the average chord
h
the blade root thickness, and ch is the chord length of the
blade root..

(23)

In this paper, a modal experiment and coupling FEM were
combined to analyse the vibration characteristics of a real
propeller in air and water, to identify the vibration mode,
and to obtain the natural frequency of the structure. After
comparative and error analyses, the following conclusions
could be derived.
1) The trends obtained using the existing numerical
technology and experimental equipment were consistent.
By comparing the results, it was confirmed that the direct
coupling method employed could be used to realise
the numerical computation of the vibration of complex
underwater structures. Using the existing finite element tool,
the results obtained exhibited not only high accuracy, but low
resource consumption.
2) When the propeller vibrates at a low frequency in water,
the influence of the surrounding fluid on the frequency of
the propeller cannot be ignored. According to the results,
the relevant data were retained, and an approximation was
summarised in Eq. (23). The approximation has the advantage
of being simple to use and does not require extensive
computational resources and facilities.
3) The mode with the most obvious frequency reduction
and the largest added water mass is the first-order mode.
Most of the added water is generated by low frequency
excitation. With the increase in the frequency and decrease
in the excitation energy, the added water mass also decreases,
resulting in the decrease in λ (in other words, less water mass
will be coupled with the structure vibration).
4) Limited by the experimental conditions, errors
were introduced during the experimental process: (1)
the experimental constraint conditions were not entirely
consistent with those in the FEM simulation. Especially
for the test in water, a base or foundation on which the test
structure can be attached is challenging. (2) The contact
frequency between the knocking hammer and blade surface
may cause the fluctuation of the power spectrum. (3) An
accelerometer placed at the tip of the blade may change the
mass distribution, which notably affects the 2nd whipping
vibration shapes. All these aspects can affect the accurate
recording of the test frequency. However, FEM simulations
can overcome these physical limitations.
In addition, we demonstrated that the propeller design
depends not only on the development of technology, but
also on the feasibility of the engineering application. After
comparing the numerical calculations and experimental
results, the estimation requirements were noted to be satisfied;
these findings are practical and can provide reference for the
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propeller design. These data may help engineers design new
structures without using advanced computing devices to
determine the fundamental frequency λ1 promptly.

14. L. Guangnian, Q. Chen, and Y. Liu, “Experimental study
on dynamic structure of propeller tip vortex,” Polish
Marit. Res. 27 (2) (2020), 11–18. https://doi.org/10.2478/
pomr-2020-0022
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ABSTRACT

The article briefly describes the problem of air pollution caused by sea-going ships and the resulting restrictions on the
emission of toxic and harmful chemical compounds in the exhaust of marine engines, introduced by the International
Maritime Organization (IMO) under the International Convention for the Prevention of Sea Pollution from Ships
(MARPOL 73/78). Such emissions provide a significant metrological problem, not only for the owners of operating seagoing ships, but also for shipyards, maritime administration offices and environmental protection inspectors. For this
reason, the article’s author is developing research issues related to the diagnosing the exhaust emissions of marine engines
under operating conditions, i.e. with limited control (measurement) susceptibility. This is particularly important in the
period of intensive implementation of a new category of marine fuel, so-called modified fuels with low sulphur content.
As part of the problem, a computational model of the parameters characterising the exhaust emissions of a marine engine
in operation is presented in this article. This model is based on the measurement of the engine’s control parameters, using
a standard (stationary) measurement system and a portable diagnostic system, configured for the purpose of this research.
Presented here are representative measurements and calculation results (both obtained by the author and provided by the
manufacturer) from the chemical exhaust gas emissivity of one of the ship engines operated. These confirm the adequacy
of the calculation model developed and the diagnostic effectiveness of the measuring equipment applied. The methodology
developed for experimental testing may also be implemented for the operation of other types of marine engines, provided
that the basic chemical composition of the fuel supply and the engine load characteristics and hourly fuel consumption are
known. Moreover, there is the possibility of indicating the cylinders and measuring the chemical composition of exhaust
gases in the high-temperature part of the exhaust duct.

Keywords: marine engine, exhaust chemical emissions, diagnostic tests in operation

INTRODUCTION
Air pollution due to combustion engines currently poses
one of the greatest threats to the Earth’s natural environment.
Observable symptoms of this progressive degradation
include more violent and frequent weather anomalies, long
term climate alterations and the dramatically increasing
incidence of various types of neoplastic diseases. Taking into
account the fact that there are over 200,000 passenger flights
per year, the seas and oceans support 100,000 ships and the
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number of cars will reach 1.5 billion by 2025,1 it is possible
to approximate the total emission of engine exhaust gases
into the atmosphere for each branch of the world’s transport.
The biggest environmental problem today is the emission of
poisonous gases and particulates in the exhaust of marine
engines, fed by the lowest-quality fuels. For example, only one
in eight of the largest container ships in the world (the Mærsk
E-class type, which burns 16.7 tons of residual fuel per hour
1
The data presented do not take into account the current period
of the coronavirus pandemic.

with a nominal load of about 400 tons per day) can emit the
same amount of pollutants into the atmosphere (per year) as
50 million cars [1, 12] and this is only the proverbial ‘tip of the
iceberg’. For this reason and on the initiative of the Marine
Environment Protection Committee of the International
Maritime Organization (IMO), further amendments to
MARPOL 73/78 have been introduced, which increasingly
restrict the permissible standards of the weighted average unit
emission of nitrogen oxides (NOx) and sulphur oxides (SOx)
in marine engine exhaust gases, determined in g/kW∙h [22].
This is in addition to the schedule of their implementation in
the navigation of ships operating in international waters as
well as NOx and SOx emission control areas, which are much
more stringent [10].
Since 1 January 2013, the emission of carbon dioxide
(CO2) in engine exhaust gases has also been indirectly
reduced by defining and implementing the Energy Efficiency
Design Index (EEDI) for all new-build ships and the Energy
Efficiency Operational Indicator (EEOI) for existing ships
[14, 17, 18,20, 23]. One of the parameters of the latter indicator
is the carbon dioxide emission factor, expressed as the ratio of
the mass of CO2 emitted to the mass of fuel burnt.
As the ecological situation of the natural environment
is constantly changing for the worse, adequate preventive
measures, including technological and legislative control
measures, are necessary. Both the producers of marine fuels
and marine engines, especially shipowners (operators), have
little time to adapt to these measures. It is true that new,
improved design solutions for engine exhaust gas cleaning
systems (wet ‘scrubber’ or dry ‘sorber’ type) are appearing in
the shipbuilding market. So-called modified, low-emission
marine fuels and gaseous fuels, which are intended at
ecologically revolutionising the traditional engine propulsion
of sea-going ships, are also appearing. However, it takes many
years to positively verify their operational suitability, not
only in terms of energy and structural reliability, but also in
terms of the chemical emission aspects of the marine engines
fed by them.
Thus, at present the basic operational problem is monitoring
the amount and chemical composition of the exhaust gases
emitted by practically every marine engine with a power
above 130 kW installed on a ship built or modernised since
1 January 2000, under operating conditions. This issue does
not represent a major metrological difficulty in the case of the
chemical emission measurements of exhaust gases, carried out
as part of the engine manufacturer’s test bed tests. Such test
results are usually included in the delivery and acceptance
documentation [21]. Specialised research centres have also
been equipped with full-size, high-power diesel engines
(above 1 MW), in order to undertake research into the
emission of toxic and harmful exhaust components of new
types of marine fuel [22], or the impact of these emissions
on known and recognisable engine damage [9]. However, the
question remains as to how to deal with the implementation
of this type of research, in relation to a series engine with
low control compliance, built within a ship engine room and
equipped only with standard control and measurement units

to ensure its correct use, without the possibility of precisely
diagnosing the working process. How do we overcome the
successive metrological limitations resulting from dynamic
sailing conditions and the need to maintain the desired
parameters of the ship’s movement (course and speed)
during the measurements, which translate into frequent and
significant changes in the load of the tested engines? In this
regard, it is difficult and even impossible to comply with all
of the IMO’s metrological requirements, as described in ISO
8178 ‘Reciprocating Internal Combustion Engines – Exhaust
Emission Measurements’, when assessing marine engine
exhaust emissions under the real operating conditions of
marine engines. This is a significant research gap, there being
a marked lack of scientific publications on this topic.
For the reasons given above, this article proposes
a significantly simplified engineering approach to the issue
of making operational measurements of the quantity and
chemical composition of marine engine exhaust emissions.
A methodology for the implementation of this type of engine
research was developed with the application of appropriately
configured measuring equipment and was verified during
the cyclical diagnosis of the ship main propulsion engines
currently in operation.
Thus, the main aim of this article is to verify the elaborated
calculation model of marine engine exhaust emissions by
means of comparing the manufacturer’s results with their
own at the same values of input parameters. The article’s
second objective is to identify the effect of a high-power, fourstroke marine diesel engine fed with low-sulphur marine fuel
(RMD 80 type) on the combustion and emission of gaseous
components in the exhaust. This paper presents the results of
such examinations carried out in operating conditions.
The RMD 80 fuel implemented had previously been tested
by the author in terms of its energy, emission and reliability
consequences on a specifically designed diesel engine test bed
built on a small scale. The positive results of the laboratory
tests confirmed its suitability for powering full-size marine
engines [7, 8].

RESEARCH METHODOLOGY AND
APPLIED MEASURING APPARATUS
A MAN Diesel 10L32/44CR engine was selected to evaluate
the exhaust’s chemical emission in operating conditions. This
is a large, four-stroke, medium-speed, common rail, electronic
fuel injection marine diesel engine that is widely used by fleets
across the world. A general view of such an engine installed
in a ship’s engine room is shown in Fig. 1. Table 1 summarises
the values of the basic parameters using an example copy of
the marine engine type considered, recorded during tests
with the manufacturer’s dynamometer. In the experiment,
the engine operating conditions were controlled and their
related parameters were monitored by means of the ship’s
standard measurement system as well as a portable diagnostic
system (Fig. 1).
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Fig. 1. General view of MAN Diesel 10L32/44CR engines installed
in a marine power plant, along with a portable diagnostic system
applied to exhaust emission operational tests

The operational testing method for marine engine exhaust
emissions is based on the calculation model (Fig. 2), in which
the input parameters are represented by the engine’s basic
parameters (indicated power Pi and total fuel mass flow
) as well as the engine control parameters determined
fuel
from the measurement of the exhaust gas composition.
These parameters include the excess air coefficient λ
and the volumetric fractions r of the following chemical
compounds in the exhaust gas: CO2, CO, NOx, SOx and HC.
Unit emissions e of the basic toxic and harmful gases in
the engine exhaust (expressed in g/kW∙h) and their weighted
average ē were determined in relation to the assumed engine
load distribution. W% stands for the output values of the
model. The approximate chemical composition of the fuel,
determined by the mass fractions of carbon C, hydrogen H,
sulphur S, nitrogen N and oxygen O as a ballast as well as the
crankshaft rotational speed nCS and mechanical efficiency ηm
of a given engine type at a given indicated power Pi represent
the constant values of the model.
A detailed algorithm for the implementation of individual
calculation procedures is presented in Fig. 3.

Tab. 1. Examples of basic parameters of a MAN Diesel 10L32/44CR engine
No.

Engine
load

Pe/nCS /nTC

fuel

SFOC

kW/min-1/min-1

kg/h

g/kW∙h

1

nominal

5588/749/23440

1,041

186.3

2

0.75 nom.

4201/750/21080

795

189.2

3

0.51 nom.

2828/750/17980

555

196.3

4

0.25 nom.

1402/750/12070

299

213.3

Fig. 2. Calculation model of exhaust emissions of a marine
engine in operation

Fig. 3. Calculation block algorithm for determining the load characteristics of the chemical emissions in the marine engine’s exhaust
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Fig. 4. Elements of the system diagnosing the working spaces of a marine engineby means of an electronic cylinder pressure indicator: a) schematic diagram;
b) method of mounting the electronic indicator of the LEMAG PREMET C type (along with a pressure transducer) on the indicator cock and the vibration
acceleration transducer on the nut fixing the head cover (from the inlet valve side); c) method of mounting the laser sensor of the rotational speed of the engine
output’s shaft. 1 – angular position sensor of the crankshaft; 2 – cylinder pressure sensor; 3 – vibration acceleration converter [6]

The key metrological issue in the proposed method
of determining the exhaust emissions of the ship’s main
propulsion engine under ship conditions, according to the
developed calculation model, is the precise determination
of the engine’s effective power Pe in representative steadyload conditions. The engine load distribution results from the
accepted E2 or E3 test are described in the ISO 8178-4 standard
recommended by the IMO. In the case of the considered
ship’s main propulsion engine type, it operates at a constant
crankshaft rotational speed of 750 min-1 driving the set screw;
according to the E2 test, the distribution of the applied loads
is closer to its actual operating conditions.
There are two methods of determining the effective power
in the operation of the main propulsion engines:
tPOUIFCBTJTPGUIFSFTVMUTPGUIFTJNVMUBOFPVTNFBTVSFNFOUPG
the torque and the rotational speed of the engine’s output shaft
by means of torque meters, in which the on-line measurements
of the torsion angle of the propeller shaft section are as
close as possible to the engine flywheel and are used for the
calculations;
tPOUIFCBTJTPGUIFSFTVMUTPGUIFTJNVMUBOFPVTNFBTVSFNFOU
of the cylinder pressures and the rotational speeds of the
engine crankshaft by means of electronic indicators. This
makes it possible to determine the indicated engine power
Pi (internal, gas dynamic) which, reduced by the so-called
power of mechanical losses Pm,2 gives the required effective
(net) power Pe. The above methods have their limitations,
both in terms of the diagnostic susceptibility of the tested
engine and the widely understood measurement uncertainty.
2
These result from the frictional resistance of the engine’s moving
parts (depending on the relative speeds, pressure forces, pressure and viscosity
of the lubricating oil and the engine’s technical condition), pumping resistance
(which concerns four-stroke engines) and power losses on the auxiliary
mechanisms connected to the engine crankshaft.

In the case of determining the effective engine power on
the basis of the torque measurements of the motor’s output
shaft, two possible procedures are conducted. The first, the
so-called indirect procedure, consists of the application of
foil strain gauges, glued to the shaft surface and soldered into
a measuring bridge, enabling the shaft torsion angle to be
determined and the transferred torque to be calculated. It is
necessary to know the shear modulus of the material composing
the propulsion shaft. The second procedure is the so-called
direct procedure and is more commonly introduced into marine
propulsion operations. It consists of mounting a measuring
section on the ship’s propulsion line, along with an appropriately
calibrated torque converter, usually of the laser type. It is easy
to assemble, disassemble, replace and recalibrate. The result of
the torque measurement is read directly in N∙m. In both the
first and the second approaches to the problem of determining
the effective engine power from the torque measurements,
the low diagnostic susceptibility of the tested objects presents
a significant metrological difficulty. Most often, the mechanical
power of the entire drive unit is determined by mounting the
measuring transducers on the propeller shaft, i.e. in the control
section of the drive line, far away from the engine flywheel. In
such a situation, in order to determine its effective power, one
should take into account the mechanical losses caused by the
friction of the moving parts of the shaft line installed between the
engine and the place where the torque and the rotational speed
are measured, i.e. the reduction gear, couplings, bearings and
possibly the attached auxiliary mechanisms, e.g. shaft generators.
A much simpler and more accurate method of determining
the effective power of a marine engine in operation is the
appropriate usage of the data transmitted from the electronic
cylinder pressure indicator, see Fig. 4 [11, 15]. The control
parameters of the turbocharger should also be taken into
account [6, 16].
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Fig. 5. The method of determining the mechanical efficiency from the load characteristics of a diesel engine running at a constant
rotational speed of the crankshaft: a) theoretical characteristics; b) real characteristics

The main purpose of this type of diagnostic test, carried
out on piston engines, is to assess the indicated power Pi as
well as the tightness and the load uniformity of individual
cylinders, based on the registration and analysis of developed
indicator diagrams [4, 6]. However, along with the additional
load characteristics of the mechanical efficiency of the tested
engine ηm prepared for the adjusted (steady) rotational speed of
the crankshaft nCS = idem, it is possible to estimate, to a certain
approximation, its effective power: Pe = Pi · ηm. The influence
of the pressure and viscosity of the lubricating oil and the
technical condition of the engine are ignored. In order to
determine the mechanical efficiency of the engine, the results
of the calculations of the effective power Pe and the total
mass flow of the applied fuel feed fuel should be considered.
These data are acquired on the basis of the measurement of
the control parameters recorded during engine shop tests in
the manufacturer’s dynamometer test bed (Table 1). They are
always attached to the technical documentation handed over
to the shipowner along with the engine. The results obtained
in this way, as a dependency fuel = a · Pe + b, are approximated
by the linear function. The assigned curve is then extrapolated
to the intersection with the axis of abscissa (point A in Fig. 5a).
This is a characteristic feature of piston engines running at
a constant rotational speed of the crankshaft over a wide range
of partial loads (up to about 80–90% Pnom).
If a running engine is generating no power, which means
that its effective power is equal to zero, it still consumes
a certain amount of fuel (section 0B), which is used to overcome
internal resistance. Hence, from the straight line equation
= a · Pe + b for each engine load Pe, its mechanical efficiency
fuel
ηm can be determined in a simplified manner, as the ratio of
the lengths of sections 0C/AC. An example of the application
of this method (the so-called Willans method)3 to determine
the load characteristics of the mechanical efficiency of the
3
Peter William Willans (1851–1892) was an English engineer,
constructor of steam engines and author of many patents relating to highspeed piston engines. He was the first to apply the extrapolation method
within the function of steam consumption in terms of engine load to
determine internal losses due to steam condensation and leakages.
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MAN Diesel 10L32/44CR marine engine powered by MDO/
DMC – ISO 8217 distillate fuel is shown in Fig. 5b.
The fuel feed mass flow fuel represents another input
parameter of the proposed marine engine exhaust emission
model. The most commonly used method of measurement in
operational conditions consists of the application of a precise
flow meter, installed in the fuel feed system between the
service and return tanks. In this way, the fuel recovered from
the injection pump overflows is taken into account. In the
present study, in order to measure the fuel consumption of
the main propulsion engines of the considered ship, Emerson
Coriolis mass flow meters, type 1700 (Micro Motion Coriolis
MVD single variable flow transmitter), installed directly in
front of the return tank (‘MIX TANK’), were used (Figs. 6
and 7). The red arrows in Fig. 6 show the ship’s main engines
(ME1… ME4) as well as the measurement points of fuel feed
consumption (ME HFO USE). A homogeneous system was
used to drive the ship, in which the basic variant of sailing
is carried out by the autonomous operation of one of the
two engines of the left and right drive units. Therefore, the
usage of only one flow meter for each drive unit is perfectly
justified.

Fig. 6. Operator panel (visualisation) presenting the basic control
parameters of the fuel feed system of the ship’s main engines:
1 – fuel consumption measurement points, 2 – main engines

Fig. 7. Emerson Coriolis mass flow meters, type 1700: a) method of mounting the flow meter on the engine’s fuel feed system;
b) arrangement of oscillating pipes in the flow meter [2]

The implemented Emerson f low meters enable the
simultaneous observation of the mass flow, density and
temperature of the engine feed fuel. The principle of the flow
meter’s performance is based on the phenomenon of generating
Coriolis forces in the system of counter-oscillating U-shaped
sections of the pipeline through which the fluid flows, either
compressible or incompressible, see Fig. 7b [2]. A certain degree
of inertia occurs in the flow, resulting in a delay of the vibration
phase in the inlet part of the measuring section of the pipeline
and its acceleration in the outlet part. The phase shift of the
recorded vibration signals indicates a measure of the mass flux
of the flowing fluid, while the resonance frequency indicates
its density. The fuel temperature is determined indirectly from
the temperature measurements of the measuring pipes. The
fuel temperature is necessary for introducing appropriate
compensation corrections in the flowmeter measuring system.
The accuracy of the Emerson 1700 Coriolis mass flow meter
is as follows:
tGVFMNBTTĘVY
tGVFMEFOTJUZLHN3
tGVFMUFNQFSBUVSF¡$
The longer the flow meter is used, the more accurate its flow
consumption measurements become. As a rule, the duration
of a single measurement is 1 hour, during which the load of
the tested engine should be kept constant. In order to estimate
the uncertainty of the obtained results, the procedure should
be repeated 4–5 times, further increasing its complexity (and
costs). Therefore, such tests need to be carefully planned and
prepared, properly synchronising the implementation of the
energy and emission measurements of the engine with the
routine activities of the ship’s crew during the voyage.
Simultaneous observations of the engine control parameters
during the tests characterise the operation of individual
functional sub-systems: fuel feed, lubricating oil, cooling,
turbocharging, bearing and auxiliaries. They are monitored
using a standard measurement system, along with the
visualisation option on the operator panel, see Fig. 8.

Fig. 8. The operator panel presenting the values of the observed
control parameters of the tested engine

Recording the chemical composition of the exhaust
components represents the basic metrological activity of the
engine emission testing programme in operation. Given that the
exhaust gas analysers applied for this purpose are very sensitive
to water vapour condensation,4 operational measurements
should be carried out in the high-temperature part of the
exhaust passage, preferably in the control section, directly
before or after the turbocharger, where the exhaust temperature
is significantly above the acid dew point (approximately
350 – 450 K), see Fig. 9. This temperature depends on the share
of sulphuric acid (H2SO4), nitric acid (HNO3) and carbonic
acid (H2CO3) in the engine exhaust, which in turn depends
on the composition of the fuel and air fed into the system.
An additional metrological problem, especially for the
measurements calculated at partial engine loads (low exhaust
temperature and flow velocity), is the high probability of
distorting the results (underestimating the values) by recording
4
This leads to the sudden blockage of the measuring cell. In such
cases, it should be removed from the measuring device, placed in a very
warm place (e.g. on a radiator) and left to dry for several hours.
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Fig. 9. General view and measurement characteristics of the KIMO Instruments electrochemical exhaust analyser (KIGAZ 300PRO type)

the concentration of toxic and harmful chemical compounds
in the engine exhaust as being a consequence of their hydration
in flue acid aerosols [13].
The chemical emissivity of the operating marine engine
exhaust was tested using a KIGAZ 300PRO analyser, see Fig. 9.
The measuring probe was introduced into the gas space behind
the turbine of the engine’s turbocharger through a branch
of the drainage passage, using a properly prepared ‘adapter’
provided with valves regulating the exhaust flow, see Fig. 10.
As part of verifying the usefulness of the diagnostic
equipment used, pilot tests were carried out in real marine
engine operating conditions. The concentration of gaseous
components in the exhaust was measured at representative
engine loads (25%, 50%, 75% and 100%), after reaching the
steady thermal state of its construction structure. This means
that the cooling system ‘kept up’ with the reception of heat
fluxes from the elements of the piston-cylinder group, which
directly absorbed the heat released in the process of fuel
combustion in the combustion chamber. For the type of marine
engine considered, the duration of the transient process from
one steady state to another is approximately 30 minutes. The
recording of the emitted exhaust parameters commences in the
last three minutes of steady engine running at a given load. The
obtained results were approximated with linear functions and
then averaged, rejecting the values from the first 30 seconds.
The results were affected by gross errors, due to disturbances
in the exhaust passage around the analyser measuring probe,
inserted into the measuring pipeline through the ‘adapter’.
Fig. 9. General view and measurement characteristics of the
KIMO Instruments electrochemical exhaust analyser (KIGAZ
300PRO type)

RESULTS AND DISCUSSION
In order to verify the proposed method of determining the
exhaust emissions of the considered type of marine engine in
operating conditions, its energy and emission parameters were
measured during steady operations, at a load of 0.77 Pnom, see
Table 2. Such a level of engine load resulted from the need to
maintain the adjusted speed of a ship during a routine voyage
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Fig. 10. Method of introducing the measuring probe of the exhaust analyser
into the turbine exhaust duct of the turbocharger in the tested engine
(a) and the view of the measurement set during the test realisation
(b): 1 - drainage channel [21], 2 - magnification

in pre-determined external conditions (sea state, wind speed
and direction). For these working conditions, the values of
the specific emissions and the intensity of the emissions of the
basic harmful and toxic chemical compounds in the engine
exhaust were determined when the engine was fed with RMD
80 type – ISO 8217 marine fuel (Table 2, Fig. 11) according to
the developed calculation model and algorithm (Figs. 2 and 3).
During the calculations, it was necessary to assume the value
of the engine’s mechanical efficiency ηm, in order to determine
its effective power Pe from the indicated power Pi obtained from
the measurements. However, to determine the actual value
of ηm, the Willans characteristic should be developed for the
tested engine under RMD 80 fuel feed conditions, according
to the method described in the previous section of this article.
The problem is that in the voyage conditions of the ship engine
tests, this is an organisationally complicated and costly activity,
taking into account the fact that hourly fuel consumption may

Tab. 2. Registered (averaged) values of the working parameters of the tested engine fed with RMD 80 marine fuel and the calculated values of the specific
emission of toxic and harmful chemical compounds in the exhaust
Recorded energy and emission parameters
Pt/n SC
kW/min-1

kg/h

λ
–

SFOC
g/kW∙h

Pe
kW

rO 2
%

rCO
ppm

rCO2
%

r NOx
ppm

rHC
ppm

4418/750

833

2.8

193

4307

13.47

19.95

5.61

1,093

42

fuel

Specific emissions and emission intensity of the basic toxic and harmful chemical compounds in the exhaust
e N2
g/kW∙h

e O2
g/kW∙h

e H 2O
g/kW∙h

eCO2
g/kW∙h

eNOx
g/kW∙h

eHC
g/kW∙h

eCO
g/kW∙h

ECO2
kg/tfuel

ENO2
kg/tfuel

EHC
kg/tfuel

5,758.14

1.000662

0.14382

656.1567

11.04068

0.178633

0.148489

3,393.07

57.09277

0.923733

ECO
kg/tfuel

ĖCO2
kg/h

ĖNOx
kg/h

ĖHC
kg/h

ĖCO
kg/h

0.767853

2826.428

47.55828

0.76947

0.639622

a)

b)

Fig. 11. Gaseous chemical composition of the exhaust of the tested engine powered by RMD 80 marine fuel: a) mass fractions of basic (N2 , O2 , H2O)
and harmful (CO2 ) chemical compounds; b) mass fractions of toxic compounds (NOx , CO, HC)

exceed 1,000 kg/h, the time period of a single measurement
series should not be shorter than 1 hour and the minimum
number of measurement series at the representative (according
to the standard) engine loads should be 16–20.
In the next stage of the research, analogous emission
calculations for the same engine were computed for the full
range of load alterations (0.25, 0.50, 0.75 and 1.00 Pnom) using the
measurement data from tests carried out in the manufacturer’s
dynamometer test bed, which are included in the technical
documentation. In this way, the full emission load profiles of
harmful and toxic gas components in the engine exhaust were
developed in accordance with the ISO 8178-4 standard for the
E2 cycle (propulsion engines operating at constant rotational
speed), using the calculation model elaborated for this purpose
(Fig. 2). The representative results of the tests are presented
in Fig. 12. It was finally possible to determine the weighted
average of the specific emission of NOx in the exhaust gases
of the considered engine fed with MDO/DMC – ISO 8217
distillate fuel, which could be compared with the limit value
established by the IMO (Tier emission standard for the marine
engine exhaust), see Fig. 12f.
By analysing the chemical emission profiles of the engine
exhaust gases in terms of NOx and hydrocarbons (HC)
determined on the basis of the available measurement data,
it was possible to observe the full quality compliance of the
courses obtained by means of the elaborated calculation

model with the manufacturer’s courses, see Figs. 12c and
12d. The particular quantitative discrepancy was systematic
and most likely resulted from the simplifying assumptions
made in the computational models used by the author and
the manufacturer as well as from various techniques and
measuring instruments applied during the research tests. It
is easy to compensate for these alterations by introducing an
appropriate (constant) calculation correction, shifting the
obtained courses by a determined vector = [vx , vy], where
vx and vy represent the adequate coordinates of the vector.
In assessing the nature of the impact of the engine load on
the specific emissions of harmful and toxic gaseous components
in the exhaust, it can be generally stated that it is consistent
with the results published in specialist literature [10, 19].
The exhaust temperature is of particular importance here,5
because it determines the course of the chemical reactions
stimulating the formation of NOx (with a specific proportion
of nitrogen oxide NO and nitrogen dioxide NO2 in the exhaust)
and carbon monoxide (CO) in the combustion process. The
numerical data in the load profile (Fig. 12c) show that the lowest
emission of NOx occurred at 50% engine load and increased
with increasing load, accompanied by a corresponding increase
in exhaust temperature. An interesting phenomenon occurred
5
With negligible significance of possible alterations in the
percentage contribution of nitrogen to the feed air.
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in the range of lower engine loads, where despite significantly
lower exhaust temperatures, the emission of NOx increased in
value. The main reason for this phenomenon was the increased
exposure time of NO within the engine gas (working) space,
accompanied by its intensive oxidation to NO2, with a higher
molecular mass. This is a well-known emission feature of diesel
engines, in which the highest value of the NO2/NO ratio occurs
at the lowest ranges of the engine load and crankshaft rotational
speed [10]. In addition to the assumption of the molecular
mass of unburnt HC), this is one of the main reasons behind
the possible discrepancies in the results of the stoichiometric
(theoretical) calculations of the exhaust, e.g. when determining
the substitutive molecular mass of a stoichiometric mixture.
The profiles presented also confirm that the partial load
was definitely unfavourable, not only for the course of the
energy and thermal-flow processes carried out in the marine
engine, but also for the chemical emissions in the engine
exhaust. In the case of CO2, as a non-toxic gas responsible
for the greenhouse effect, alterations within exhaust-specific
emissions are closely correlated with changes in specific fuel
consumption and the gas is known to be the reciprocal of the
total engine efficiency. Therefore, the higher the efficiency of
the energy transformation processes in the engine, the lower
the specific quantity of fuel necessary to generate net power
from 1 dm3 of its cylinder capacity and the lower the specific
CO2 emissions eCO2, see Figs. 12a and 12b.
A lower engine load implies a lower dose of fuel being
injected into the combustion chamber, where the pressure and
the temperature of the feed-compressed air are relatively low,
resulting in deteriorating conditions for the formation of a fuel
droplet cloud. This is reflected in the reduced quality of the
atomisation process (accuracy and uniformity), evaporation
and mixing the fuel vapours with air and self-ignition of the
fuel-air mixture. This results in the excessive, local or general
enrichment of the combustible mixture in the combustion
chamber, leading to incomplete and imperfect combustion.
An observable symptom of this situation was the increased
emissions of CO and unburnt HC in the engine exhaust gas,
see Figs. 12d and 12e.6
A slight increase in the specific emission of CO at the
nominal load is most likely related to the phenomenon of CO2
dissociation at high temperatures [10]. Increasing the amount
of unburnt HC in the exhaust at low engine loads and especially
at idling speed is also exacerbated by the extinction of the flame
near the much cooler surfaces of the combustion chamber, or
by retaining HC in the so-called dead spaces in the combustion
chamber, e.g. in the vicinity of the starting valve. Traces of
the unburnt HC can be easily located through endoscopic
examinations of the engine’s working spaces [3, 5, 6].
Based on the emission load profile of NOx in the engine
exhaust determined for the E2 cycle, its weighted average was
calculated and compared with the limit value established by
the IMO in the Tier I emission standard (Fig. 12f). The limit
6
According to the results of research published at the end of the
last century by Lloyd’s Register of Shipping, the average values of the specific
emissions of CO and unburnt HC in the exhausts of medium-speed marine
engines are 1.8 and 0.6 g/kW∙h, respectively.
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value of the weighted average specific emission of NOx for
medium-speed engines (130 < nCS < 2,000 min-1) installed on
board ships constructed on or after 1 January 2000 but before
1 January 2011 was determined using the following empirical
formula: ēNOxlt = 45 ∙ n-0,2 g/kW∙h. The numerical data on the
profile indicated that the values of the weighted average specific
emission of NOx specified by the manufacturer (11.30 g/ kW∙h)
and the one obtained as a result of the application of the
calculation model proposed in this article (9.29 g/kW∙h) did
not exceed the limit value of 11.97 g/kW∙h.
Appropriate numerical values, obtained during the engine
tests under RMD 80 fuel feed conditions and using the
developed calculation model, were applied to all emission
load profiles of harmful and toxic gases in the exhaust of
the considered engine. They revealed that, in relation to the
representative engine load of 0.77 Pnom, the exhaust chemical
emissivity changed slightly, while the direction of the observed
changes was different. On the one hand, the specific emission
of NOx increased (11.0407 g/kW∙h), certainly influenced by
a significant growth in the average exhaust temperature
(by about 25 K). The content of NOx in the exhaust of the
considered engine type can be minimised by the electronic
control of the fuel injection advance angle αia o¡$43CFGPSF
TDC) in the common rail system. The lower the value of αia,
the lower the maximum combustion pressure, temperature
and NOx emission, but this situation occurs at the cost of
a corresponding increase in specific fuel consumption.
On the other hand, it can be concluded that the application
of RMD 80 fuel had a positive impact on the energy efficiency
of the engine, the measurable effect of which was a significant
reduction in the specific emission of CO (0.14849 g/kW∙h)
and unburnt HC (0.17863 g/kW∙h) in the engine exhaust,
with a slight increase in specific fuel consumption (193.4 g/
kW∙h) and specific CO2 emission (656 g/kW∙h). Such a trend
of changes means a significant departure from the conditions
of incomplete and imperfect fuel combustion.
Fig. 12. Load profile for the specific emissions of harmful
and toxic gaseous components in the exhaust of MAN Diesel
10L32/44CR type fed with MDO/DMC– ISO 8217 distillate
fuel with plotted numerical values corresponding to the engine
feed conditions with RMD 80 – ISO 8217 marine fuel, at a load
of 0.77 Pnom

FINAL REMARKS AND CONCLUSIONS
On the basis of the experimental research programme
conducted, an innovative methodology for testing newly
produced marine fuels was developed in the real operating
conditions of a high-power diesel engine. This article represents
a kind of methodological guide for producers of marine
fuels, to which it is mainly addressed, who will be able to
comprehensively assess the suitability of their products for
feeding marine engines. Shipowners of sea-going vessels will
also be able to take advantage of this possibility before deciding
whether to widely implement into operation a new type of
marine fuel.

a)

b)

c)

d)

e)

f)

Fig. 12. Load profile for the specific emissions of harmful and toxic gaseous components in the exhaust of MAN Diesel 10L32/44CR type fed with MDO/DMC– ISO 8217
distillate fuel with plotted numerical values corresponding to the engine feed conditions with RMD 80 – ISO 8217 marine fuel, at a load of 0.77 Pnom

The results of operational tests, conducted on the chemical
exhaust emissions from the MAN Diesel engine 10L32/44CR type
of a ship’s main propulsion system, positively verified its control
compliance in this respect (standard measurement system) and
the usefulness of the implemented diagnostic system as well as
the developed calculation model. It is also possible to elaborate
a full load profile of the specific emission of toxic gases within
the engine exhaust and to calculate their weighted averages
under the conditions of feeding with newly implemented marine
fuels. This would additionally enable a comparative analysis of
the obtained emission courses in terms of the quality of the
energy transformation processes worked out in the engine as
well as an assessment of compliance with the IMO’s emission
requirements. The synthesis of these considerations provides
the basis for rational decision making regarding the further
application of the tested fuel in the engine operation process.
The proposed methodology for experimental testing may
also be implemented for the operation of other types of marine

engines, provided that the basic chemical composition of
the fuel feed and the engine load profiles to the hourly fuel
consumption are known. Moreover, there is the possibility
of indicating the cylinders and measuring the chemical
composition of the engine exhaust in the high-temperature
part of the exhaust passage.

REFERENCES
1. M. Janić, Advanced transport systems: Analysis, modelling,
and evaluation of performances. 2014.
2. J. Janota, ‘Przepływomierze masowe Coriolisa’, Konferencja
„Smary i Oleje”, 2020. [‘Coriolis mass flow meters’].
3. Z. Korczewski, Endoskopia silników okrętowych. 2008.
[Endoscopy of marine engines].
POLISH MARITIME RESEARCH, No 3/2021

85

4. Z. Korczewski, ‘Contemporary diagnostic methods for ship
engines: A report on scientific research activity of the Polish
Naval Academy in this field’, Polish Maritime Research. 2008.

17. J. Wysocki, ‘Analysis of the energy efficiency operational
indicator in economic and ecological aspect’, Scientific
Journal of Gdynia Maritime University. 2017.

5. Z. Korczewski, ‘Analysing the potential for application of the
phase shift method in endoscopic examination of marine
engines’, Polish Maritime Research. 2013.

18. K. Witkowski, ‘Problematyka zanieczyszczenia atmosfery
przez statki wykorzystywane w transporcie morskim’,
Autobusy. 2016. [‘Atmospheric pollution by ships used in
maritime transport’].

6. Z. Korczewski, ‘Diagnostyka eksploatacyjna okrętowych
silników spalinowych – tłokowych i turbinowych’. Wybrane
zagadnienia. 2017. [‘Operational diagnostics of marine
internal combustion engines – piston and turbine’].
7. Z. Korczewski, ‘The method of energy-efficiency
investigations of the newly produced marine fuels through
an application of the laboratory diesel engine’, New Trends
in Production Engineering. Proceedings of the International
Conference. 2018.
8. Z. Korczewski, ‘Thermal efficiency investigations on the
self-ignition test engine fed with marine low sulphur diesel
fuels’, Combustion Engines. 2019.
9. J. Kowalski, ‘An experimental study of emission and
combustion characteristics of marine diesel engine with
fuel injector malfunctions’, Polish Maritime Research. 2016.
10. J. Merkisz, L. Piaseczny and T. Kniaziewicz, Zagadnienia
emisji spalin silników okrętowych. 2016. [Marine engine
exhaust emissions].
11. S. Neumann, R. Varbanets, O. Kyrylash, V. Maulevych, and
O. Yeryganov, ‘Marine diesels working cycle monitoring on
the base of IMES GmbH pressure sensors data’, Diagnostyka.
2019.
12. F. Pearce, Confessions of an eco sinner. 2008.
13. T. Reiner and F. Arnold, ‘Laboratory ﬂow reactor
measurements of the reaction SO3+H2O+M→H2SO4+M:
Implications for gaseous H2SO4 and aerosol formation’,
Geophysical Research Letters. 1993.
14. T. A. Tran, ‘A research on the energy efficiency operational
indicator EEOI calculation tool on M/V NSU JUSTICE of
VINIC transportation company, Vietnam’, Journal of Ocean
Engineering and Science. 2017.
15. R. Varbanets, V. Zalozh, A. Shakhov, I. Savelieva, and V.
Piterska, ‘Determination of top dead centre location based
on the marine diesel engine indicator diagram analysis’,
Diagnostyka. 2020.
16. R. Varbanets et al., ‘Acoustic method for estimation of
marine low-speed engine turbocharger parameters’, Journal
of Marine Science and Engineering. 2021.

86

POLISH MARITIME RESEARCH, No 3/2021

19. Z. Yang, Q. Tan and O. Geng. ‘Combustion and emissions
investigation on low-speed two-stroke marine diesel engine
with low sulphur diesel fuel’, Polish Maritime Research. 2019.
20. Germanischer Lloyd SE, Rules for classification and
construction: Additional rules and guidelines. 2013.
21. MAN Diesel Shop Test Protocol, Measurement recordings
and performance data of the MAN 10L32/44CR type engines.
2009.
22. MARPOL 73/78 Convention, annex VI: Regulations for the
prevention of air pollution from ships (entered into force
on 19 May 2005).
23. Resolution MEPC. 231(65) adopted on 17 May 2013,
Guidelines for calculation of reference lines for use with
the Energy Efficiency Design Index (EEDI).

NOMENCLATURE OF MAJOR
NOTATIONS
Parameters
D
– cylinder bore
e, E
– specific emission of the gas component in the
exhaust, in g/kW∙h and kg/tfuel, respectively
ē
– weighted average specific emission of the gas
component in the exhaust
Ė
– emission flow of the gas component in the exhaust
g
– mass contribution
i
– number of cylinders
LCR
– connecting rod length
Lt , Ot – theoretical air and oxygen requirement for complete
combustion of 1 kg of fuel
M
– substitutive molecular mass
m
– mass
– mass flow
nCS
– rotational speed of the engine crankshaft
Pi , Pe
– engine power, indicated and output (net, effective),
respectively
R
– substitutive gas constant
r
– volume contribution
S
– piston stroke
T, t
oUFNQFSBUVSFJO,BOE¡$ SFTQFDUJWFMZ
ηm
– mechanical efficiency
λ
– excess air ratio

Abbreviations, symbols and subscripts
CS
– crankshaft
CSR
– crankshaft revolution
FO
– firing order
SFOC
– specific fuel consumption
SN
– the number of strokes per single engine
cycle
TC
– turbocompressor
TDC
– top dead center
e
– effective, net
C, H, S, N, O
– mass distribution in fuel: carbon, hydrogen,
sulphur, nitrogen and oxygen, respectively
exch
– exhaust
fuel
– concerns the fuel
i
– indicated
lt
– boundary, limit
m
– mechanical
t
– theoretical
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ABSTRACT

Ship maintenance is regulated by both the state and the classification society. The scope of maintenance works depends
on the age of the ship and includes a dock, intermediate and special inspection. The problem is to estimate the reliable
time of the ship maintenance and the downtime at the shipyard. The purpose of this article is to develop a more accurate
model to predict a ship’s overall maintenance time. A multiple linear regression model is developed to describe the impact
of historical data on hull repair, painting time, piping, age, structural and hull plate replacement for ship maintenance.
In the literature, the least squares method is used to estimate unknown regression coefficients. The original value of the
article is the use of a genetic algorithm to estimate coefficient values of the multiple linear regression model. Necessary
analysis and simulations are performed on the data collected for oil and chemical or product tankers. As a result,
a significant improvement in the adequacy of the presented model was identified.

Keywords: Mean time of dry-docking, average repair time, maintenance duration prediction; maintenance duration estimation; ship
maintenance; genetic algorithm.

INTRODUCTION
The goal of the shipyard is to ensure the supply of
products and services for the period specified in the
contract, in accordance with quality requirements and
international standards. Customer satisfaction is monitored
to optimise yard operations, from maintenance processes to
ship delivery. Shipowners strive to reduce the maintenance
period when ships are on low income. On the other hand,
the yard is trying to shorten the repair period for dry docks
and quays, to maximise revenues by contracting more
ships. Maintenance works depend on the requirements
of classification societies and the possibility of their
performance by the shipyard.
One of the goals is to pre-define the maintenance work in
the technical specification in order to limit any additional
orders that arise during the maintenance, thus keeping
the costs of the shipyards and vessels within the initially
estimated budgetary margins. Another goal is to estimate
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the duration of maintenance in the technical specification,
which depends on previously defined works. Any additional
orders entail additional costs for both parties and result in
extending the maintenance period of the dock. The ship yard
needs additional manpower to cover additional orders for the
ongoing projects, thus increasing the risk of adversely affecting
the development of running parallel or sequential projects.
For the shipowner, additional costs and delayed ship delivery
time may have a negative impact on the continuation of the
assumed commercial obligations.
The purpose of this paper is to develop a more accurate model
to predict a ship’s overall maintenance time. A multiple linear
regression model is used to describe the effect of hull repair
data, ship age, painting time, piping, structural and hull plate
replacement on the time required for ship maintenance. The
data on maintenance work was collected at Constanta Shipyard
in Romania. Another objective is to identify the variables that
have a significant impact on the ship’s maintenance time and
their inter-relationships.

LITERATURE REVIEW
Shipowners carry out preventive maintenance to extend
the life cycle of ships’ machinery, power, equipment and
vessels. A lot of effort is put into modelling the technical
condition of the machines, machine elements and machine
working conditions. Observation of the dependence of the
operating parameters of machine elements and environmental
parameters allows the prediction of the life cycle of the
machine and planning the technical inspection of the machine
at the right time. For example, the paper by [1] presented the
possibility of determining the technical condition of lip seals
on the basis that the proposed coefficient of correctness of
the operation has been described. The authors proved the
hypothesis that the quality of the oil affects the durability
of lip seals and elaborated a maintenance system that is
understandable to the crew, which is essential for increasing
the durability of the ship. Familiarisation with adequate
procedures can significantly contribute to the successful
prevention of accidents [2]. When analysing the literature,
two different opinions were identified.
On the one hand, to ensure the safe operation of a ship, the
optimal interval of dry-docking inspections (Mean Time To
Dry-docking) is estimated. Gong et al. [3] developed a conditionbased, decision-making approach for the inspection time. The
probability distributions of the life-cycle costs include two
components. The first component is the cost of ship maintenance,
distinguishing dry-docking and structural renewal and, the
second, is the cost of failure consequence. It is important to
establish a cost-effective inspection time that allows the ship to
stay longer in water, with an acceptable level of safety. The ship
owner must decide in which sequence and when to carry out
maintenance works of the ships. The article [4] presents a model
of real state transitions of the ship main engine with states:
(1) state of full serviceability, (2) state of partial serviceability, and
(3) state of unserviceability. Empirical data concerning the ship’s
main engine are used for calculating limiting probabilities for the
process. Thus, it is possible to choose between the following two
decisions: (1) perform a relevant preventive service of the engine
to restore its state and then perform the commissioned task
within the time limit determined by the customer or, (2) perform
the preventive service and start performing the commissioned
task. Wu et al. [5] developed a component maintenance priority
measure, which is used to select a component for maintenance.
This metric can be adapted to decide which ship to select next
from among simultaneous shipyard access requests, while
one ship is undergoing maintenance. In general, the date of
commencement of maintenance works on the ship depends on
the condition of the ship [3] and the required frequency and
duration of maintenance.
On the other hand, the duration of the ship repair (Mean
Time of Dry-docking, Average Repair Time) is estimated,
because it is in the interest of both shipowners and shipyards to
make it as short as possible. Ship maintenance adversely affects
the availability of operations of the ship and the shipyard.
A ship repair yard must be aware, well in advance, of the total
workload and resources needed to complete each job. Usually,

managers use a guide book with the given man-hour totals for
each trade and the work rate of each trade, when determining
the timescale and daily loadings for carrying out the repairs [6].
The graphs are compiled from historical data by shipyard
workload planners and used, to assist the forward planning
of the yard. There is no standard model used by shipyard
owners in the range of ship maintenance duration estimation.
Naffisah et al. [7] searched for any patterns in different types of
maintenance works in order to estimate the repair time. They
proposed the Artificial Neural Network forecasting with backpropagation method, to upgrade the accuracy of maintenance
duration predictions. Unfortunately, they obtained poorly
accurate predictions due to the lack of a similar data pattern
in the training data. The model is unable to make accurate
predictions because there is a dissimilar or unrepresented
data pattern in the training data. The high level of variance is
explained by the influence of external factors, such as weather
conditions and materials or maintenance employee availability.
Surjandari and Novita [8] used the metod of Data Mining,
Classification and Regression Trees to estimate the duration
time of a ship’s dry-docking for maintenance. They were
searching for a hidden pattern that shows the relationship
between maintenance work and maintenance duration
and classified three dry-docking works which influence
maintenance duration: propeller, washing and plate. They
achieved four classes of maintenance duration, with a different
liner model for each class. For example, for the propeller, the
linear model to estimate time is classified based on the washing
task. If the washing surface is less than a given threshold, the
maintenance duration is estimated based on the plate task
and so on. Unfortunately, the presented model achieved high
error values. The least squares method for estimating unknown
regression coefficients and describing the maintenance data
with a low coefficient of determination was proposed [9]. Also,
Dev and Sasha [10] used the method of least squares to estimate
the regression coefficients for the model of a multiple linear
regression, describing the function of ship data with respect to
age, deadweight, hull coating, piping, structural steel, and tank
coating, to estimate a ship repair duration time. The authors
concluded that the adequacy of the model was low. In other
words, a significant amount of variation in the response of
the dependent variable (maintenance duration) is due to high
differences in the independent variables. Terełko [11] presented
a control model for the maintenance level of the main marine
engines, with the use of regression analysis. Factors influencing
the level of maintenance were: component weight, number
of joints, component temperature, staff attitude. Regression
functions were also achieved for the fuel system, cooling
system, lubrication system, supercharging system, starting
system, piston and crankshaft system, and cylinder and frame
units, with very high coefficients of multiple determination
(0.57-0.97). Bouayed et al. [12] proposed a parametric regression
model to estimate maintenance costs based on historical data
from Royal Canadian Navy ships. The cost of maintenance is
the natural logarithm of the ship’s annual maintenance cost,
the class of the ship and the sea-going days recorded for the
ship in the current year. The cost of maintenance depends
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on physical factors (weight, length), performance factors
(maximum speed), demand (frequency of use of the system),
and qualitative factors (system condition).
The literature review showed that only a few articles dealt
with the problem of estimating the average ship repair time by
observing the relationship between the data on the duration
of dry dock works and the actual duration of the repair. This
paper presents a new approach to estimating the average ship
repair time for managers, to assist in advanced planning in
a shipyard.
GOALS AND APPROACHES
The original value of this paper is the application of a genetic
algorithm (GA) for estimation of the values of regression
coefficients in the multiple linear regression model. The aim
is to develop a method of estimating the average ship repair
time that achieves the trend function with good compliance
with historical data, i.e. the function with the highest value
of multiple determination coefficients and the lowest value of
standard deviation.
For the estimation of the average ship repair time problem,
GA is proposed. GA is a popular approach for solving different
optimisation problems [13, 14, 15] and is a meta-heuristic
method that gives a satisfying solution, but not an optimal one, in
a reasonable amount of time. In the conditions of a competitive
market, managers do not need the optimal solution, they need it
to be good enough that fulfil the given constraints and criteria.
In the paper by [16], GA is compared with the Multi-Objective
Immune Algorithm (MOIA) and Clonal Selection Algorithm
(CSA) when investigating the influence of basic schedules on
the obtainment of stable and robust schedules, in the case of
disturbance occurrence. The GA turns out to be a better method
for generating predictive schedules.
This paper continues the problem of searching for a good
enough solution for the problem of the average ship repair
time estimation using GA. The proposed genetic algorithm
uses mutation and selection mechanisms to explore and exploit
a solution space; in other words, to search a set of regression
coefficients. The regression coefficients describe relationships
between data on maintenance duration time and data on
maintenance works. The chromosome encodes a solution that
is a set of values for the regression coefficients. The weighted
function of the standard deviation and the multiple coefficient
of determination assess the affinity of the chromosome for
environmental conditions. Necessary analysis and simulations
are performed on the data collected for oil and chemical or
product tankers.
The paper is organised as follows: the next section presents
a model for estimating the duration of a repair. Regression
coefficients estimation, using the Solver appendix in Microsoft
Office Excel, is presented in Section 3. The genetic algorithm for
estimation of the regression coefficients is described in Section
4. Section 5 contains the necessary analyses and experimental
test results related to the research on the application of the
GA. The paper concludes with a brief summary of the results
(Section 6).
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THE MODEL OF REPAIR
TIME ESTIMATION
The problem of estimating the duration of the maintenance
takes into account the following planned works: hull repair
(Hr), painting (Pa), structure renovation (Sr), panel renovation
(Pl), pipe repair (Pr) in resources: dock (docking duration) and
quayside (quaytime). In addition to the type of repair tasks,
the age of the ship (As) also affects maintenance duration (RT)
(both docking and quayside times). Data were collected from
the Constanta Shipyard in Romania.
A shipyard usually carries out simultaneous construction
and/or repair works for several ongoing projects. Therefore,
it optimized human and technical resources in the scope of
implemented processes and loading activities. When deciding
to apply for a project, a shipyard knows its production capacity
very well, which consists of human resources and technical
equipment, which is approximately constant as a numerical
value. In emergency situations, only the yard mobilses workers
and equipment from one project to another, as doing so would
disrupt the yard’s flow of activities and generate unacceptable
delays for the beneficiaries.
The shipyard is interested in estimating the docking time
of ships for repair works. in order to plan the loading of the
pine/floating docks. The authors of this study assume that this
estimate depends on the content of the technical specification
of the works received from the beneficiary/owner of the
ship, and not on the human and technical capabilities of the
shipyard. The construction of the database from the Constana
Shipyard’s portfolio of works, and the simulation presented
in this paper, was carried out on the basis of the hypothesis
that the yard has the optimal (considered to be a constant)
number of employees and equipment for repair works. The
variable that the shipyard takes into account, in the analyses
carried out in order to assess the possibility of repair works,
is the content of the technical specification for Repair Works
received by the shipyard (expressed in square metres, cubic
metres, running metres, tonnes, etc.).
To summarise, knowing its human resources and technical
equipment, and considering them to be constant for a given
project, the yard is interested in estimating the time of docking
and stopping the ship for repair works, depending on the
content of the technical specification for Repair Works (this
content is a variable of interest to the shipyard). The authors
try to answer this question in the body of the paper.
In order to establish the relationship between modes and
repair time, historical data is collected both for dependent
(repair duration) and independent variables (ship repair works,
age). Multiple linear regression analysis is adopted from [10],
to identify the mathematical relationship between modes and
repair duration.
The multiple linear regression model is based on the
equation:

b0 + b1 · Hri + b2 · Pai + b3 · Sri + b4 · Pli +
b5 · Pri + b6 · Asi = RTi

(1)

where:
b0, b1,... ,bk – regression coefficients, j [1,2,...,k],
k – size of independent variables, k = 7,
Hri , Pai, Sri, Pli, Pri, Asi, RTi – variables, i [1,2,...,n],
n – sample size, n = 108 for all types of ships, n = 9 for each
type separately,
Hri – hull repairing [m2],
Pai – painting [m2],
Sri – structure renovation [kg],
Pli – plates renovation [kg],
Pri – pipes repairing [m],
Asi – age of the ship [years],
RTi – maintenance time [days].
By applying the least squares method [10] the formulas
are achieved:

b0 Asi + b1 Asi · Hri + b2 Asi · Pai +
b3 Asi · Sri + b4 Asi · Pli + b5 Asi · Pri +
b6 Asi2 = Asi · RTi

The historical data on Hri, Pai, Sri, Pli, Pri, Asi, RTi is applied
in the above equations, simultaneously. Regression coefficients
b 0 + b1, …, bk are estimated using the Genetic Algorithm
presented in the next section. The presented model assumes
the selection of variables that have the greatest impact on the
average repair time. The adequacy of the presented model is
calculated with:
1) standard deviation

i
n · b0 + b1 Hri + b2 Pai + b3 Sri + b4 Pli +
b5 Pri + b6 Asi = RTi

, R2

(3)

b0 Pai + b1 Pai · Hri + b2 Pai2 +
b3 Pai · Sri + b4 Pai · Pli + b5 Pai · Pri +
(4)

b0 Sri + b1 Sri · Hri + b2 Sri · Pai +
b3 Sri2 + b4 Sri · Pli + b5 Sri· Pri +
b6 Sri · Asi= Sri · RTi

(5)

b0 Pli + b1 Pli · Hri + b2 Pli · Pai +
b3 Pli · Sri + b4 Pli2 + b5 Pli · Pri +
b6 Pli · Asi= Pli · RTi

(6)

b0 Pri + b1 Pri · Hri + b2 Pri · Pai +
b3 Pri · Sri + b4 Pri · Pli + b5 Pri2 +
b6 Pri · Asi = Pri · RTi

(9)

2) coefficient of multiple determination

b3 Hri · Sri + b4 Hri · Pli + b5 Hri · Pri +

b6 Pai · Asi= Pai · RTi

[1, ... ,n]

(2)

b0 Hri + b1 Hri2 + b2 Hri · Pai +

b6 Hri · Asi= Hri · RTi

(8)

(7)

[0,1]

(10)

where:
yi – actual value of variable Y in period i,
ŷi – theoretical value of the Y variable resulting from the model
in period i,
ȳi – mean value of the variable Y in the time series of length n,
k – number of variables explaining the model,
k + 1 – number of model parameters.
The multiple determination coefficient measures the
compliance of the trend function with historical data on
Hri, Pai, Sri, Pli, Pri, Asi, RTi. To estimate the average docking
duration, the function with the highest value of the multiple
determination coefficient (10) and the lowest value of standard
deviation (9) is assumed.

REGRESSION COEFFICIENTS ESTIMATION
USING THE SOLVER APPENDIX
OF MICROSOFT OFFICE EXCEL
The presented model was veriffied with the Solver Appendix
in Microsoft Office Excel. The following hypotheses were tested:
tUIFSFQBJSUJNFJTQSPQPSUJPOBMUPWBSJBCMFTHri, Pai, Sri, Pli, Pri,
Asi, taking into account data collected for all types of ships,
tU IFSFQBJSUJNFJTQSPQPSUJPOBMUPWBSJBCMFTHri, Pai, Sri, Pli,
Pri, Asi, taking into account data collected for Crude Oil
Tankers and for Chemical/Products Tankers.
tU IFSFQBJSUJNFJTQSPQPSUJPOBMUPWBSJBCMFT)SJ 1BJ UBLJOH
into account data collected for Crude Oil Tankers.
Taking into account the historical observations of Hri, Pai,
Sri, Pli, Pri, and Asi, for n = 108 ships, the Solver Appendix
estimates values of regression coefficient b0 + b1, …, bk. The
achieved regression equation is:
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108 · 15.26804 – 0.00026 Hri + 0.000076557 Pai +
0.000189 Sri – 0.000036 Pli – 0.00303 Pri +
0.000178 Asi = RTi

(11)

Although the multiple determination coefficient R 2 equals
0.42 and the standard deviation is low (s = 2.78), the resulting
equation cannot be accepted. The high value of parameter
b0(15.26804) means that the value of repair time is low, related
with variables: Hri, Pai, Sri, Pli, Pri, and Asi. The average ship
repair time depends on the pipeline repair (Pri) to a large extent,
since the value of b5 is the highest (0.00303) compared to the
values of b1, b1, b1, b2, b3, b4, and b6 (11).
Taking into account the historical observations of Hri,
Pai, Sri, Pli, Pri, and Asi for the Crude Oil Tanker, the Solver
Appendix estimates values of regression coefficient b0, b1, …, b6.
The achieved regression equation is:

9 · 14.99894 – 0.00123 Hri + 0.00096496 Pai –
0.0000578 Sri – 0.000071 Pli – 0.000386 Pri +
0.046164 Asi = RTi

(12)

The achieved equation is more adequate for Crude
Oil Tankers than for all ships. The coefficient of multiple
determination is good, R 2 = 0.79, but the standard deviation
is high, s = 9.97. The average repair time equals 15.33 days but
the time may vary by 10 days. The high value of parameter
means that the repair duration is low, related with variables:
Hri, Pai, Sri, Pli, Pri, and Asi. The average repair time depends
on the age of the ship (As), to the greatest extent.
Taking into account the historical observations of Hri, Pai,
Sri, Pli, Pri, and Asi for the one type of Chemical/Products
Tanker, the Solver Appendix estimates values of regression
coefficient b0, b1, …, b6. The achieved regression equation is:

9 · 19.42467 – 0.00048 Hri + 0.000053258 Pai +

The coefficient of multiple determination is very high,
R 2 = 0.99, and the standard deviation is very low, s = 0.63,
thus the achieved equation fits the historical data. The average
ship repair time depends on the hull repair time (Hr) to the
greatest extent.

REGRESSION COEFFICIENT ESTIMATION
USING THE GENETIC ALGORITHM
The regression coefficient values are also searched using the
Genetic Algorithm, for the problem of estimating the average
repair time for all types of ships. The following hypothesis is
tested:
tU IFSFQBJSUJNFJTQSPQPSUJPOBMUPWBSJBCMFTHri, Pai, Sri,
Pli, Pri, and Asi, taking into account data collected for all
types of ships.
The GA consists of the following modules: data interface,
individual encoding, genetic optimisation and selection, and
individual decoding.
In the GA, an individual represents a vector of regression
coefficient values for the problem of estimation of the mean
repair time of a ship, while a fitness function is a measure used
to assess the adequacy of the presented model in relation to
historical data. The fitness function of an individual (15) is the
weighted function of the coefficient of multiple determination
(9) and standard deviations (10):
(15)

where:
s(ρ *η) – the maximum standard deviation achieved by
chromosome ρ*η in iteration
R(ρ*η)2 – the maximum coefficient of multiple determination
achieved by chromosome ρ*η.
The objective is to achieve the vector of regression coefficients
with minimal value (15).
The pseudo code of the GA is presented in Fig. 1. The steps
of the algorithm are explained in the following subsections.

0.0000903 Sri + 0.0063044 Pli – 0.00006 Pri –
0.15224 Asi = RTi

(13)

The achieved equation is more adequate for Chemical/
Products Tankers. The coefficient of multiple determinations is
R2 = 0.67 and the standard deviation is 3.98. The average repair
time is 19.55 days, but can vary by 4 days. The average repair
time depends on the age of the ship (As) to the greatest extent.
Considering only the historical observations regarding
Hri and Pai, for 9 Crude Oil Tankers, the Solver Appendix
estimates values of regression coefficient b0, b1, b2. The achieved
regression equation is:

9 · 0.000701 + 0.000541 Hri +
0.0000353 Pai = RTi
92

(14)
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Fig. 1. Pseudo code of the GA algorithm

ENCODING AND DECODING
The complexity of the problem of estimating the average
repair time for ships requires sophisticated coding practice
for an individual, including regression coefficient values and
a positive or negative sign before a coefficient. Each individual ρη

is represented by seven sub-chromosomes, one sub-chromosome
for each regression coefficient. Each sub-chromosome is created
by six genes, randomly selected from the DNA Library (Table 1).
Each individual chromosome represents a binary gene for a sign,
a floating point gene for the number of zeros after the decimal
point, and an integer gene for the coefficient before and after
the decimal point. By scanning the chromosome code from left
to right, estimated values of regression coefficients b0, b1, …, b6
are entered into Eq (11).
Tab. 1. The DNA Library for each sub-chromosome
V = [–1,1]

← random generation of a gene for a sign

D = [0,1]

← random gene generation for yes or no
decisions for integer values

J = [1, … ,20]

← random generation of a gene for
a coefficient value before the decimal point

C = [0,1]

← random generation of a gene for yes or no
decisions for fractional values

E = [0.1, 0.01, 0.001,
0.0001, 0.00001,
0.000001, 0.0000001
E = [[0.1, 0.01, 0.001,
0.0001, 0.00001,
0.000001, 0.0000001]]

← random generation of a gene for a number
of zeros after the decimal point

F = [1, … ,999]

← random generation of a gene for
a coefficient value after zeros

In order to transform an individual into a workable multiple
linear regression equation, each sub-chromosome is decoded
into a regression coefficient. Consider the first row of the matrix
ρj, η which codes regression coefficient b0 (Table 2). Starting
from the left to right, the first gene codes sign “+”, second gene
codes a multiplier for the value before the decimal point, the
third gene codes the value of the coefficient before the decimal
point. The following gene (C) codes a multiplier for the value
after the decimal point, gene E codes a number of zeros after
the decimal point, and the last gene codes the value after zeros
for the coefficient.
Decoding each sub-chromosome involves solving the
following procedure:

ρj, η = (V) · (D · J + (C · (E · F)))

(16)

Consider the first sub-chromosome, which codes value for b0,

ρj, η = (V) · (D · J + (C · (E · F))) =
+1 · (1 · 15 +(1 · (0.001 · 289)))
value 15.289 is substituted instead of b0 into Eq. (2).

Tab. 2. An individual (chromosome) randomly generated from the DNA Library
ρj,η

V

D

J

C

E

F

b0

1

1

15

1

0.001

268

b1

0

0

11

1

0.00001

26

b2

1

0

7

1

0.0000001

765

b3

1

0

9

1

0.00001

189

b4

0

1

3

1

0.000001

36

b5

0

0

2

0.00001

303

b6

1

0

1

0.000001

178

1

After decoding all sub-chromosomes, values for the
parameters b1, b1, b1, b2, b3, b4, b5 and b6 in Eq. (11) are achieved.
INITIALISATION
Genes, stored in the DNA Library, represent signs (+ or –), yes
or no decisions for a multiplier, a number of zero positions and
values in the problem of the ship maintenance time estimation.
An individual’s sub-chromosome consists of the V, D, J, C, E,
and F genes. A set of randomly generated regression coefficients
(sub-chromosomes) represents an individual (chromosome)
in the initial population.
CHROMOSOME DIFFERENTIATION
AND SELECTION
The parent pool is created by copying the initial population.
The two point mutation procedure is proposed in order to
construct new regression coefficients in the chromosome
differentiation process. The intensity of the effect of the mutation
procedure is controlled by defining a series of subchromosomes
and genes that are subject to the mutation procedure.
The two-point mutation procedure begins by selecting two
subchromosomes from V, D, J, C, E, and F and one gene for
each subchromosome. Selected genes are removed from the
parent’s chromosome. Offspring are produced by copying the
rest of the genes into their chromosome positions. As a result,
the genes required to complete offspring are selected randomly
from the DNA library.
Let us assume that sub-chromosomes b0 and b1 undergo
the two-point mutation procedure. Two genes were selected: D
and F. The selected genes were removed from the chromosome
of the parent. New genes D and F were copied from the DNA
Library in the corresponding positions of the offspring’s
chromosome, as presented in Fig. 2.

Fig. 2. The chromosome of the offspring generation with random selection of two genes, D and F
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The decoding procedure is then applied and the multiple
regression equation for each person is calculated. In the elite
selection, the best individual does not change from a pair:
parent and offspring.
After the selection, the parent undergoes the procedure of
single point mutation. In a single point mutation, the F gene
from a randomly selected sub-chromosome is replaced with
a random gene from a DNA library. Due to the use of the single
point mutation, the emphasis on genetic material loss is low.
The elite choice is also repeated. The best individuals remain
unchanged and will survive to the next generation.
TERMINAL CONDITION
The execution of multiple iterations is a termination
condition. The best solution (optimal or close to optimal) is
in the last generation.

COMPUTER SIMULATION
In this section, the problem of estimating ship maintenance
time is examined using a genetic algorithm written in Borland
C++. Historical data on both dependent (repair time) and
independent variables (type, age of a ship) to establish the
relationship between modes and repair time was used.
A multiple linear regression analysis is applied in order to
identify the mathematical relationship between modes and
repair time (1-8). The relationship between both dependent and
independent variables is described by the vector of regression
coefficients. The fitness function measures the adequacy of the
presented model to historical data.

Computer experiments are run for alternative values of key
parameters, such as the size of the initial population (chn),
number of iterations (in) and number of mutation points (mn).
The values of the parameters are varied including the initial
population {100, 150}, number of iterations {50} and number
of mutation points {1, 2}. Only a small number of instances
are examined from the set of parameter values to evaluate
the GA, with the objective of increasing the coefficient of
multiple determinations. A small number of experiments
indicate the need to change the coding procedures presented
in this article.
The general function of the GA is maintained, that is, the
average quality of population improves from generation to
generation, as shown in Fig. 3, especially for experiments
{chn = 100, mn = 1, in = 50} and {chn = 100, mn = 2, in = 50}.
Two computer simulations (cs = 2) are performed for the
input data sets: {chn = 100, mn = 1, in = 50} and {chn = 100,
mn = 2, and n = 50}. Comparing the mean fitness function
obtained for the simulations (Fig. 3, red and green lines for the
first data set, grey and blue lines for the second data set), the
following conclusion can be drawn: each run of the computer
simulation increases the chances of achieving better solutions.
The aim of the study is not to fine-tune the parameters of the
genetic algorithm, therefore only one computer simulation is
run for each data set for further research.
Table 3 presents the best multiple determination coefficients
obtained for the regression coefficients (b0, b1,..., b6) in the
simulation described by the triple: chn, in and mn. The values
of the multiple determination coefficients should be in the
range [0, 1].
The phenomenon of high values of the multiple determination
coefficients can be explained by the achieved values of the

Fig. 3. The average fitness function obtained in iteration 1, 2, 3, ..., 50 for the simulation described by: chn={100,150}, in=50, mn={1,2} and sn={1,2}
Tab. 3. The best multiple determination coefficient obtained for regression coefficients (b0, b1...,b6) in the simulation described by:
chn={100,150}, in=50, mn={1,2} and sn={1,2}
chn

mn

in

sn

R(ρη)2

b0

b1

b2

b3

b4

b5

b6

100

2

50

1

97.6425

-0.9251

0.000986

0.001069

0.001127

0.000274

0.0835

4.0258

100

1

50

1

170.115

-0.99263

0.000784

0.00289

9.2e-05

7.84e-05

0.0305

0.00981

100

1

50

2

223.799

1.0003

8.16e-05

0.000172

0.00255

0.000193

3.5e-05

-7.999

150

1

50

1

196.203

-0.999127

0.000448

0.0024

0.000695

0.000966

0.01064

0.0902

100

2

50

2

134.126

-0.9103

0.000964

0.00258

0.00081

0.000559

0.00615

0.0874

150

2

50

1

153.13

-0.999984

0.00066

0.000551

0.000277

9.64e-05

0.000595

9.00015
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Fig. 4. The average fitness function obtained in iteration 1, 2, 3, ..., 50 for the simulation described by the triple: chn, mn et al. after modifying the range for parameter b0
Tab. 4. The best multiple determination coefficient obtained for regression coefficients (b0, b1...,b6 ) in the simulation described by the triple: chn, mn
et al. after modifying the range for parameter b0
mn

R(ρη)2

b0

b1

b2

b3

b4

b5

b6

1

0.4247

0.0673

1.02e-05

9.67e-05

3.81e-05

3.73e-05

0.00846

0.00054

2

1.01924

0.0482

6.27e-05

0.000189

0.000369

3.89e-05

0.0068

0.000937

3

0.88

0.0756

1.35e-05

1.39e-05

0.000207

0.000271

0.01079

0.00816

4

0.6113

0.0619

0.000276

7.64e-05

2.52e-05

8.2e-06

4.74e-05

4e-06

parameters {b0...b6}, which are randomly selected and far from
the solution achieved by the Solver Appendix. In particular,
parameter b0 should reach values close to 15 (11), while the
values achieved by GA are in the range [-0.9103, 1.003].
Based on the observed data for the regressin parameters,
the following constrains are made for parameter b0: the value
should be positive and within the range [14, 20] for the initial
population.
After applying the knowledge of b0 values, a small number of
experiments are repeated. Again, computer simulation (cs = 1)
is run for the values of the key parameters: the initial population
{100, 150}, the number of iterations {50} and the number of
mutation points {1, 2, 3, 4}. The results are presented in Fig. 4.
Now, the values of the multiple determination coefficients
are in the range [0, 1] (except the second result) (Table 4). This
means that the coding and differentiating procedures have
been designed correctly. Parameter b0 reaches values in the
range [0.0482, 0.0756] (Table 4). Due to this phenomenon,
parameter b0 does not dominate the multiple linear regression
equation. Unlike the Solver Appendix, the GA predictions are
more reliable.
The coefficient of multiple determination is very good,
R 2 = 0.88, thus the achieved equation fits the historical data.
The average time of repair for a ship depends on the pipeline
repairing (Pr) [m] to the greatest extent. The regression
coefficients b0, b1,..., bk are presented in Table 4. The achieved
regression equation is:

108 · 0.756 + 0.00035 Hri + 0.000393 Pai +

RESULTS AND DISCUSSION
In order to increase the value of the presented method for
managers, further simulations are run with an emphasis on
obtaining an accurate forecast. In the steps of the algorithms
related to the selection, the possibility of replacing the existing
chromosome (solution) with a new one is taken into account,
provided that the standard deviation of the obtained forecasts
is smaller (9). Results presented in the previous section were
achieved using the coefficient of multiple determination (10)
for selection pressure.
Computer simulation is run for the values of the key
parameters: the initial population {100, 50}, the number of
iterations {50} and the number of mutation points {1, 2, 3, 4};
the results are presented in Table 5. The best solution is achieved
for the multiple linear regression equation:

12.0028 + 1.1e – 06 · Hri + 2.8e – 05 · Pai +
5.97e – 05 · Sri + 1.15e – 05 · Pli +
0,00581 · Pri + 0,000305 · Asi = RTi

(18)

Managers of Constanta Shipyard may substitute new data
on planned works: hull repair (Hr), painting (Pa), structure
renovation (Sr), panel renovation (Pl), pipe repair (Pr); on
resources: dock (docking duration) and quayside (quaytime)
and the age of the ship (As) into the equation (18), in order to
estimate the future duration of maintenance.

0.000207 Sri + 0.000271 Pli + 0.01079 Pri +
0.00816 Asi = RTi

(17)
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Tab. 5. The best standard deviation obtained for regression coefficients (b0, b1...,b6) in the simulation described by the triple: chn={50, 100), in=50, mn={1, 2, 3, 4}
chn

mn

R(ρη)2

s(ρη)

F(ρη)

b0

b1

b2

b3

b4

b5

b6

100

1

0.411959

2.79

0.50

9.00005

3.17e- 05

6.64e- 05

0.000 224

7.71e- 05

0.00856

0.010 57

50

1

2.96448

5.76

0.50089

2.99923

3.79e- 05

0.000 426

0.000 107

2.72e- 05

0.00611

0.001 01

50

2

0.135776

2.767

0.500496

13.0006

3.35e- 05

3.5e- 06

4.1e- 05

3.53e- 05

6.91e- 05

0.003 47

50

3

0.231784

2.64139

0.503403

12.0028

1.1e- 06

2.8e- 05

5.97e- 05

1.15e- 05

0.00581

0.000 305

50

4

1.61047

3.6682

0.501773

12.0006

1.64e- 05

9.18e- 05

0.000 216

3.35e- 05

0.0029

0.000 486

The multiple determination coefficient R 2 equals 0.42
and the standard deviation s equals 2.78, for the regression
coefficient values achieved using EXCEL (11). The solution with
similar qualities was achieved using the GA with the multiple
determination coefficient R 2 equal to 0.41 and the standard
deviation s equal to 2.79 (first row, Table 5). An interesting
solution was achieved using the GA, with a lower value of the
standard deviation, s = 2.64, and a lower value of the multiple
determination coefficient, R 2 = 0.23(18). The average time of
repair for a ship depends on the pipeline repairing (Pr) and
the age of the ship (As), to a large extent (18).
The maintenance times estimated for the regression
coefficient values described in the fourth row in Table 5,
using the GA and EXCEL for the regression coefficient values
described in Eq. (11) and historical data on ships’ repair times,
are presented in Fig. 5.
By analysing the achieved results (Fig. 5) the following
conclusion can be given:
– the adjustment of the regression line to the empirical data is
small in both cases (it is of the order of 5%). The GA achieved
the slightly better adjustment of the regression line to the
empirical data (R2 = 0.055) compared to EXCEL (R2 = 0.052).
– it is clear that, in both graphs, the estimated repair time is
very sensitive to the increase in ‘historical’ time: a relatively
small increase in ‘historical’ time gives a more pronounced
increase in the estimated time.
– as for the difference in the dispersion of points in the case,
then, in the case of GA, all variability is in the range (12, 16);
in the case of using analytical calculations in Excel, a small

percentage ‘protrudes’ beyond this range. This is probably
related to the fact that the analytical form of the forecast
in regression gives an average estimation of an unknown
value (regression estimation is the so-called mean estimate).
Thus, the scattering of ‘historical’ values (some slight outlier
values) can affect predictions using the regression function.
Further investigations are needed in order to increase the
adequacy of the regression line to the empirical data.

a)

b)

EFFECT OF THE NUMBER OF ITERATIONS
ON THE FITNESS FUNCTION
The following hypothesis is set: the number of iterations
affects the quality of the obtained solutions (15).
First, two computer simulations {1, 2} are performed for the
values of the key algorithm parameters: the initial population
{100}, the number of iterations {100} and the number of
mutation points {3, 4}. The mean population affinity function
(obtained for each of the iterations) is presented in Fig. 6.
Observing the mean of the population affinity function
obtained for the variable values of the mutation parameter {1, 2,
3, 4}, the constant size of the initial population = 50 (Fig. 4),
the results obtained for the variable value of the mutation
parameter {3, 4} and the size of the initial population = 100
(Fig. 6), the number of mutation points = 3 is selected for
further computer simulations.
Further computer simulations are run for the values of
the key parameters: size of the initial population {100}, the
number of iterations {100, 200, 300, 400, 500, 600, 700} and the

Fig. 5. Variation of estimated ship repair time (days) depending on historical repair time.
Data dispersion and interpolation line for estimated repair time achieved using a) GA; b) EXCEL
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Fig. 6. The average fitness function obtained in iterations for the simulation described by: chn=100, in=100, mn={3,4} and sn={1,2}

Fig .7. The average affinity function obtained by iteration for the simulation described by the triple: chn=100, in={100, 200, 300, 400, 500, 600, 700} and mn=3

number of mutation points {3}. The mean population affinity
function (obtained for each of the iterations) for each computer
simulation is presented in Fig. 7. By analysing the achieved
results, the following conclusions can be given:
– the average affinity function of the population improves up
to the number of iterations around 100;
– the average affinity function of the population depends on
the maximal standard deviation and the maximal coefficient
of multiple determination achieved in a population (15).
The effect of the number of iterations on the standard
deviation value and the multiple determination coefficient
value is presented in Fig. 8a and 8b, respectively. The standard
deviation value improves with the number of iterations, from
100 to 500 (Fig. 8a). The multiple determination coefficient value
improves with the number of iterations from 100 to 400 (Fig. 8b).

We can analyse the solution achieved for the key parameters:
the initial population {100}, the number of iterations {500} and
the number of mutation points {3} (Fig. 8). The solution (19) was
achieved for the value of the standard deviation, s = 2.42 and
the value of the multiple determination coefficient, R 2 = 0.19.

12.00211 + 2.37e – 05 · Hri + 1.05e – 05 · Pai +
0.000269 · Sri + 6.1e – 06 · Pli + 0,00451 · Pri +
8.9e – 0,5 · Asi = RTi

(19)

The average time of repair for a ship depends on the
pipeline repairing (Pr) and the structure renovation (Sr) to
a large extent (19).

a)
b)
Fig. 8. Effect of the number of GA iterations on a) the standard deviation; b) the coefficient of multiple determination
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The variation of maintenance times estimated using the GA
for the regression coefficient values described in equation (19)
(depending on historical repair times) is presented in Fig. 9.
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ABSTRACT
The paper described the experimental findings of underwater wet welding of E40 steel using self-shielded flux-cored wire
with a TiO2-FeO-MnO slag system. The arc stability, weld quality and corrosion resistance with different heat inputs were
studied. The results showed that the wet welding process of the designed wire displayed good operability in the range of
investigated parameters. The microstructure and mechanical properties of the weld metal depended on the heat input.
Due to the high fraction of acicular ferrite in the weld metal, the mechanical properties of the weld metal under low
heat input had better tensile strength and impact toughness. Fracture morphologies at low heat input had uniform and
small dimples, which exhibited a ductile characteristic. The diffusible hydrogen content in the deposited metal obtained
at a heat input of 26 kJ/cm significantly reduced to 14.6 ml/100g due to the combined effects of Fe2O3 addition and the
slow solidification rate of molten metal. The microstructure also had a significant effect on the corrosion resistance of
the weld metal. The weld metal with high proportions of acicular ferrite at low heat input exhibited the lowest corrosion
rate, while the base metal possessed a reduced corrosion resistance. These results were helpful to promote the application
of low alloy high strength steel in the marine fields.

Keywords: Arc stability, Weld quality, Low alloy high-strength steel, Underwater wet welding

INTRODUCTION
Underwater wet welding, a convenient and low-cost technique,
is widely used in the maintenance and repair of underwater
steel structures [1]. The direct access of the water to the welding
zone results in poor arc stability, a rapid cooling rate and a high
diffusible hydrogen content in the deposited metal, which
reduces the quality of the wet welded joints [2]. Underwater
wet welding is usually divided into underwater shielded metal
arc welding (SMAW) and underwater wet self-shielded fluxcored arc welding (FCAW-S). The research on underwater
wet SMAW using coated electrodes is well documented [3,4].
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With the trend of the developing wet welding process with its
advantages of high efficiency and a high degree of automation,
the underwater FCAW-S process is receiving more and more
attention [5]. Scholars around the world have conducted in-depth
research on the stability of the underwater wet FCAW-S process
and clearly clarified the characteristics of the bubble and droplet
transfer of the underwater wet welding process [6-9]. A series
of assisting methods have also been proposed to achieve highquality welded joints, such as ultrasonic [10-11], pulse current
[12], pulsed wire feed [13] and temper bead [14].
In order to obtain high-quality underwater wet FCAW-S
welded joints, the key is to develop a self-shielded flux-cored wire

suitable for the wet welding process. However, the development
of self-shielded flux-cored wire lags far behind the development
of coated electrodes [15-17]. When commercial flux-cored wires
were originally tried in underwater surroundings, the quality
of the wet welds was poor [18, 19]. EO Paton Welding Institute
carried out work to develop a rutile type of self-shielded flux-cored
wire [20]. In spite of the good results achieved, there was little
information on this development. Guo studied the underwater
wet welding process stability using self-shielded flux-cored wire
with the TiO2-CaF2 slag system [7]. Nevertheless, no detailed
information on the slag features was given in the study. Parshin
found that the quality of wet welded joints was ensured when
selecting the flux-cored wire with the TiO2-CaF2 slag system [21].
However, the amount of calcium fluoride in the formulation is
only 8%. This may not be able to effectively reduce the diffusible
hydrogen content in the weld metal. Li designed a self-shielded
flux-cored wire with a CaF2-Al2O3 slag system, which could be
used to join low alloy high strength steel [22]. But this wire had
low arc stability under large heat input. In addition, some attempts
have been made to acquire high quality wet welds by adjusting
the chemical composition of the flux core [23].
To sum up, the self-shielded flux-cored wires designed
for underwater wet welding have been mainly based on the
TiO2-CaF2 based system and CaF2 based system. The purpose
of adding CaF2 was mainly to decrease the diffusible hydrogen
content in the weld metal, but excessive addition will reduce
the arc stability and limit its application. Liu pointed out that
adding an appropriate amount of Fe2O3 to the rutile coating
could effectively reduce the diffusible hydrogen content on the
basis of ensuring the stability of the wet welding process [24].
This method can be applied to the development of underwater
wet self-shielded flux-cored wires.
Therefore, the aim of this paper is to explore the feasibility
of underwater wet welding of low alloy high strength steel
with TiO2-Fe2O3 type self-shielded flux-cored wire. The arc
stability, microstructure, mechanical properties and corrosion
resistance of the wet welded joints were studied. The research in
this article helps to promote the development and application
of underwater wet self-shielded flux-cored wire welding
technology in the marine and shipbuilding fields.

selected in the study was E40 steel with dimensions of
200 mm × 60 mm ×10 mm. The specimen was welded with
a 60° V-groove with a 2-mm root opening, as shown in Fig. 1.
The filling material was specially designed self-shielded fluxcored wire with a diameter of 1.6 mm. H08A low carbon steel
was selected to form the outside sheath. The mixed powder in
tubular wire was composed of TiO2, Fe2O3, Mn, Al, Fe, LiF and
SiO2 in different proportions. TiO2 and Fe2O3 were the main
slag-former, and accounted for more than 50% of the total mass
of the flux. The specific formulation is shown in Table 1. The
chemical composition of the base metal and the weld metal is
shown in Table 2.
The welding power source used for the experiments was the
AoTai Pulse MIG-350 with DCEP polarity. The welding process
parameters are listed in Table 3. The wire extension was set to
20 mm. A robotic semi-automatic welding system was used to
complete the underwater wet welding process. Cooling time
from 800°C to 500°C (t8/5, s) were also calculated using the
method suggested by Suga [25], as shown in Eq. (1)- Eq. (3).
The calculation results are displayed in Table 3.

H = U*I/V

(1)

Rc = 6.25 × 105 × U–0.95 × t 0.17

(2)

t8/5 = 455 Rc–1.09

(3)

Where H is heat input (J/cm), U is arc voltage (V), I is
welding current (A), V is welding speed (mm/min), t is the
plate thickness (mm).
Under three different parameters, the arc stability,
microstructure and mechanical performance of the welded
joints were studied by surface and butt welding processes.
Hall sensors and an acquisition card were used to collect and
analyse the electrical signals in the underwater wet FCAW-S
process.

EXPERIMENTAL PROCEDURES
Underwater wet FCAW-S experiments were carried out
at a depth of 0.5 m in a tank with tap water. The base metal

Fig. 1. V-groove design and the extracted positions of mechanical samples

Tab. 1. Flux formulation and slag composition of flux-cored wires (wt.%)
TiO2

Fe2O3

SiO2

Fe

LiF

Mn

Ni

Al

FeO

MnO

Al2O3

Flux formulation

32

20

5

26

5

3

5

4

-

-

-

Slag composition

35.8

-

4.4

-

-

-

-

-

34.6

14.8

8.1

Tab. 2. Chemical composition of the base metal and the weld metal (wt.%)
Fe

C

Cu

O

Mn

Ni

Cr

Si

E40 steel

Bal.

0.16

-

-

1.36

0.05

0.02

0.45

Weld metal

Bal.

0.10

-

0.094

0.41

0.8

-

-
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Tab. 3. Welding parameters
Heat
input
(kJ/cm)

Welding
current
(A)

Arc
voltage
(V)

Travelling
speed
(mm/min)

Δt8/5
(s)

20

181

25.9

140

4

26

204

27.9

130

5.2

32

210

30.2

120

6.5

as a counter electrode, and welded samples as a working
electrode. The specimens were first immersed into NaCl
solution for 15 minutes to achieve the quasi-static open circuit
potential. Then, the PDP tests were performed from 0 to 1.2
V at a scanning rate of 0.01 V/s. All the electrochemical tests
were performed at least three times.

RESULTS AND DISCUSSION
The weld appearances before and after slag removal are
illustrated in Fig. 2. It could be seen that there was a layer of
black slag on the surface of the weld. The composition of the slag
was analysed by X-ray fluorescence spectrometry. The chemical
composition of the slag is shown in Table 1. The basicity of
the slag was around 1.25. The diffusible hydrogen levels of
the weld metal were determined using the glycerine method.
Each data point represented an average of six specimens. The
specimens for microstructural examination were taken from
the thickness section perpendicular to the welding direction.
The microstructure of the weld metal etched by 4% nitric acid
solution was characterised by optical microscopy. The impact
toughness, tensile strength and corrosion resistance of the
weld metal were studied respectively. The data was the average
value of at least three samples. The dimensions of the Charpy
impact samples and tensile samples are displayed in Fig. 3.
The fracture morphologies were observed using a scanning
electron microscope.

WELD APPEARANCES AND ARC STABILITY
The macroscopic weld appearances under three different
parameters are presented in Fig. 4. When the heat input
increased from 20 kJ/cm to 32 kJ/cm, all the welds were well
formed without surface pores and spatter on either side
of the welds. This indicated that the wires developed with
TiO2–Fe2O3 as the main component of the slag system possessed
good operability. As mentioned before, the arc stability for
wires with the CaF2 slag system deteriorated at large heat
input [22]. Thus, the arc stability of the TiO2 slag system can
be maintained in a large range of parameters, which was in
keeping with Rowe’s findings [3].

Fig. 4. Bead-on-plate welds and cross-section of welded joints

Fig. 2. Surface weld appearance before/after slag removal

Fig. 3. The dimensions of the Charpy impact samples and tensile samples (mm)

The corrosion resistance of the base metal and weld metal
was evaluated by potentiodynamic polarisation (PDP) tests.
All corrosion tests were conducted in 3.5% NaCl solution
at room temperature. The tests were carried out in a threeelectrode electrochemical cell system with a saturated
calomel electrode as a reference electrode, a platinum mesh
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In order to analyse the arc stability under different welding
heat input, the standard deviation, reciprocal coefficient of
variation and probability density distribution of arc voltage
were selected as evaluation indicators [7, 17, 26]. As shown
in Fig. 5(a), the influence of the heat input on the standard
deviation and reciprocal coefficient of variation of arc voltage
was not obvious. When the heat input was 32 kJ/cm, the
standard deviation of arc voltage increased slightly, indicating
that the arc stability deteriorated little. Generally, the arc
stability of the developed self-shielded flux-cored wire was
maintained at a high level. The results were in accordance
with the results of the weld appearances.
According to the influence of the heat input on the arc
voltage probability density distribution chart in Fig. 5(b),
the arc voltage probability density distribution under each
group of heat inputs was very concentrated. After statistical
analysis, the proportion of arc voltage in the range of 25‒33 V
exceeded 95% under the three heat inputs. This result further
suggested that good welding ability could be obtained for the
developed wire.

Fig. 5. The change of arc voltage at different heat inputs: (a) Reciprocal of variation coefficient and standard variation of arc voltage, respectively;
(b) Probability distribution of arc voltage

To accurately and clearly present the fluctuation of the
electrical signal in the entire welding process, a further analysis
of the welding current and arc voltage was conducted. Fig. 6
displays voltage/current (U/I) cyclograms for the different heat
inputs. An arc extinction region (a voltage threshold > 50 V),
stable arc burning region and short-circuit region (a voltage
threshold < 10 V) were observed. The percentage of stable
arc burning region followed this sequence: 26 kJ/cm (99.78%)
> 32 kJ/cm (99.65%) > 28 kJ/cm (99.28%). Compared to flux-core

wires with a CaF2-based slag system in the previous study [22],
the stable arc burning region became more concentrated and
the arc extinction region became less intensified for wires with
the TiO2-based slag system. On the whole, the arc stability could
be maintained at a high level at the investigated parameters.
The above results showed that the process range of low-carbon
steel self-shielded flux-cored wire was relatively larger than
that of wires with a CaF2-based slag system.

Fig. 6. Current and voltage cyclograms with varying heat input: (a) 20 kJ/cm, (b) 26 kJ/cm, (c) 32 kJ/cm
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Fig. 7. Microstructural analysis of molten slag: (a) inner surface, (b) outer surface

Fig. 8. Microstructure of weld metal under different heat input: (a) 20 kJ/cm, (b) 26 kJ/cm, (c) 32 kJ/cm

Fig. 7 illustrates the microstructure of the inner surface and
outer surface of the slag. Combined with the results in Fig. 2,
the black slag layer automatically tilted, or was accompanied
by transverse cracking after welding. It is expected that the
difference of linear expansion coefficients between the weld
metal and slag guaranteed slag detachability. In addition, pores
were formed in the inner surface of the slag during solidification.
This also suggested that a complicated metallurgical reaction
occurred in the slag/weld metal interface.
MICROSTRUCTURE AND MECHANICAL
PROPERTIES
Fig. 8 shows the microstructure of the weld metal under
different welding heat inputs. When the heat input was
20 kJ/cm, the microstructure of the weld metal was composed
of grain boundary ferrite, side lath ferrite, massive ferrite
and acicular ferrite. With the increase of heat input, the
proportion of the grain boundary ferrite and side lath ferrite
increased, while the proportion of acicular ferrite decreased
and coarsened. This was because the large heat input could
slow down the cooling rate to a certain extent and increase the
amount of high-temperature ferrite in the weld metal. In this
case, the amount of acicular ferrite reduced, and the strength
and toughness of the weld metal decreased. Fig. 9 illustrates
the X-ray detection images of butted welds at a heat input
of 32 kJ/cm. No obvious defects appeared in the weld beam.
Therefore, the wet welding quality was guaranteed using the
developed TiO2-Fe2O3 based flux-cored wire.
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Fig. 9. Wet butted weld appearance and its X-ray detection image
at a heat input of 32 kJ/cm

Under different welding heat inputs, the mechanical
properties of the underwater wet welding joints were analysed,
as shown in Fig. 10. It could be seen from the figure that,
as the heat input increased, the tensile strength and impact
toughness of the weld metal decreased to a certain extent,
which was consistent with the microstructure analysis results.
When the heat input was 20 kJ/cm, the tensile strength was
520 MPa and the toughness reached 80 kJ/cm2. Combining the
microscopic fracture morphology under different heat inputs
shown in Fig. 11, it could be found that the tensile microscopic
fractures under the three heat inputs were all composed of
a large number of equiaxed dimples, and spherical secondphase inclusions were distributed in the dimples. However,
when the heat input increased from 20 kJ/cm to 32 kJ/cm, the
dimple diameter became larger and the depth became smaller.

Fig. 10. All-weld-metal tensile strength and Charpy impact toughness
at room temperature

When the heat input was 20 kJ/cm, the diameter of the tensile
fracture dimple was 3 μm while the dimple diameter was 7 μm
at 32 kJ/cm.
A similar phenomenon was observed for the impact
fracture morphologies of the weld metal under different
heat inputs. Dimples of varying size and shape were observed
in all the fractured surfaces, which indicated that the major
fracturing mechanism was ductile. From
Fig. 11(b), it was clear that the fractured surface
of the specimen at low heat input contained
a large proportion of small and shallow dimples,
which was indicative of its relatively high tensile
strength and ductility. From Figs. 11 (d) and (f),
as the heat input increased, coarse and elongated
dimples were formed.
The weld-metal inclusions were examined
using energy dispersive spectrometry (EDS)
to determine their chemistry. The inclusion
was found to be enriched with 22.6 wt.%O,
10.7 wt.%Si, 11.4 wt.%Mn, and 58.7 wt.%Fe. It was
supposed that the main types of inclusions are
SiO2, MnO and FeO. The weld-metal inclusions
were the primary nucleation sites for acicular
ferrite. The major effect of weld-metal inclusions
in the nucleation of ferrite was through their
ability to reduce the energy barrier to nucleation
by acting as an inert substrate, as suggested by
Terasaki [27].

It could be observed that the E40 base metal had a more
positive potential (-0.9282 V) and a higher Icorr (27.5 μA cm-2)
than that of the weld metal under different heat inputs. This
meant that the base metal has a smaller driving force of
corrosion and a larger corrosion rate in NaCl solution. In
addition, the Icorr of the weld metal decreased from 11.6 μA cm-2
to 14.2 μA cm-2, suggesting that the corrosion resistance
deteriorated as the heat input increased. Thus, the corrosion
resistance of the weld metal was the best and then came the
base metal, which was in accordance with Wang’s study [28].
This was attributed to microstructural variation between the
base metal and weld metal at different heat inputs.
For weld metal at different heat inputs, the proportions
of acicular ferrite could be used to explain the differences in
corrosion resistance. On the one hand, a number of dislocations
in acicular ferrite may have become the nucleation sites of
corrosion cavities, resulting in a great corrosion tendency of
acicular ferrite [29]. On the other hand, the lowest corrosion
rate of the acicular ferrite could be attributed to the uniform
distribution of the phases in the welds [30]. For the base metal,
pearlite with the lamellar structure of ferrite and cementite was
considered to result from the cooperative growth of both ferrite
and cementite. Because the cementite contained in the pearlite
was electrochemically more stable than ferrite, the galvanic

CORROSION RESISTANCE
The curves of weld metal at different heat
inputs, and E40 base metal in 3.5%NaCl solution
were obtained, as depicted in Fig. 12. The Tafel
extrapolation method from the PDP curves was
used to determine the corrosion current densities.
The corrosion current density and corrosion
potentials are summarised in Table 4, where
Ecorr represents the corrosion potential and Icorr
represents the corrosion current.

Fig. 11. SEM fractured surfaces of mechanical samples at different heat inputs: (a), (c)
and (e) SEM fractographs of tensile specimens at a heat input of 20 kJ/cm, 26 kJ/cm
and 32 kJ/cm, respectively; (b), (d) and (f) SEM fractographs of impact toughness
test at a heat input of 20 kJ/cm, 26 kJ/cm and 32 kJ/cm
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effect between the cementite and ferrite would enhance the
ferrite corrosion, resulting in a higher corrosion rate, as
suggested by Shin [31]. Therefore, the corrosion resistance of
the low-alloy steel deteriorated with the presence of pearlite.

reacted with hydrogen, as illustrated by the reaction shown
in Eq. (5). This reduces the hydrogen content in deposited
weld metal. Meanwhile, the partial pressure of hydrogen in
the arc is reduced due to dilution of the oxygen produced by
the dissociation of Fe2O3. It is known that the increase in the
oxygen content of the weld metal drives reaction (Eq. (6)) to
the left, thereby decreasing the hydrogen content [33].

2Fe2O3 ĺ 4FeO + O2

(4)

FeO + 2H ĺ Fe+ H2O

(5)

H2O ļ 2H + O

(6)

This fact could be verified by the diffusible hydrogen content
of the weld metal at the different heat inputs in Table 5. The
addition of Fe2O3 into the flux could reduce the hydrogen
content to below 20 ml/100 g. Therefore, a low diffusible
hydrogen content is helpful to mitigate the tendency of
hydrogen-induced cracking [34].
Fig. 12. Polarisation curve of base metal and weld metal under
different heat inputs
Tab. 4. Electrochemical parameters obtained from potentiodynamic curves
Base
metal

20 kJ/cm

26 kJ/cm

32 kJ/cm

Ecorr/V

-0.9282

-0.9488

-0.9565

-0.9173

Icorr/A·cm-2

2.75E-5

1.16E-5

1.23E-5

1.42E-5

ADVANTAGES OF OXYRUTILE
FLUX-CORED WIRE
Haematite (Fe2O3) was introduced into TiO2-SiO2 based
flux-cored wire to form TiO2-Fe2O3 flux-cored wire. The main
aim was to develop a self-shielded flux-cored wire based on iron
oxide and titanium oxide with improved mechanical properties,
low diffusible hydrogen content and good operability.
Firstly, statistical analysis of the electrical signals suggested
that the developed flux-cored wires produced a stable arc
and regular bead appearance under the range of investigated
parameters. This meant that good operability could be achieved
for the flux-cored wire. After welding, a layer of black slag was
uniformly deposited on the surface of the welds, which could
effectively protect the weld metal. According to Table 1, the slag
system of the wire was TiO2-FeO-MnO and the slag basicity was
about 1.25. On the one hand, a more basic flux was expected
to reduce the weld metal hydrogen content. The introduction
of Fe2O3 to the flux formulation led to an increase in the flux
basicity and oxygen concentration, which helped to decrease
the diffusible hydrogen content. In addition, the decrease in
the weld metal hydrogen content with an increase in the level
of oxidising ingredients in the flux can also be ascribed to the
formation of a monolayer of FeO at the slag/metal interface,
which prevented hydrogen adsorption [32]. The mechanism
could be described as follows:
As shown in Eq. (4), Fe2O3 in flux-cored wire would
decompose to form FeO in the arc and weld pool. Then, FeO
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Tab. 5. Diffusible hydrogen content at different parameters
Heat input (kJ/cm)

20

26

32

Hydrogen content (ml/100g)

20.8

14.6

16.3

It should be noted that the addition of Fe2O3 would increase
the oxygen content of the weld metal, which may influence the
impact toughness of the weld metal. The results showed that
the weld metal contained a high level of oxygen (0.125 wt.%). In
order to improve the mechanical performance of their deposits,
Mn and Ni were selected as the main alloying elements that
transferred to the weld metal, as demonstrated in Table 2.
This conclusion could be verified by the superior mechanical
properties in Fig. 7. Pope also pointed out that acceptable
properties can be obtained for a high-oxygen underwater wet
welds when an optimum nickel content was used [35].
It was recognised that underwater dry welding required
a hyperbaric chamber with large support equipment. The
estimated cost and time for dry welded repairs are twice those
for wet welded repairs [36, 37]. Therefore, the underwater
wet welding process in the present study is more versatile
and cost-effective than that of underwater dry welding. This
is very important for urgent repairs of ships and offshore
platforms. Also, the formulation of flux-cored wires could
be adjusted according to the practical applications. Among
the studies of low carbon steel self-shielded flux-cored wire
of underwater wet welding around the world, the mechanical
performances of the weld metal reached the international
advanced level.

CONCLUSIONS
The following conclusions could be drawn from the present
work:
(1) For the three sets of heat input, the underwater wet welding
arc stability was maintained at a high level, and the weld

appearance was uniform, without surface porosity and
spatters. This indicated that the developed wires with
TiO2-FeO-MnO displayed good operability in a large range
of parameters.
(2) The microstructure and mechanical properties of the weld
metal were strongly affected by the heat input. The quantity
of the grain boundary ferrite and side lath ferrite increased,
thus the mechanical properties of the weld deteriorated as
a result of the high heat input.
(3) The microstructure also had a significant effect on the
corrosion resistance of the weld metal. The corrosion
resistance of the weld metal under three kinds of heat input
was superior to that of the base metal, but it decreased with
the rise of the heat input.
(4) In terms of the arc stability, mechanical properties and
corrosion resistance, a sound weld could be achieved using
the developed self-shielded tubular wire with TiO2-FeO-MnO
slag system at a heat input of 20 kJ/mm.
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ABSTRACT

There are special cases in the marine industry, where additional material tests, such as the fracture toughness test, must
be performed. Additional fracture toughness tests, such as CTOD (Crack Tip Opening Displacement), are typically
performed on three-point bend specimens. The dimension that defines all the specimen dimensions is the thickness of
the material to be tested. It is recommended by classification societies (e.g. DNVGL) to test specimens that are twice
as high as the material thickness. The width determines the length and, therefore, the weight of the specimen which,
for a 100 mm plate is over 140 kg. Current ASTM E1820, BS7448-1 and ISO 12135 testing standards also allow for
proportions other than those recommended. This results in a much smaller test piece. Reducing the specimen size
allows the testing machine to achieve lower forces than a specimen with a width to thickness ratio of two. This paper
presents the effect of changing the specimen geometry on CTOD test results. Research was performed for specimens
with a height to thickness ratio of one and two. Abaqus software was used for numerical calculations. The numerical
results were, at selected points, verified experimentally.

Keywords: CTOD,Fracture toughness,Ductility,FEM,Abaqus

INTRODUCTION
Contemporary research on modern ship and offshore
structures and their production methods is carried out in
many fields. One of the branches of study is the technology
of joining ship’s plates by welding. The issues raised include
the influence of non-typical welding processes on material
properties [1]. A similar issue (related to post-welding
processes), straightening is the effect of straightening
processes on the corrosion resistance and mechanical
properties of austenitic steels [2]. Another group of research
is the study of phenomena, carried out on models. In this
group of studies, we can find publications on the working
mechanisms and failure of structures made of composites [3],
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behaviour of stiffened panels in ultimate load conditions [4] or
the influence of corrosion factors on mechanical properties [5].
Moreover, the fracture toughness of structures is a frequent
topic of research and this is the intent of this paper.
The basic criterion for the assessment of ductility of steel
plates used for ship hulls is absorbed energy determined by
impact using the Charpy test method. Depending on the
steel category, the test is performed at different temperatures.
Energy absorbed during impact is a quantitative parameter;
a value higher than the criterion value indicates the suitability
of the material batch for hull construction. The result does
not give information about the nature of the fracture. The
criterion, based on the Charpy method, is sufficient in the vast
majority of cases. Thick plates, particularly plates thicker

than 50 mm, with higher yield points (equal or higher than
315 N/mm2) and high strength (yield point from 420 to 960
N/mm2) are an exception. In members of this thickness, the
predominant mode of operation is the plane strain state.
In addition, high stress levels are allowed, due to the high
strength of steel. In such cases, the standard Charpy test,
performed on standard size specimens (10 × 10 × 55 mm) may
prove to be unreliable. For this reason, for materials used in
safety-critical structures, additional tests are performed based
on the principles of fracture mechanics. One such test, most
RIWHQSHUIRUPHGLQVKLSEXLOGLQJDQGWKHR൵VKRUHLQGXVWU\LV
the Crack Tip Opening Displacement Test (CTOD).
Fracture mechanics describes the ductility of a material,
unlike the Charpy test, not only quantitatively but also
qualitatively. Current testing standards specify three quantities
that can be determined experimentally: KI (stress intensity
factor), CTOD and J-integral (a value describing the energy
state in the crack front zone), which are used depending on
the nature of the crack. CTOD is an appropriate quantity to
describe cracks of a mixed brittle and ductile nature [6-8].
Current regulations for the construction of ship hulls [9] and
offshore structures [10] require a CTOD test to be performed
in accordance with ISO 12135 [11] and ISO 15653 [12]. The
regulations do not specify the particular type of specimens
to be tested. This is a marked change from previously issued
regulations. The offshore regulations [13], issued in 2011
but currently up to date, explicitly impose three-point bend
specimens with Bx2B proportions, where B is the material
thickness (see Fig. 1). The test is performed according to
British Standards [14]. A similar situation occurred in a more
recent edition of DNV offshore rules [15]. The regulations
directly imposed the type and geometry of the specimen:
three-point bended with proportions Bx2B. The more recent
edition of EEMUA 158 (Ammendment 5), of 2005 [16] also
imposed the type of specimen: three-point bended Bx2B
(preferred) or BxB (subsidiary). All of the cited regulations
provide a single criterion value for CTOD. This may suggests
that the CTOD value is independent of the type of specimen
and, therefore, can be treated as a material constant. It is
a well-known fact that at least four major factors influence
the resulting value characterizing fracture toughness. These
are: strain rate, element thickness, element dimension, and
slit length in relation to the rest of the material. All factors are
a function of temperature and affect the final course of the
brittle transition curve [7][17]. The referenced standards [11],
[14], [18] impose limitations and require records to identify
the referenced factor, so tests performed based on them are
comparable.

Fig. 1. Comparison of Bx2B (white) and BxB (grey) specimen size. Both types
of specimen are suitable for plate thickness of 50 mm
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Fig. 1 shows specimens Bx2B (height to thickness of
specimen ratio equal to two) and BxB (height to thickness
of specimen ratio equal to one) specific to a 50 mm thick plate.
It can be clearly seen that the sample with dimensions BxB
is definitely smaller. Detailed comparison of the dimensions
and masses of samples of both types are presented in Table 1.
Tab. 1. Comparison of BxB vs Bx2B specimen dimension and masses [11], [14], [18]
Symbol,
unit

Value
for BxB
specimen

Width

B, mm

50

50

Height

W, mm

50

100

Span

S, mm

200

400

Total length

L, mm

230

460

-, kg

~4.5

~18.1

Mass (steel for shipbuilding)

Value
for Bx2B
specimen

In addition to the smaller size, the specimen also requires
a machine with a smaller load capacity. A comparison of
the required forces for specimens BxB (W = B) and Bx2B
(W = 2B), for 50 mm thick shipbuilding steel, with ultimate
strength of 537 N/mm2 is summarised in Table 2. The relative
crack length a0/W = 0.5 [-] was used for the calculations,
where a0 is the relative, averaged, initial crack length.
Table 2. Comparison of requested force for BxB and Bx2B specimens
BxB
specimen
type

Bx2B
specimen
type

Required force in acc. to BS [14], kN

111.9

224.0

Required force in acc. to ISO [11], kN

134.3

238.5

From the numerical data shown in Table 1 and Table 2, it
is clear that the testing of sheet metal of the same thickness,
carried out with BxB specimens will be easier than with
Bx2B specimens. The purpose of the presented research, is
WRGHWHUPLQHWKHH൵HFWRIXVLQJD%[%VSHFLPHQRQWKHUHVXOW
obtained, in relation to a Bx2B specimen.

RESEARCH METHODOLOGY
The research work conducted consisted of stages. The first
was to determine the mechanical properties of the tested
material. Based on these, a numerical model of the material
used for testing was created. The material model was
implemented into a numerical three-point bending test.
As a result, the force vs CMOD (Crack Mouth Opening
Displacement) plots were obtained. From the obtained graph,
the point value of CTOD was calculated. Eq. (1) (based on
[11] and [14]) was used. Other standards, for example [18],
have given other equations for calculating CTOD. There are
also continuous attempts to improve the existing equations,
e.g. [19-20]. Thus, it should be concluded that the quantity
known as CTOD has undergone an evolution since its
publication by Wells [21] in the early 1960s.
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(1)

where: δ0 – CTOD, uncorrected for stable crack extension,
mm; S – support span of the specimen, mm; W – specimen
width, mm; F – force, N; B – specimen thickness (equal to
plate thickness), mm; BN – specimen net thickness between
side grooves (in this case BN = B), mm; g1(a0/W) – function
concerning relative crack length, [-]; ν – Poisson’s ratio, [-];
Rp0.2 – proof strength for 0.2% of plastic elongation, N/mm2;
E – modulus of elasticity, N/mm2; a0 – initial crack length,
mm; VP – plastic component of notch opening displacement,
mm; z - the initial distance of the notch opening gauge
measurement position from the notched edge of the specimen
(in this case z = 0), mm.
To validate the FEA (Finite Element Analysis) results,
selected CMOD-force plots and calculated CTOD values
were compared with experimental results. The effect of
different relative crack length on CTOD was considered in
the calculation plan. As the author’s experience shows, it is
significant [22].
Fig. 2. Specimen during tension test. Moment of necking can be observed

Mn

P

S

Al

Nb

0.161

0.46

1.50

0.012

0.002

0.031

0.042

V

Ti

Cu

Cr

Ni

Mo

Ca

0.052

0.005

0.016

0.05

0.04

0.006

0.002

Mechanical properties were determined by in-house testing
on an upgraded ZD-40 Pu machine (force measurement
accuracy ±1% of the measured value). Elongation was measured
using an Epsilon 2543-050M-025M-ST extensometer
with a 50 mm measuring base. The extensometer allowed
measurement up to the point of specimen rupture, with an
accuracy of ±0.001 mm. Specimens with a circular crosssection, 10 ±0.1 mm in diameter, were used for the test. The
specimen was tensioned with a strain rate ά6 = 0.0044 1/s.
A photograph of the specimen during the tensile test is
shown in Fig. 2. The specified mechanical properties of the
tested steel are summarised in Table 4. The properties were
determined in accordance with the ISO standard [23].

Poisson’s ratio
ν, [-]

Si

Elastic
modulus E, N/
mm 2

C

Elongation
A50, %

Tab. 3. Chemical composition of tested steel

Tab. 4. Summary of mechanical properties
Ultimate
strength R m,
N/mm 2

The test object is VL E36 hull steel (according to DNVGL
PT.2 CH2 SEC.1:2016) with a nominal thickness of 50 mm.
Table 3 gives the chemical composition of the tested steel,
based on the material certificate.

Proof strength
ReH, N/mm2

OBJECT OF INVESTIGATION

398

537

29

2.15e5

0.3

Fig. 3 shows the stress - strain plot obtained from the
test (nominal characteristic, blue line). The actual plastic
characteristic, further used for the numerical model, is also
shown in the figure, as a red line. Extrapolation beyond R m
was carried out based on Hollomon’s formula [24].

Fig. 3. Stress strain curves: nominal (blue), utilized in FE model (red)
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FINITE ELEMENT ANALYSIS
Numerical simulations were performed using Abaqus
CAE 2019 software, using the explicit method. A validated
elastic-plastic model of the material was used for the tests,
following the procedure described in [25]. Due to the large
deformations, the real characteristics (see Fig. 3), determined
assuming a constant volume of the material during necking,
were determined and applied to the numerical tests. The
Huber-Misses-Hancke plastic strengthening model was
adopted. The material model adopted included necking and
a phenomenological model of material degradation based on
a linear curve softening relationship as a function of strain
increment. The model described by [26] was used. The case
of ductile damage was considered and the model depended
on 3 parameters: stress triaxiality (defined in Eq. (2)), plastic
elongation and strain rate.

ߟൌ

ି


(2)

Fig. 4. Idea of FE model

The spring stiffness was selected based on the measurement
of the actual roll displacement made during laboratory testing.
A hard, frictionless contact was used between the elements
[27]. FE models for BxB and Bx2B, with mesh refinement in
the crack tip zone, are presented as Fig. 5 a) and 5 b).

where:
p, N/mm2 – hydrostatic pressure in the material defined as (3):
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q, N/mm2 – equivalent stress defined as (4):
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σ1, σ2, σ3 – principal stress, N/mm2
The model assumed that the onset of material degradation
occurred at a value of η ≥0.33 [-] and a plastic strain (failure
strain) greater than 0.1605 [-]. These values were determined
from the tensile test results and, similar to Bao and Wierzbicki
[26], using the trial and error method. Since the CTOD test
was quasistatic (performed at the same speed each time),
the strain rate for which the η and failure strain values were
given was set at the level from the tensile test. In the crack
region, elements with a size of 0.5 mm were used, which is
a compromise between the relatively fast computational run
(10 - 15 h, depending on the model) and the agreeing force
– CMOD curve with the laboratory results.
In order to reduce the computational model and time of
computation, the planes of symmetry were used. The model
was reduced to ¼, through appropriate boundary conditions.
In the laboratory test, the load was transferred to the specimen
through a 50 mm diameter bending mandrel. The former was
modelled directly and the load was exerted by moving the
bending mandrel along the Y axis. The roll supporting the
model, which in reality has the possibility of rotation and
movement, was reduced to half and supported through an
elastic element with stiffness K = 4500 N/mm. The idea of
the FE model is presented in Fig. 4.
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Fig. 5. FE model. Mesh refinement in crack tip zone can be seen; a) BxB
specimen; b) Bx2B specimen

The primary evaluable output of the FEA was the force –
CMOD plots. The force was calculated as the sum of the nodal
reactions in the Y direction (see Fig. 4). The reaction from the
lower plane of the former was summed. The force reading
location was exactly the same as in the laboratory tests (there
is a force gauge under the mandrel), so the force from the FE
model and the laboratory tests could be compared directly.
CMOD was calculated as a displacement along the X axis. The
displacement was read from a node in the symmetry axis of
the specimen, on the top plane, at the edge of the notch. As
with force, the location of the CMOD measurement coincided
with the physical measurement in the laboratory.

EXPERIMENTAL VALIDATION OF FINITE
ELEMENT ANALYSIS
Tests verifying the results obtained by FEM simulation
were carried out on a digitally controlled 250 kN test stand
(force measurement accuracy ±1%). Displacement load was

applied and the force value was the resultant. The CMOD
was measured using an Epsilon 3541-010M-120M-LT
extensometer with an 8-mm measurement base and a range
of -2 mm to 12 mm. The accuracy of the extensometer, as
determined by the calibration certificate, is ± 0.5%. The
specimen during the CTOD test, is shown in Fig. 6.

Fig. 7. Chosen force vs CMOD curves obtained in FEA

Fig. 6. CTOD test stand

As mentioned above, an additional measurement to
that performed according to the standards, was the offset
of the support roll. HBM WA100 load cells were used with
a resolution of 0.01 mm. All of the test parameters (including
those from the controller of testing system) were recorded
using the HBM QuantumX MX 840A Data Acquisition
System, with Catman software. This provided a common timebase for all recorded parameters, which greatly facilitated
further analysis of the laboratory test results.

Fig. 8 shows the comparison of force vs CMOD curves
for numerical tests (dashed lines) and laboratory tests (solid
lines). Laboratory tests were performed for specimens Bx2B
and two relative gap lengths, a0/W = 0.5 [-] and a0/W = 0.6 [-].

RESULTS OF THE RESEARCH
The results are CTOD values for both types of specimens,
taking into account the different relative crack lengths a0/W
[-]. The basis of the calculation of CTOD values, following
from Eq. (1) and the geometric values, are the maximum force
and the plastic component of CMOD – VP, mm. Both of these
values were read from the force vs CMOD curves and then
substituted into Eq. (1). The selected force vs CMOD curves
obtained from FEA are shown in Fig. 7. Solid lines indicate
curves for specimen type BxB, while dashed lines indicate
Bx2B. It is clearly seen, as expected, that the specimens with
larger cross-sections (and thus span) require significantly
higher force. For BxB specimens with a0/W = 0.5, the
maximum force was 130.7 kN while, for Bx2B specimens
with the same relative crack length it was 218.3 kN. Similarly,
for relative crack length a0/W = 0.6, specimen BxB required
56.6 kN, while specimen Bx2B required 87.8 kN. Thus,
specimen Bx2B required 1.67 times more force compared to
specimen BxB, in the first case, and 1.55 times in the second
case.
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Fig. 8. Comparison of force vs CMOD curves from FEA and laboratory
experiments

Fig. 8 shows a good convergence of the force, run as
a function of CMOD, especially for a0/W = 0.5 [-]. For
a0/W = 0.6 [-], the curves obtained by laboratory testing are
above the curve obtained by numerical calculation. This
is due to the peculiarities of conducting laboratory tests,
particularly the fact that in laboratory tests it is not possible
to control a0/W accurately before testing. The magnitude
of a0 is determined after the CTOD testing is finished. The
laboratory-determined curves presented are for a0/W of
around 0.59 to 0.60 [-], which explains the fact that they lie
above the numerically obtained curve in the graph.

Fig. 9 shows the calculated CTOD values for samples BxB
(blue asterisk) and Bx2B (red caro) as a function of a0/W. The
results of laboratory tests (black stars) are also marked in
the figure. Calculations were performed for the a0/W range
from 0.45 to 0.70 [-]. The adopted range is dictated by the
limitations arising from the ISO standard, Eq. (1) is valid
for such a a0/W range.
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ABSTRACT

The work presented here investigates the structural response of cleaned corroded plates, subjected to compressive load
in the presence of a locked crack, where the change of mechanical properties as a result of corrosion development and
the cleaning process is also accounted for. A Finite Element model for assessing the compressive strength, considering
geometric and material nonlinearities, is developed, and the analysed plates are compared with the available experimental
data. An experimental design plan is generated using the Design of Experiments techniques, which quantifies the
influence of the governing variables and their interactions with respect to the plate’s ultimate compressive strength.
With a limited number of observations, the most significant effects are identified. The corrosion degradation is revealed
to be the most crucial effect leading to an effective strength reduction. It was found that, in the case of a corroded plate
with a locked crack subjected to a compressive load, the most severe case is when the crack is transversely oriented. The
strength reduction is slightly lower than when the corrosion degradation and the presence of a crack are considered
to be a simple summation of these two effects but acting separately. The outcome of the analysis is the development
of several empirical formulations that allow a fast estimation of the ultimate strength of a corroded plate, subjected
to compressive load in the presence of a locked crack, accounting for different cleaning.

Keywords: Cracks,Corrosion,Design of Experiments,Plate,Ultimate Strength,FEM

INTRODUCTION
Structural elements of ships and offshore structures are
degraded during their service life. The main degradation
effects include corrosion degradation, fatigue cracks, and
denting [1], [2]. In corrosion degradation and fatigue cracking,
their existence is somewhat inherent, whereas denting is
rather accidental. Thus, considering these two effects during
ship hull strength evaluation seems necessary, even at the
beginning of the design process.
The ultimate strength of intact structures has been studied
for many years, and some recent studies are presented in [3],
[4]. The impact of corrosion on the load-carrying capacity
of different ship structural elements was studied, both
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experimentally and numerically. Experimental studies on
the box girder, which simulate the real ship cross-section, were
performed [5], [6]. It was found that corrosion degradation
can cause a very significant reduction. In line with these
findings, the analysis performed for other structural elements
show similar behaviour, i.e. for stiffened panels [7], stiffened
plates [1], [8], plates [9] and beams [10]. The two factors cause
capacity loss. Firstly, the apparent reason is the thickness
reduction. Secondly, it was discovered that the mechanical
properties of steel elements with corrosion development are
reduced [11]–[13].
At a micro-scale, the material properties of the steel itself
are not changed by the corrosion development. However,
on a large scale, such as a typical coupon specimen, the

reduction of the mechanical properties is mainly caused
by the nonregularities in the corroded surfaces, which was
shown in different studies for both thin [14], [15] and thick
specimens [16]. These findings are in line with tensile tests
of corroded and cleaned specimens [13], which show that,
when specimens are subjected to different cleaning methods,
the corroded surface becomes smoother and the mechanical
properties are higher than corroded, non-cleaned specimens.
Combining these two phenomena (i.e. subsequent thickness
and mechanical properties reduction) in the Finite Element
model, shows a very good agreement with the experimental
results presented for stiffened plates [1]. Similar observations
could be found in [17]highly ductile member, where the
seismic performance of corroded H-shaped steel columns
was studied. The FE model considering both thickness
reduction and material properties changes, reveals very good
agreement between numerical and experimental results.
Thus, it is concluded that such a model could predict the
strength behaviour of different structural elements subjected
to corrosion degradation, despite the mechanical properties
obtained via testing of small-scale coupon specimens.
Although the cracks should be detected during surveys,
there will always be some level of non-detected cracks [18]
for various reasons, especially in hard-to-reach places. Thus,
cracks should be taken into account during the strength
evaluation of the structural components. Apart from that,
predicting the impact of such phenomena on structural
integrity is valuable in terms of the risk assessment of ageing
ships [19]. The non-propagating cracks (locked cracks) are
usually taken into account in such analysis.
Similar to the corrosion degradation, the influence of
locked cracks on the capacity of structural components was
also investigated. However, in this case, the experimental
studies are somewhat limited. The importance of this problem
was first outlined in [20], [21], where the buckling stress of
transversely cracked plates was evaluated. Furthermore,
in [22], comprehensive elasto-plastic collapse analysis was
performed, both experimentally and numerically. It was
found that the strength reduction of plates can reach a level of
50%. Additionally, the FE modelling was found to be a useful
tool for predicting such phenomena.
The review of the ultimate strength of cracked structural
elements in ships was carried out in [23], showing examples
of experimental studies with regards to plates [22], [24]
and stiffened plates [25]. Much greater attention was paid
to numerical studies [26]–[29]. The studies revealed the
governing factors that play the most significant role in
reducing the structural capacity, i.e. crack length and crack
orientation. The most severe case was found to be a transverse
crack in the loading direction. Some empirical formulations
to assess the ultimate strength of cracked plates were derived
[22], [30], [31].
However, no studies analysed the ultimate strength of
plates subjected to general marine corrosion and locked
cracks. Recently, some preliminary studies have examined
simultaneous pitting corrosion and locked cracks [32], where
it was found that these two degradation effects can occur
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simultaneously and may cause a very significant reduction
in the plate’s ultimate strength. However, it needs to be noted
that pitting corrosion is a lot different from general marine
corrosion.
The presented study aims to analyse the simultaneous
corrosion and locked cracks, associated with the ultimate
strength of plates subjected to compressive loadings. In terms
of corrosion degradation, the subsequent thickness reduction
and changing mechanical properties are considered. To
analyse the mutual effect of the considered design variables,
Design of Experiments techniques were used to make a proper
experimental plan. Based on this, information about the most
critical factors and their interactions were established. Finally,
the simple formulations for a fast estimation of ultimate plate
stress, in the presence of cracks and corrosion degradation,
were obtained.

MECHANICAL PROPERTIES OF
CORRODED PLATES
The experimental results presented in [12], were used to
model the mechanical properties of corroded steel plates by
considering different cleaning methods. The constitutive
models of the mechanical properties change as a function
of the degradation level, and they were developed based on
the best-fit curves, as shown in Fig. 1 and 2

Fig. 1. Young’s modulus (left) and tensile strength (right) as a function
of Degree of Degradation [12] (A – corroded non-cleaned, B – corroded
sandblasted, C – corroded sandpaper cleaned).

Fig. 2. Yield stress (left) and total uniform elongation (right) as a function
of Degree of Degradation [12] (A – corroded non-cleaned, B – corroded
sandblasted, C – corroded sandpaper cleaned).

As can be seen, all mechanical properties are reduced
by corrosion development and this is measured in terms of
a Degree of Degradation level (DoD), which is defined as
the volumetric loss of the material, given as a percentage of
the initial volume of the item. However, it needs to be noted
that the yield stress is not reduced in the region between 0%
and 25%. This is not in line with the findings of [15], [16],
where a reduction of between 10% and 20% was observed for
that region. The reason is that, in [11], the initial mechanical
properties of non-corroded material was unknown and the
minimum required properties for normal strength steel were
considered. The minimum necessary yield stress for normal
strength steel was equal to 235 MPa. To meet those criteria,
during steel production, much higher yield stress values are
typically observed, considering different uncertainties related
to the fabrication process. The multiple tensile tests of normal
strength steel, fabricated during the last couple of years and
with a total number of 5,493 observations, were performed
in [33]. These showed a mean value of yield strength equal to
284.5 MPa. With a significantly lower number of observations,
the mean value of the yield stress was equal to 400 MPa [34].
To show real behaviour, it is assumed that the initial
material properties are unknown, and they are established
from extrapolation from other measured points (see Fig. 3).
Based on this, the obtained value for DoD equal to 0 is taken
as the initial yield stress (284.4 MPa). This is in line with the
typically observed yield stress values of normal strength steel
[33]. Additionally, the reduction of the yield stress for DoD
equal to 25% is at the level of 15%, similar to observations
made by other researchers [15], [16].

and material nonlinearities. The material model is considered
to be bilinear with hardening. As shown in the previous
section, the mechanical properties depend on the Degree of
Degradation level (the percentage of mass plate reduction
regarding the intact condition), considering the adjusted
yield stress curve. The commercial software ANSYS [35] was
used with the static implicit solver, employing the NewtonRaphson iterative procedure. SHELL181 elements were used
to model the plate, and contact between the cracked edges
was modelled using CONTAC52 elements. When the gap
between crack edges was closed for a particular pair of nodes,
the contact bonds their displacement in the longitudinal
direction.
These are modelled as a half-sin wave, as suggested by
Smith [36], to consider the initial plate imperfections. The
average level of imperfections can be regarded as 0.1βt2, where
β is the plate slenderness ratio and is equal to:

ߚൌ
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where w is the plate width, t is the plate thickness and Re,
and E are yield stress and Young’s modulus of the material,
respectively. It needs to be noted that the initial thickness of
the plate and the initial mechanical properties were taken
into account when the initial imperfections were estimated.
These originated from the welding process, and it is assumed
that there are no changes in corrosion development.
The plate considered in this study is part of a ship
hull, which is spanned between transverse girders in the
longitudinal direction and between two stiffeners in the
transverse direction. Usually, the transverse girders are very
rigid, and the behaviour of loaded edges can be considered to
be something between clamped or simply supported boundary
conditions. In the presented study, the loaded edges were
regarded as clamped. In the case of unloaded edges, the side
stiffeners were not very rigid and simply supported conditions
were assumed. Additionally, the longitudinal displacement of
one of the loaded edges was considered to be coupled. The FE
model of the corroded and cracked plate considering applied
boundary conditions, is presented in Fig. 4.

Fig. 3. Adjusted yield stress model as a function of DoD.

The initial values are similar to the typically observed
values in other mechanical properties and there is no need
for adjustment.

FE ANALYSIS OF ULTIMATE STRENGTH
OF NON-CORRODED PLATE
To analyse the behaviour of a corroded and cracked plate
subjected to compressive loads, the nonlinear Finite Element
Method (FEM) was employed, considering both geometrical

119

POLISH MARITIME RESEARCH, No 3/2021

Fig. 4. FE model of the cracked and corroded plate with applied boundary
conditions.

Convergence studies needed to be performed to find the
optimum mesh density. The initial analysis parameters are

presented in Table 1. The FE runs for the different element
sizes were performed. In terms of crack modelling, the
cracked edges gap is considered equal to 2 mm and crack
tips are regarded as semi-circular ones. The crack length is
considered to be 1/3 of the plate width. It is known that when
the crack length exceeds a certain level, it is unable to stop
propagating [22].
Tab. 1. Initial parameters of the analysis.
Parameter

Symbol

Value

Unit

Plate length

l

1.5

m

Plate width

w

0.6

m

t

10.5

mm

CL

0.2

m

α

0

degrees

DoD

12.5

%

Plate thickness
Crack length
Crack orientation
Corrosion degradation level

The mesh convergence results are presented in Fig. 5. In the
vertical axis, the normalised ultimate strength, which is the
ultimate stress divided by the material’s yield stress, is shown.
At this point, and in further analysis, the initial yield stress
of the non-corroded plate is considered for the calculation
of the normalised ultimate capacity and initial thickness for
the ultimate stress. Because of this, the corrosion influence
on the load-carrying capacity, regarding the initial design
conditions, is highlighted. Regarding the mesh refinement
analysis, with a finite element size of 20 mm, one can get very
close results to the model with the smallest element size of
5 mm. With further mesh refinement, one gets only slightly
improved results with a significantly increased computational
time. For these reasons, the 20 mm element size is considered
in further analysis.

operating for a relatively long time. Based on that information,
the simultaneous existence of degradation effects and residual
stresses may be neglected.
In our previous work [31], the validation of the FE model of
the intact plate was performed, and showed good agreement
with available experimental data and empirical formulations.
In the case of degradation effects, the corrosion model was
already verified in [1], where subsequent thickness reduction
and changes in mechanical properties were adopted in the
FE model of stiffened plates, showing good agreement with
experimental results. In terms of a cracked plate, the use of
FE analysis was verified by experimental results in different
studies, such as [22].

EMPIRICAL ULTIMATE STRENGTH
ASSESSMENT OF CORRODED PLATE
Having two effects that can influence the ultimate strength,
one needs to choose the proper experimental techniques. The
One Factor At a Time (OFAT) [39] analysis is performed in the
classical approach. In that case, the initial design parameters
are unchanged, and only one factor is varied to show its
influence on the response. However, in that case, possible
interaction between factors cannot be traced.
Additionally, it requires quite a significant number of
observations. Experimental planning, based on the Design
of Experiments (DOE) [40] techniques, seems to be more
suitable to avoid that. When using this methodology, all
relevant factors can be investigated in one experiment,
which leads to the quantification of factor importance and
the interactions between them.
Firstly, a proper design plan needs to be adopted. In this
way, the Full Factorial Design (FFD) [38] was revealed to
be an excellent option, especially when investigating some
phenomena for the very first time. In that case, the 2f cases
were analysed, where f is the number of considered factors
that influence the response. The considered factors and their
symbols, together with the considered ranges of variability,
are presented in Table 2.

Symbol

Minimum

Maximum

Unit

Tab. 2. Factors considered in DoE.

A

1

4

-

Plate slenderness ratio (β)

B

1.524

2.857

-

Crack orientation (α)

C

0

90

degrees

Degree of Degradation (DoD)

D

0

25

%

Factor

Plate aspect ratio (l/w)
Fig. 5. Mesh refinement studies.

The welding-induced, residual stresses are not considered
in the present study. However, the plate ultimate strength
can be reduced in intact conditions [36]. It was shown in [37]
that, when the plate is subjected to multiple loading cycles
(as it is in ship structures over a couple of years of operation),
the residual stresses are released. This phenomenon is
known as a shakedown effect. In the case of both cracks
and corrosion, their existence may be considered in ships
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Plate aspect ratio and slenderness ratio are general design
parameters that typically influence the ultimate strength.
Thus, the minimum and maximum aspect ratios were taken
as 1 and 4, respectively. As presented in [42], the statistics
for various types of ships were performed regarding the plate
slenderness ratio. The typical value of the plate slenderness

ratio varies between 1.4 and 2.5, considering the design
values of mechanical properties. In the present study, the
thickness was considered from 8 mm (β = 2.857) up to
15 mm (β = 1.524). The 0o orientation crack corresponds
to the transverse crack’s loading direction, and the 90o
crack corresponds to the longitudinal crack. In corrosion
degradation, the 25% value is the level that is accepted to
exist by the Classification Societies. Above that level, the
plates are usually replaced. The thickness of the corroded
plate was calculated based on the DoD value, assuming that
it will result in a uniform loss of material. Subsequently, the
changes in mechanical properties were taken into account.
In the full factorial matrix, the 24 = 16 number of cases
was computed, and four factors considered. In this type of
experiment, only the maximum or minimum values of the
factors are considered. It can be seen that the linear behaviour
between the extreme values is assumed. The assumption will
be further validated with an additional number of cases. The
upper and lower limits of the variables were considered to
be equal to +1 and -1, respectively. The full factorial matrix
for the FFD experiment is presented in Table 3, and the
ultimate stress, as an output of FE analysis, is shown for
each considered case.
Crack Orientation

Degree of
Degradation level

A
-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

B
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1

C
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1

D
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1

Normalised
ultimate stress
[-]

Plate slenderness
ratio

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Plate aspect ratio

Observation
number

Tab. 3. Full factorial test matrix with normalised ultimate stress.

0.739
0.433
0.894
0.498
0.578
0.341
0.623
0.351
0.762
0.476
0.999
0.604
0.726
0.327
0.725
0.318

The DOE provides experimental plans that are very
effective and contains the statistical tools to evaluate the
importance of each considered factor and the interaction
between them, which are based on the Analysis of Variance
(ANOVA) [39]. Furtherly, the statistical analysis regarding
the results presented in Table 3 is presented.
To show the impact of each factor and their interactions,
the effect values are calculated based on the average responses:
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 ݂݂ܧൌ

σ ܴ݁݁ݏ݊ݏା σ ܴ݁ି݁ݏ݊ݏ
െ
݊ା
݊ି

(2)

where Response+ is the response for the positive value of
a factor or their multiplication, and Response– is the response
for the negative value of a factor or their multiplication.
Accordingly, n+ is the number of cases with a positive value
and n− is the number of cases with a negative value. In this
study, n+ = n− = 8.
Four main effects (A, B, C, and D) and 11 interaction
effects (AB, AC, BC, AD, BD, CD, ABC, ABD, ACD, BCD,
and ABCD) exist, so the total effects number is 15. The factor,
or their interaction, is more important when the absolute
value of the effect is higher.
To distinguish if the effect is essential or not, several
techniques may be utilised. One possible technique is to
sort the effects and calculate their cumulative probability
values [40]. Furthermore, the half-normal probability plot
is prepared, as shown in Fig. 6. The detailed procedure for
the generation of such plots are found in [40]. The significant
effects are those that lie on the right-hand side of the dashed
line. Eventually, the effects that lie directly on the line may
be influential, which needs to be judged. In principle, the line
distinguishes the essential effects from those with a lower
value than the statistical deviation of the results. The following
factors were relevant, based on the presented half-plot: A, B,
C, D, BC, AD, CD, ABD.

Fig. 6. Half-normal probability plot for effects.

Another possible way to distinguish the significant and
insignificant effects, is to perform the t-test for each considered
effect. An example of this type of analysis may be found in [31].
Usually, both methodologies lead to the same conclusions.
The significant effects, ranked from most important to least
important, are presented in Table 4.
Tab. 4. Effect ranking.
Rank
1
2
3
4
5

Effects
D (degree of degradation)
B (plate slenderness ratio)
C (crack orientation)
BC
A (plate aspect ratio)

Absolute value of effect [-]
0.3371
0.1767
0.0786
0.0676
0.0601

Rank
6
7
8

Effects
ABD
AD
CD

Absolute value of effect [-]
0.0395
0.0346
0.0302

The study shows very interesting results that need to
be discussed. The most important factor is the degree of
degradation, which reveals that corrosion degradation is the
most dangerous ageing phenomenon. The results show that
the plate with the considered level of corrosion degradation
of 25% may have a reduced capacity of up to 56%, and the
mean level of capacity reduction is equal to 45%.
The next most-influential parameter is the plate slenderness
ratio, and it is known that the ultimate strength is reduced
at higher values of this parameter. This is explained by the
fact that more slender plates have a lower value of theoretical
buckling stress, and so they are more prone to premature
failure than stockier plates.
The third most important factor is crack orientation. When
the crack orientation is longitudinal, no significant reduction
of the capacity is observed [31]. The most dangerous are the
transverse cracks. Based on the results, the most important
difference between the ultimate stress for the longitudinal
and transverse crack position reaches 23%, and the mean
level of the capacity reduction is about 10%.
The least influential main effect is the plate aspect ratio.
In general, the ultimate strength is higher for higher values.
Furthermore, it was found that the failure mode will differ,
mainly depending on the plate slenderness ratio. For a high
slenderness ratio, the ultimate strength will be caused
primarily by elastic buckling and, usually, several halfsin waves of loss of stability in the post-collapse form will
be observed. In this case, ultimate strength will be lower.
For a low slenderness ratio, the ultimate strength will be
dominated by the plastic collapse and only one half-sin wave
in post-collapse form is observed. For this case, higher values
of ultimate strength will be observed. No significant influence
of the corrosion degradation level was found on the failure
mode.
The most interesting part of the results is related to the
revealed interaction effects. The most significant interaction
effect is the interaction between the plate slenderness ratio
and crack orientation. When the slenderness ratio is low, the
influence of the crack orientation on the ultimate strength is
very high. However, the ultimate strength is not so severely
reduced with different orientation angles for the slender
plates. It may be concluded that crack existence is much more
dangerous for stocky plates. Another significant interaction
effect is the interaction between three factors: the plate aspect
ratio, plate slenderness ratio and degree of degradation. Due
to the involvement of the three factors, the interpretation is
not straightforward. However, based on the analysis of the
results, the ultimate strength is higher when plate slenderness
ratio and aspect ratio have different signs for a high level of
corrosion degradation. For example, for a low aspect ratio
and slenderness ratio, the ultimate strength is lower than
the plate with a low aspect ratio and a high slenderness ratio.
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Furthermore, the interaction between the plate aspect ratio
and corrosion degradation level was found. The ultimate
strength is more reduced when corrosion exists for plates with
a high aspect ratio than the plates with a low aspect ratio.
Finally, the interaction effect between the crack orientation
and corrosion degradation was found. From analysis of the
results, it can be seen that, when there is a simultaneously
high degradation level and transverse crack orientation, the
ultimate strength is slightly higher than a simple superposition
of these two degradation effects. In first case, the reduction of
ultimate strength is equal to 51% and it is less than the sum
of the mean reductions of the capacity caused by the crack
(10%) and corrosion degradation (45%). Nevertheless, it is
noted that the plate capacity is most severely reduced when
considering these two effects simultaneously.
A simple regression model (Response Surface) can be
obtained based on the results. This formula is beneficial at
the design stage, to avoid complicated analysis and allow for
the first estimation of considered strength. In the case of FFD,
the Response Surface takes the form of a linear regression
model. When considering the main effects and interaction
of two or three effects, the model will take the general form:






ݕത ൌ ܤ   ܤ ݔ    ܤ ݔ ݔ 
ୀଵ

ழୀଶ



 ܤ ݔ ݔ ݔ

(3)

ழழୀଷ

where xi are the model variables and the parameters Bi, Bij,
Bijk are the linear coefficients. There are equal to half of the
previously obtained effect values. However, one needs to
be aware that the absolute values of effects were considered
in importance analysis. In linear coefficients, they can be
positive or negative, depending on their influence on the
response value. The value of B 0 is taken as a mean value from
all analysed cases.
To normalise the variables, which were taken in the range
between -1 and 1 in DoE analysis and are different from the
real variable ranges shown in Table 2, the following values
were calculated:

݈
ቀ ቁ െ ʹǤͷ
ݔଵ ൌ ݓ
ͳǤͷ
ߚ െ ʹǤͳͻ
ͲǤ

(5)

ߙ െ Ͷͷ
Ͷͷ

(6)

 ܦܦെ ͳʹǤͷ
ͳʹǤͷ

(7)

ݔଶ ൌ
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ݔସ ൌ

(4)

The parameters of the response surface are B 0 = 0.5871,
B1 = 0.03007, B2 = -0.08836, B3 = 0.03928, B4 = -0.1686,
B23 = -0.03379, B14 = -0.01732, B34 = -0.01511, B124 = -0.01977.

The final response surface takes the form:
തതതଵ ൌ ͲǤͷͺͳ  ͲǤͲ͵ͲͲݔଵ െ ͲǤͲͺͺ͵ݔଶ  ͲǤͲ͵ͻʹͺݔଷ െ ͲǤͳͺݔସ  (8)
ݕ
െͲǤͲ͵͵ͻݔଶ ݔଷ െ ͲǤͲͳ͵ʹݔଵ ݔସ െ ͲǤͲͳͷͳͳݔଷ ݔସ െ ͲǤͲͳͻݔଵ ݔଶ ݔସ

Eq. (8) gives a fast estimation of the ultimate strength when
corrosion and cracking in the compressively loaded plate are
considered. However, the following model only considers
a linear relationship between the factors and response. This
may be different when compared with the exact FE solutions.
To get a better estimation level, the Central Composite Design
(CCD) can be considered. In this experimental plan, extreme
values of the variables were considered at a central point (all
variables equal to 0) and axial points (only one variable is
equal to 1 or -1, where others are equal to 0). This allows for
the derivation of a quadratic response surface. In this case,
the total number of considered cases is equal to 2f + 2f + 1,
so it is equal to 25 in the analysed problem.
To see whether the more advanced formulation is needed
or not, additional FE runs for axial and central points were
performed, and the results compared to the estimation using
Eq. (8). The results for additional points, together with the
factorial matrix, are presented in Table 5.

In this case, when values from the CCD plan are considered,
the response surface takes a general form of:
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Tab. 5. Factorial matrix for additional design points.
Crack
Orientation

Degree of
degradation

A

B

C

D

FEM

Eq. (8)

17

0

0

0

0

0.628

0.587

18

-1

0

0

0

0.536

0.557

19

1

0

0

0

0.628

0.617

20

0

-1

0

0

0.654

0.675

Normalised
ultimate
stress [-]

Plate
slenderness
ratio

ୀଵ

Plate aspect
ratio

Observation
number

Fig. 7. Comparison between response surface estimation and exact solution.

21

0

1

0

0

0.528

0.499

22

0

0

-1

0

0.593

0.548

23

0

1230

1

0

0.689

0.626

24

0

0

0

-1

0.781

0.756

25

0

0

0123123

1

0.454

0.419

ୀଵ

ழୀଶ
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By analysing the results, it was found that three of the four
variables influence the response in a nonlinear way: plate
slenderness ratio, plate aspect ratio and crack orientation. The
new response surface, based on the CCD experimental results,
was established with three new coefficients and changed B0
value:
ݕଶ ൌ ͲǤͳ͵  ͲǤͲ͵ͲͲݔଵ െ ͲǤͲ͵͵Ͷͺݔଵଶ െ ͲǤͲͺͺ͵ݔଶ െ ͲǤͲʹͶͶͺݔଶଶ  ͲǤͲ͵ͻʹͺݔଷ 
തതത
ͲǤͲʹͷͷʹݔଷଶ െ ͲǤͳͺݔସ െ ͲǤͲ͵͵ͻݔଶ ݔଷ െ ͲǤͲͳ͵ʹݔଵ ݔସ െ ͲǤͲͳͷͳͳݔଷ ݔସ െ ͲǤͲͳͻݔଵ ݔଶ ݔସ

(10)

To compare the improved formulation from Eq. (10), the
estimated ultimate strength results are again compared with
the exact FE solutions, as presented in Fig. 8.

The comparison of the exact FE results and estimated
values from Eq. (8) is presented in Fig. 7. In the case of FFD
points, the regression line is plotted, showing excellent
performance with the R2 value of 0.992. In this case, the mean
error of the estimation is 2.4%. In the case of additional CCD
points, it can be seen that the points lie below the curve. This
means that, in general, the formula underestimates the value
of the ultimate strength for those points. The mean error of
the estimation is 5.4%. This lead to the conclusion that the
derivation of a quadratic response surface may reduce the
uncertainty level for those points.

Fig. 8. Comparison between improved response surface estimation and exact
solution.
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One can see that, in the FFD points, the plot is similar to
that in Fig. 7. However, the estimated results for additional
CCD points are much closer to those obtained from the FE
computations. In this case, the mean error of the estimation
for all cases is about 2.4%.
As can be seen, the two simple formulations were derived
based on 16 cases for a linear approximation and 25 cases for
a quadratic approximation. Nevertheless, with the limited
number of FE analysis runs, the impact of the governing
factors, together with their interactions, was obtained. This
number of cases seems to be reasonable even when performing
physical tests.

EMPIRICAL ULTIMATE STRENGTH
ASSESSMENT OF CLEANED CORRODED
PLATES METHODS
Similar to the methodology presented in the previous
section, two design curves were developed, considering
the corroded plates cleaned by sandblasting and sandpaper
cleaning techniques. The mechanical properties were deemed
to be present in the second section, and design variables
were taken to be as shown before. In both cases, the CCD
experimental plan was applied, leading to quadratic response
surfaces; similar effects were revealed to be the most important
ones. As a result, two solutions were established. The
normalised ultimate strength, considering the sandblasted
surface of the corroded plate, is defined as:
ݕଷ ൌ ͲǤ͵Ͷ͵  ͲǤͲ͵͵ͳݔଵ െ ͲǤͲ͵͵ݔଵଶ െ ͲǤͲͺͳݔଶ െ ͲǤͲʹͳʹݔଶଶ  ͲǤͲͶʹͶݔଷ 
തതത
ͲǤͲʹ͵ݔଷଶ െ ͲǤͳͷ͵ݔସ െ ͲǤͲ͵Ͷݔଶ ݔଷ െ ͲǤͲͳͷͷݔଵ ݔସ െ ͲǤͲͳ͵ͷݔଷ ݔସ െ ͲǤͲͳͻͳݔଵ ݔଶ ݔସ

(11)

The normalised ultimate strength, considering the
sandpaper-cleaned surface of the corroded plate, is defined by:
ݕഥସ ൌ ͲǤʹ  ͲǤͲʹͺݔଵ െ ͲǤͲͳͻݔଵଶ െ ͲǤͲͻͷʹݔଶ െ ͲǤͲʹͳͷݔଶଶ  ͲǤͲ͵ͺͳݔଷ 
ͲǤͲʹͺݔଷଶ െ ͲǤͳͷͳݔସ െ ͲǤͲ͵͵ͳݔଶ ݔଷ െ ͲǤͲʹͳݔଵ ݔସ െ ͲǤͲͳͶݔଷ ݔସ െ ͲǤͲʹͷͺݔଵ ݔଶ ݔସ

(12)

To analyse the impact of mechanical property changes,
considering different types of surface cleaning, a reference
model considering only the thickness reduction due to
corrosion development, without considering the difference
in the mechanical properties, is provided as:
ݕହ ൌ ͲǤͻʹ  ͲǤͲ͵ʹͺݔଵ െ ͲǤͲ͵ͺͺݔଵଶ െ ͲǤͲͻʹͺݔଶ െ ͲǤͲʹ͵ͺݔଶଶ  ͲǤͲͶʹͳݔଷ 
തതത
ͲǤͲʹͶݔଷଶ െ ͲǤͳ͵ʹݔସ െ ͲǤͲ͵ͷͷݔଶ ݔଷ െ ͲǤͲͳͺݔଵ ݔସ െ ͲǤͲͳ͵͵ͺݔଷ ݔସ െ ͲǤͲʹʹ͵ݔଵ ݔଶ ݔସ

It can be seen that the plate slenderness ratio and degree
of corrosion degradation are primary factors that govern the
ultimate compressive strength. To analyse the differences
between the studied solutions, the plate aspect ratio is
considered to be 1, and only one transverse crack is assumed.
Furthermore, plots comparing the reference model, which
does not account for the mechanical property changes, are
compared to those that account for mechanical property
change, due to the corroded plate surface cleaning presented
in Fig. 9.
There are significant differences between the case when only
the thickness reduction of the corroded plate is considered in
the ultimate strength assessment, compared to the mutual
effect of the thickness reduction and mechanical property
changes, as a result of corrosion degradation. In general, the
ultimate strength drops with the increase of both degrees of
degradation and plate slenderness ratio, for all cases. In terms
of cleaning methods, sandblasting only results in a slightly
higher ultimate strength than the uncleaned corroded plate.
However, the resulting ultimate strength is closer to the case
where the mechanical property change is not considered in
sandpaper cleaning. The ultimate strength of non-cleaned
corroded surfaces is lower compared to cleaned ones. This
is caused by the lower reduction of mechanical properties in
cleaned plates and smoothing of the level of sharpness of the
pits by cleaning (see Fig. 3).
The presented formulations can be adopted for assessing
the compressive strength of corroded, cleaned plates as
a function of the degree of degradation and cleaning approach.
Additionally, based on the developed formulation for corroded
cleaned plates, one can define the most appropriate cleaning
method, from the point of view of compressive strength.

Fig. 9. Normalised ultimate strength: (non-cleaned corroded surface), (corroded and sandblast-cleaned surface), (corroded and sandpaper-cleaned
surface); (non-cleaned corroded surface, without considering the change in mechanical properties).
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CONCLUSIONS
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ABSTRACT
Ensuring the safety of ship crews at sea is of the utmost importance. Life rafts are one of the basic components of any
seagoing vessel and ensuring their stability is an important component of maritime research. This study concerns the
determination of the aerodynamic drag coefficients of pneumatic life rafts in a full range of wind speed and directions.
The drag coefficients are based on full-scale experimental studies and numerical calculations (computational fluid
dynamics) carried out with Flow-3D software. Two types of life rafts are analysed in the numerical simulations,
namely, a non-deformed raft and a raft deformed under the influence of wind pressure at a given flow velocity. The
shape of the deformed pneumatic life raft is recreated on the basis of photographic documentation from experimental
studies. The results of the numerical calculations are verified on the basis of full-scale flow experiments carried
out at the Low Speed Wind Tunnel T-3 Laboratory at the Institute of Aviation in Warsaw. This study shows that
there is a dependence of aerodynamic drag on the degree of deformation of the above-water part of the life raft, as
well as the angle of the raft setting to the wind. In real water conditions, this angle depends mainly on the anchor
point of the drift anchor and therefore should be considered at the design stage, which will directly reduce the wind
leeway of the raft.

Keywords: : life raft, simulation of drag force, leeway, computational fluid dynamics (CFD)

INTRODUCTION
Accidents at sea have always happened and cannot be
completely eliminated. When they occur, the survivors are
forced to use the rescue equipment available on the ship.
Pneumatic life rafts are popular among collective rescue
measures. Life rafts are life-saving measures that, due to
the lack of their own propulsion, drift in the sea until found
by rescue services. The drift of the raft is determined by
environmental factors and leeway, which are considered when
planning a rescue operation and determining the search area.
In order to quickly organise a rescue operation, search and
rescue (SAR) services use available computer applications
(e.g., SARMAP) to correctly designate the search area. These
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applications are based on input data, including the leeway
characteristics of a floating object.
In the case of a pneumatic life raft, it is difficult to correctly
predict and take leeway into account, because the raft tent
is deformed by wind pressure. The variable windage area
makes it difficult to determine the certain position of the
object of interest and thus to determine the search area. The
study considers the calculation of the aerodynamic drag of
pneumatic life rafts as a component of leeway, demonstrating
the dependence of this drag on the degree of deformation of the
above-water part of the life rafts. The results of the calculations
are compared with the results of experiments carried out in
a wind tunnel, which confirm their reliability and make it
possible to draw appropriate conclusions.

THEORETICAL BACKGROUND
In order to correctly determine the search area for a drifting
life raft, it is necessary to consider the leeway of the search object
[5]. Many publications on this subject have been published.
The Norwegian Meteorological Institute conducted studies
on drifting objects in order to define a narrow search area for
the Norwegian Search and Rescue Service based on available
wind information and current data [20]. The research did
not consider the deformability of the drifting objects and its
influence on the search area. Modelling a deformable object
with a computer program is very difficult and is the subject
of ongoing research [21].
Contemporary attempts to model the thermal environment
of confined spaces by TENSIL MEMBRANE STRUCTURES
(TMS) have been compiled in the publication Environmental
Behaviour of Tensile Membrane Structures [22]. This publication
indicates the lack of appropriate tools to study their internal
environment and the need for further research in this area. The
problem of the leeway of pneumatic life rafts has not yet been
thoroughly investigated due to the difficulties in modelling
deformable bodies in numerical simulations. A comprehensive
approach to the problem of leeway and the factors that cause
it may translate into a narrowing of the search area and an
increase in the effectiveness of rescue operations.

DATUM POSITION OF OBJECT
AND LEEWAY
Before commencing a search and rescue operation at sea, the
most probable reference position of the object being searched
for should be determined. Without the proper calculation of
the basic drift and the associated uncertainty, it is difficult
to predict the total drift and reduce the dimensions of the
search area [8]. Difficulties are the result of large discrepancies
between the direction of the life raft leeway and the direction
of the wind pressure.
These discrepancies are confirmed by studies carried out
in the southern Baltic by the Gdynia Maritime University in
1996–1997. The deviations between the direction of the leeway
and the wind, during the 3-h research study, oscillated from
-9° to +21° [4].
The described tests carried out on life rafts showed large
deviations between the leeway and the wind direction, i.e.,
between the components determining the drift of the object.
The reference position can be determined by moving from the
event site or computed reference position, the drift distance in
the drift direction and plotting the resulting position on the
appropriate graph [11].
The starting search point is always the datum position,
which is determined based on drift and the related uncertainty.
Forecasting the drift and the search area is difficult and requires
continuous research and a comprehensive approach to both it
and its components [3].
Leeway is the movement of an object through water caused
by winds against exposed surfaces. Therefore, leeway is crucial

when determining the drift and the reference position. Leeway
is caused by the force of the wind pressure acting on the abovewater part of the drift object (FX) and the force of hydrodynamic
drag acting on the underwater part of the raft (F0) as shown
in Fig. 1 [9].

Fig. 1. Forces causing leeway (source: current study, print screen of simulation)

Given the fact that the leeway is really a movement caused
by wind, model wind pressure forces acting on the abovewater portion of the drifting object should be considered. The
assessment of the impact of wind pressure on the leeway is
unfortunately very difficult because of the variable shape of
the flexible raft structure determines the variable windage
area, on which the value of the thrust force directly depends
[6,14–17].

TUNNEL AERODYNAMIC TEST
OF A PNEUMATIC LIFE RAFT
The aerodynamic tests of the pneumatic life rafts were
carried out in August 2000 at the T-3 Low Velocity Tunnel
of the Institute of Aviation in Warsaw. The low-velocity wind
tunnel is a closed-loop tunnel with an open measuring space
that is 5 m in diameter and 6.5 m long.
The tunnel tests were carried out on three pneumatic life rafts
designed for 6, 10 and 20 people, respectively, manufactured by
the company “STOMIL”, Grudziądz. During the tests, the rafts
had the pressure of their lower buoyancy chambers reduced in
order to reproduce the draft of the rafts corresponding to half
the diameter of the lower chambers. The smallest life rafts had
an outer diameter of 2290 mm, a nominal height of 1190 mm,
a diameter of the lower chamber of 280 mm and a diameter
of the upper chamber of 220 mm.
For the 6-person life raft, the tests were carried out in a flow
velocity range from 10 to 35 m/s in the tunnel measurement
space. Due to the specifications of the tests, the tests in the
tunnel were carried out with a non-standard procedure,
namely, a plate with 11 needles placed on it, generating an
appropriate velocity, turbulence and spectrum profile in the
boundary layer, was installed in the test space. The speed profile
above the sea surface was mapped according to Eq. (1):
(1)
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where:
Vw
– wind speed at life raft height (m/s);
– undisturbed flow speed (m/s);
Vref. = Vt.
Z=h
– height of life raft from water surface (m);
Zref. = 1.5
– reference height (m);
k = 0.11
– for the sea according to the ISO standard.
Knowledge regarding nonlinear processes and phenomena
is essential for modelling environmental conditions during
research to ensure the safety of the life raft [10]. The research
carried out in the tunnel showed a large deformation of the
above-water part of the life rafts. The research confirmed that
the nature of the flow on the speed does not depend on the
value of the wind speed in the case of a pneumatic life raft with
a low aerodynamic shape. The course of the obtained force
measurement results proves that the value of these forces is
a function of the shape and inflow of wind [18].

NUMERICAL CALCULATIONS OF DRAG
FORCE OF LIFE RAFT
The numerical computations were carried out using
FLOW-3D [19] on a workstation with an Intel Xeon Gold 6244,
3.60 GHz processor and RAM 96 GB volume. The geometric
model of the life raft [2] used in the CFD simulations is
presented in Figs. 3 and 5 and the main dimensions are given
in Table 1.
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Tab. 1. Main dimensions of life raft (research report, 2000)
Outer
Diameter
(m)

Height of
Life Raft
(m)

Bottom
Tube
Diameter
(m)

Top Tube
Diameter
(m)

Draft
of Life Raft
(m)

2.29

1.19

0.28

0.22

0.13

Two cases of life rafts were considered in the simulations,
namely, non-deformed and distorted by a pressure of wind
speed Vw = 20 m/s, as shown in Fig. 2 and 4. On the basis of
photographic documentation from experimental tests carried
out in the wind tunel, the shape of a life raft deformation was
reconstructed and used for the simulation.
The most important assumptions accepted in the CFD
modelling of the life raft are that the full scale of the life raft
in three-dimensional flow simulations is used and the life raft
is treated as a rigid body [1]. The computational domain shape
with the given boundary conditions is presented in Fig. 6.
A general view of the computational mesh applied for the
life raft simulations is presented in Fig. 7.
The mesh cell size and number of cells for the tested meshes
are presented in Table 2.
The calculations do not consider the dynamic deformation
of the raft under the influence of wind; therefore, calculations
were made for the non-deformed (Fig. 3) and deformed (Fig. 5)
raft models in order to compare the results. The difference in

Fig. 2. Life raft during wind tunnel teste (research report, 2000)

Fig. 3. Geometry and dimensions of life raft used the calculations
(source: current study)

Fig. 4. Life raft during wind tunnel teste (research report, 2000)

Fig. 5. Geometry and dimensions of life raft used the calculations
(source: current study)
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Fig. 6. Boundary conditions for computing domain of life raft
with dimensions (source: current study)

Fig. 7. Structural mesh applied for life raft simulation
(source: current study)

Tab. 2. Mesh cell size d and number of cells (source: current study)

(Eq. (1)). In the CFD simulations, the wind profile was realised
by assigning a high coefficient of roughness to the plate in front
of the life raft (Fig. 6).

Mesh No.

d (m)

Number of Cells

1

0.100

0.60×106

2

0.067

1.05×106

3

0.050

1.89×106

the drag coefficients was 4%. As a result, the calculations were
performed for the non-deformed raft geometry in the full
range of the raft rotation angle from 0 to 180°. This approach
was used due to the results of the experiment, which showed
a large variability in the drag force depending on the angle
of the life raft to the wind direction [7]. The simulations were
made for the geometry shown in Fig. 6 for the six wind speeds
considering the wind profile generated in the wind tunnel

VALIDATION OF SIMULATION RESULTS
The following assumptions were used in the CFD modelling.
The computation was unsteady with an implicit pressure
algorithm. The general moving object model implemented
in FLOW-3D was used for modelling the rotational motion
of the life raft. The rotational speed of the raft started from
0° after a 5-s simulation and achieved 180° after 20 s. In the
simulation, three turbulence models were analysed in terms
of turbulence closure: the standard k-ε model, the k-ω twoorder model and the large vortex
simulation model (LES).
In order to identify the geometry
of the life raft, the turbulent mixing
length was calculated using
a rectangular structural mesh and
the FAVOR™ technique. The mesh
density was adjusted to map the
shape of the geometry at the edges.
The mesh size and the number
of cells for the tested meshes are
compared in Fig. 9. The results of
the FAVOR™ method, i.e., the mesh
density in a block near the life raft
for three mesh densities, for which
a simulation was performed to
examine the effect of mesh resolution
on the calculation results are shown
in Fig. 9. The mesh technique used
in Flow 3D unfortunately has
a limited spectrum of boundary
layer mesh near the wall. In contrast,
the FAVOR TM method does not
allow for precise positioning of the
walls in the cell. The disadvantage

Fig. 8. Wind profile obtained from simulation and experimental measurements
for a speed of 20 m/s (source: current study)
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Fig. 9. Structured mesh used in FLOW-3D and the FAVOR TM technique with the original shape of thelife raft and the shape of the object after FAVOR
discretisation for three mesh densities (source: current study)

Fig. 10. Parameter y + for studied turbulence models and meshes with a wind speed of 10 m/s (source: current study)
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of this method is that it obtains a high y + value. Domain-wide
structural meshing is a considerable advantage of this type of
meshing. This approach reduces the problems with complex
meshes when superimposing a moving object.
The y + as a grid parameter as a function of cell size should
be less than the value depending on the Reynolds number of
flow and the thickness of the boundary layer and is greater
than 30 when the inner layer smoothly transitions into the
logarithmic region. The results obtained are acceptable when
a parameter y + is less than 500. For the tested meshes, the
parameter y + was determined and is shown in Fig. 10.
Although high y + values were obtained, a comparison of the
results was carried out because increasing the mesh density in
the entire geometry area significantly extends the computation
time without changing the force values. Turbulence models
were also tested with the same mesh densities. After comparing
the turbulence models for Mesh 2 and mapping the shape of
the life raft, the LES model was selected (Table 2). The drag
force Fx obtained from the CFD simulation using the LES
model for the raft for wind speed Vw = 10 m/s, dependent on
the mesh density, is presented in Fig. 11.

The relative errors (ΔFX) and time of computation in h per
s of simulation (h/s) are presented in Table 4.
Tab. 4. Influence of mesh density on the accuracy of computations for LES
model and computing time (source: current study)
Mesh No.

ΔFX [%] for 10
m/s

ΔFX [%] for 20
m/s

Computing Time
(h/s)

1

7

9

0.97

2

6

7

3.02

3

10

11

6.70

After analysing the results of the calculations and the
available computing resources, the LES turbulence model
and mesh 2 with 1.05×106 cells were chosen.

SIMULATION RESULTS OF LIFE
RAFT DRAG FORCE
Examples of the CFD simulations carried out to determine
the flow velocity field and hydrodynamic force generated by the
life raft with a draft of 0.12 m for different current velocities
are presented in Figs. 12 and 13.

Fig. 11. Results of numerical computations with simulation time t(s)
for the life raft for wind speed Vw = 10 m/s using the LES model
dependent on the mesh density

The relative errors (ΔFX) for the life raft drag force for wind
speeds Vw = 10 and 20 m/s, the mesh density of 1.05×106
(Mesh 2) and three selected turbulence models are presented
in Table 3.

Fig. 12. Results of 3D flow simulation for V = 10 m/s: top view of velocity
field and the velocity field in the horizontal plane at half-length section
(source: current study, print screen of simulation)

Tab. 3. Influence of turbulence model on relative errors (ΔFX)
(source: current study)
ΔFX (%) for 10 m/s

ΔFX (%) for 20 m/s

Standard k-ε

10

12

k-ω

11

15

LES

6

7

The relative errors (ΔFX) of the life raft drag force were
determined from Eq. (2):
(2)

where:
ΔFX
FX_EXP
FX_CFD

– relative errors of drag forces [-];
– measured drag forces and [N];
– computed drag [N].

Fig. 13. Results of 3D flow simulation for V = 20 m/s: top view of velocity
field and velocity field in the horizontal plane at half-length section
(source: current study, print screen of simulation)
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Figures 12 and 13 show significant fluctuations in the
velocity field behind the raft. The results of the simulation and
the experiment showed a significant variation of the raft drag
coefficient Cα on the relative wind angle (α) ranging from 0°
to 180º (Fig. 15). The drag coefficients obtained from the CFD
simulations show less variability. This effect arises from the
calculations made for the non-deformable raft. The averaged
drag coefficient for the raft obtained during the experiment
was Cα = 0.60 and for the CFD simulation was Cα = 0.56.

Fig. 14. Comparison of mean aerodynamic forces obtained from CFD simulation
(current study) versus wind tunnel experiment for Vw = 20 m/s [18]

The aerodynamic drag coefficient for different wind speeds
and angles of the raft (α) to the wind direction was calculated
according to Eq. (3):
(3)

where:
Fα
– drag force for the relative wind angle (α) ranging
from 0° to 180° [N];
α
– relative wind angle (°);
A
– windage projected area m2);
ρ
– air density ρ = 1,233 [ ];
Vw
– wind speed (m/s).

wind direction

DISCUSSION AND CONCLUSION
This article has compared the results of laboratory tests
carried out at the Institute of Aviation in Warsaw with
simulations using CFD. The results obtained from the CFD
simulations were on average 7% lower than those obtained
during model tests in the wind tunnel. The discrepancies in
the results were probably due to smaller deformations of the
life raft in the simulation than during the experiment. The
main conclusions are as follows:
– Deformations of the tent of the tested raft using CFD
simulation change the aerodynamic resistance up to 4%;
– The angle of the raft to the wind significantly influences
the drag coefficients, which ranged from 0.39 to 0.75 for
the experiment and 0.48 to 0.64 for the CFD calculations.
The most important conclusions from the results of studies
is a direct dependence of aerodynamic drag (and leeway) from
wind direction

α [°]

α [°]

Fig. 15. Raft aerodynamic drag coefficient (Cα ) for various wind velocities and relative wind angle (α): CFD results (left) and experimental results [18]
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the angle to the wind raft. This angle mainly determines the
drift application point, therefore, at the design stage, it should
be considered, which will directly reduce the leeway of the raft.

11. IAMSAR, Manual, International Aeronautical and Maritime
Search and Rescue Manual, Volume III, Mobile Facilities,
2005 Edition.

ACKNOWLEDGEMENTS

12. Kula K. S., ‘Automatic Control of Ship Motion Conducting
Search in Open Waters’, Polish Maritime Research. Vol. 27,
2020. doi: 10.2478/pomr-2020-0076.

This research was financed by Gdynia Maritime University
Grant No. WN/PZ/2021/03.

REFERENCES
1. Abramowicz-Gerigk T., Burciu Z., Jachowski J., Kornacka E.,
Wawrzusiszyn M., ‘Experimental and numerical investigation
of towing resistance of the innovative pneumatic life raft’,
Polish Maritime Research. Vol. 24, p. 40–47, 2017. doi:
10.1515/pomr-2017-0048.
2. Abramowicz-Gerigk T., Burciu Z., Kornacka E., Jachowski
J., Stefurak W., ‘Innovative Life raft’, TransNav - The
International Journal on Marine Navigation and Safety of
Sea Transportation. Vol. 9, 2015. doi: 10.12716/1001.09.04.15.
3. Burciu Z., ‘Method of determining search areas in a rescue
operation at sea’ (in Polish), Doctoral Dissertation, Naval
Academy, Gdynia, 1997.
4. Burciu Z., ‘Modeling of search areas in terms of the safety
of human transport at sea’ (in Polish), Printing House of
Warsaw University of Technology, Warsaw, 2003.
5. Burciu Z., ‘Reliability of SAR action in maritime transport’ (in
Polish), Printing House of Warsaw University of Technology,
Warsaw, 2012.
6. Burciu Z., Grabski Fr., ‘The experimental and theoretical study
on the reliability of the life rafts’, Reliability Engineering and
System Safety. Vol. 96, 2011. doi: 10.1016/j.ress.2011.06.001.
7. Bramer L., ‘Methods for modeling and forecasting
wind characteristics”, Digital Repository, A dissertation
submitted to the graduate faculty in partial fulfilment of
the requirements for the degree of Doctor of Philosophy,
Iowa State University, 2013.
8. Breivik Ø., Allen A., Maisondieu Ch., Olagnon M., ‘Advances
in search and rescue at sea’, Ocean Dynamics. Vol. 63,
p. 83–88, 2013. doi: 10.1007/s10236-012-0581-1.
9. Breivik Ø., Allen A. A., Maisondieu Ch., Roth J. Ch., ‘Windinduced drift of objects at sea: the leeway field method’, Appl
Ocean Res. p. 100–109, 2011. doi: 10.1016/j.apor.2011.01.005.
10. Drzewiecki M., Sulisz W., ‘Generation and Propagation
of Nonlinear Waves in a Towing Tank’, Polish Maritime
Research. Vol. 26, 2019. doi: 10.2478/pomr-2019-0014.

13. Małyszko M., ‘Assessment of the Potential Effectiveness of the
WIG Craft in Search Action at Sea Using SARMAP Software’,
TransNav - the International Journal on Marine Navigation
and Safety of Sea Transportation, vol. 13, no. 2, 2019. doi:
10.12716/1001.13.02.23.
14. Marchenko A. V., ‘The floating behaviour of a small body
acted upon by a surface wave’ Journal of Applied Mathematics
and Mechanics. Vol. 63, no. 3, p. 471–478, 1999. doi: 10.1016/
S0021-8928(99)00059-3.
15. Power J., Simones- Re A., Kennedy E., Kuczora A., Akinturk
A., Veitch B., Mackinnon N S., Brown R., Boone J., ‘Life raft
performance in wind and waves: an experimental evaluation’,
RINA, Royal Institution of Naval Architects International
Conference – Design and Operation of Passenger Ships –
Papers (2007).
16. Raman-Nair W., Power J., Simones- Re A., ‘Towing
dynamics of a life raft and fast rescue craft in a Surface
wave’, Ocean Engineering, vol. 35, 2008, doi: 10.1016/j.
oceaneng.2008.03.009.
17. Raman-Nair W., Power J., Simones- Re A., Millan J.,
‘Numerical Model of Towing Dynamics of a Long Flexible
Life Raft in Irregular Waves’, Marine Technology and SNAME
News, vol. 46, no. 04, doi: 10.5957/mtsn.2009.46.4.213.
18. Research report, ‘Aerodynamic testing of pneumatic life
rafts in the wind tunnel Ø 5m’ (in Polish), Report nr 168/
BA/2000/D Institute of Aviation, Warsaw 2000.
19. FLOW-3D. Available online: https://www.flow3d.com/
(accessed on 15 April 2021).
20. Breivik Ø. & Roang K., Stochastic Forecasting of Drifting
Ships and Smaller Objects, http://www.ifremer.fr/sar-drift/
public- repository / pres-leeway.pdf, (accessed 20 May 2021).
21. Heilig A., Tensile Membrane Structures and CFD Wind
Load Simulation, https://www.dlubal.com/en/support-andlearning/learning/webinars/001884, (accessed 24 June 2021).
22. ElNokaly A., Chilton J. and Wilson R., Environmental
Behaviour of Tensile Membrane Structures, http://eprints.
lincoln.ac.uk/id/eprint/8520/1/Egypts%20Paperm%20final.
pdf, (accessed 15 May 2021).

POLISH MARITIME RESEARCH, No 3/2021

135

CONTACT WITH THE AUTHORS
Jacek Jachowski
e-mail: j.jachowski@wn.umg.edu.pl
Gdynia Maritime University
Al. Jana Pawła II 3, 81-345 Gdynia
Poland
Edyta Książkiewicz
e-mail: e.ksiazkiewicz@wn.umg.edu.pl
Gdynia Maritime University
Al. Jana Pawła II 3, 81-345 Gdynia
Poland
Izabela Szwoch
e-mail: izaczeka@pg.edu.pl
Gdańsk University of Technology
11/12 Gabriela Narutowicza, 80-233 Gdańsk
Poland

136

POLISH MARITIME RESEARCH, No 3/2021

POLISH MARITIME RESEARCH 3 (111) 2021 Vol. 28; pp. 137-149
10.2478/pomr-2021-0041

JOURNAL BEARING PERFORMANCE PREDICTION USING
MACHINE LEARNING AND OCTAVE-BAND SIGNAL ANALYSIS
OF SOUND AND VIBRATION MEASUREMENTS

Marios Moschopoulos
Georgios N. Rossopoulos*
Christos I. Papadopoulos
National Technical University of Athens, Greece
* Corresponding author: georosso@mail.ntua.gr (G.N. Rossopoulos)

ABSTRACT

Journal and thrust bearings utilise hydrodynamic lubrication to reduce friction and wear between the shaft and the bearing.
The process to determine the lubricant film thickness or the actual applied load is vital to ensure proper and trouble-free
operation. However, taking accurate measurements of the oil film thickness or load in bearings of operating engines is very
difficult and requires specialised equipment and extensive experience. In the present work, the performance parameters of
journal bearings of the same principal dimensions are measured experimentally, aiming at training a Machine Learning
(ML) algorithm capable of predicting the loading condition of any similar bearing. To this end, an experimental procedure
using the Bently Nevada Rotor Kit 4 is set up, combined with sound and vibration measurements in the vicinity of the
journal bearing structure. First, sound and acceleration measurements for different values of bearing load and rotational
speed are collected and post-processed utilising 1/3 octave band analysis techniques, for parametrisation of the input
datasets of the ML algorithms. Next, several ML algorithms are trained and tested. Comparison of the results produced by
each algorithm determines the fittest one for each application. The results of this work demonstrate that, in a laboratory
environment, the operational parameters of journal bearings can be efficiently identified utilising non-intrusive sound
and vibration measurements. The presented approach may substantially improve bearing condition identification and
monitoring, which is an imperative step to prevent journal bearing failures and conduct condition-based maintenance.

Keywords: Journal bearing loading condition, RK4 Bently Nevada, Vibration and acoustic pressure signal, Octave band signal analysis,
Machine learning algorithms

INTRODUCTION
There are several approaches used for condition monitoring
and predictive maintenance of journal bearings, such as
vibration, noise and acoustic emission monitoring and analyses,
focusing on detecting and identifying patterns and trends in
the recorded signals, and correlating them with present or
upcoming fault conditions [1, 2]. Further, lubricating oil and
wear debris analyses [3] are commonly used for assessing
lubricating oil quality [4], focusing on analysis of the size,
shape, quantity and composition of wear particles generated
during operation, correlating the findings to the machine
condition, and determining the effective wear mechanisms
(sliding, rubbing, rolling, abrasion, etc.). Among them, vibration

analysis is the most popular in practical mechanical engineering
applications, supported by a wide related literature, mainly for
roller bearing condition assessment. On the other hand, in
marine engineering applications, and particularly in the study
of line and stern tube bearings of the propulsion shafts, the
most applicable method is that of oil temperature monitoring,
due to the very compact designs, accessibility restrictions and
limited advanced sensor equipment onboard modern vessels.
In marine applications, the propulsion shaft is supported
by a large number of journal bearings, forming a statically
indeterminate multi-supported beam structure. The vertical
offsets of the supporting bearings change during normal ship
operation, mainly due to the different ship loading conditions
and propeller immersion states, which in turn affect the load
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that each bearing supports. A proper shaft alignment plan is
thus required, which determines appropriate bearing vertical
offsets that lead to an equal distribution of loads among the
supporting bearings. In operation, shaft alignment may be
considerably influenced by hull deflections, due to different
loading and environmental conditions. The robustness of the
shaft alignment at different loading conditions of the ship should
be carefully assessed [5], to avoid conditions where the bearings
are either overloaded (which leads to operation with very small
minimum film thickness, increased wear and inability to support
sudden impact loads) or very lightly loaded, characterised by
very limited vertical stiffness and thus prone to extreme lateral
vibration levels and oil whirling (several case studies regarding
whirling vibration problems have been presented in [6]). The
current effective regulations for elastic shaft alignment in ships
[7, 8] demonstrate upper and lower bearing load limits for safe
and reliable operation of the ship propulsion shaft.
Several studies have been conducted in the past focusing
on defect identification in journal bearings utilising vibration
or sound signals. Ma and Zhang have investigated in [9] the
excitation mechanisms and contributions of tribofilm‒asperity
interaction that occur in the hydrodynamic lubrication regime
of journal bearings. They also used the spatial power spectral
density as a feature of the non-Gaussian roughness surfaces
for early wear to analyse the microscopic pressure fluctuations,
aiming to provide a new understanding for characterising
noisy vibration signals for early wear monitoring of journal
bearings. They extended this work in [10], focusing on the
diagnosis of abrasive wear, to find out that wear-induced
narrowband spatial components of the journal surface can
excite random vibration of the bearing. The speed-dependent
vibrational behaviour is found to be an effective indicator of
surface defects. Additionally, vibration signals have also been
used for bearing wear state detection by Wang et al. [11] and oil
analysis for wear debris detection by Appleby [12]. Šaravanja
and Grbešić in [13] highlight that the most important step in
the vibrational diagnostics of journal bearings is the choice
of measuring points, as well as the choice and mounting of
sensors, most of which depend on the accuracy of the test
and the results obtained. Lastly, according to Poddar in [14],
vibration and acoustic emission are proven techniques in fault
diagnosis of ball bearings and gears, but their applications to
journal bearings have not been fully explored. Despite extensive
research work being done on its design aspects, there is a dearth
of studies on condition monitoring and fault diagnosis of
journal bearings through vibration and acoustic emission.
This work, on the other hand, aims at the development of
journal bearing performance identification tools utilising ML
techniques.
Python is one of the programming languages that has an ML
module with most of the commonly used algorithms and gets
regularly updated to meet new and more complex needs [15].
Due to the low computational cost and high computational
speed, Python appears to be a simple and trustworthy choice.
In tribology, ML algorithms such as Decision Trees and Support
Vector Machines have been used in the literature initially for fault
diagnosis purposes, especially in roller bearings, focusing on
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the feature selection methodology [16] or following a statistical
feature selection [17] to extract critical information primarily
from sound sensor signals [18] to assess the roller bearing
operational state or fault. ML has also been used as a tool for
journal bearing fault identification and more particularly by
Salunkhe and Desavale in [19] as an intelligent method for
the detection of bearing vibration characteristics. Rauber et al.
proposed the utilisation of ML as a method for fault diagnosis
based on vibration signals [20] and Umbrajkaar et al. have
extended the utilisation of ML towards the identification of
shaft-related performance parameters, conducting vibration
analysis of the shaft misalignment under variable load
conditions [21]. In this work, several ML algorithms will
be tested utilising experimental data and features extracted
utilising the octave band analysis for the prediction of several
performance parameters of the bearing.
PROBLEM DESCRIPTION – METHODOLOGY
The present work is concerned with the development of ML
algorithms to predict the real-time steady-state performance
indices of journal bearings (load, minimum film thickness)
over a wide range of bearing load and rotational speed values,
utilising sound and vibration measurements. First, a set of
experiments has been set up and conducted. In particular,
journal bearings of the same principal dimensions have been
prepared and tested experimentally for different combinations of
bearing load and journal rotational speed. For each experiment,
sound and vibration measurements in the vicinity of the journal
bearing structure have been additionally performed, and the
corresponding signals have been post-processed and stored.
All experiments have been conducted on the Bently Nevada
Rotor Kit 4 of the Laboratory of Marine Engineering, NTUA,
which is equipped with a data acquisition system (DAQ),
controlled by a LabView application for processing and storing
all measurement data.
Next, a one-third octave analysis has been performed for
recorded sound and vibration signals for different segments of
the signal length; a source code written in Python performs the
required calculations along with all the necessary adjustments.
The frequency band domains produced from this analysis are
used to generate the feature space of the ML algorithms. The
importance of each feature varies depending on the problem at
hand. The algorithms’ results depend greatly on the information
given through the features, and the user should pay attention
to the selection process.
Based on the studied cases, we have further investigated the
signals and features which enable determination of the load
status of a bearing. The main goals of the study are summarised
below:
t&WBMVBUF.-QFSGPSNBODFGPS B TPVOETJHOBMT  C WJCSBUJPO
signals, and (c) a combination of the above.
t*OWFTUJHBUFXIFUIFSUSBJOJOHEBUBGSPNPOFCFBSJOHDBOIFMQ
predict the loading condition of a similar bearing and what
features enable this function.
t%FUFSNJOFXIFUIFSDPNCJOJOHUSBJOJOHEBUBGSPNNVMUJQMF
bearings (of the same type/principal dimensions) can produce

an algorithm that will enable accurate predictions for the
entire bearing family.
MACHINE LEARNING ALGORITHMS
Over the past years, ML algorithms have attracted a lot
of attention and have been extensively used for classification
problems, aiming to recognise or predict different classes
within a dataset. Selecting a programming language for ML
and data science depends on the project or experience from
previous projects. Python is an object-oriented programming
language [22], widely used in ML and scientific applications,
having libraries such as Scikit-learn and SciPy for ML
and data analysis. The Scikit-learn ML library [23] is well
documented with many examples and tutorials, features
various classification, regression and clustering algorithms
including support vector machines, random forests and
gradient boosting, and cooperates very well with Python’s
numerical and scientific libraries NumPy and SciPy, as well
as with the rest of the available open-source libraries. The
common classification algorithms that we also utilised in this
work are presented here.
k-Nearest Neighbours
k-Nearest Neighbours algorithms used for classification are
simple and only require the storage of the training dataset.
They create a space with as many dimensions as the number
of the dataset’s features, and do not build an internal model
to aid with the prediction. This space is then populated with
the training data. Given a new data point, the algorithm
searches for the closest point in the multi-dimensional space.
k represents the number of closest points that will participate
in the majority vote to classify the new data point and its value
is set manually. The class assigned to each entry is the one with
the most representatives in the k nearest neighbours.
Decision Trees
The Decision Trees are models that create an order of if/else
questions that ultimately lead to a prediction of the value of
the target variable. Each question splits the data into smaller
groups. The aim of the question is to split the data in the most
efficient way in order to make a quick and accurate prediction.
The number of questions asked is chosen by the user and is in
principle one of the basic termination criteria of the algorithm
[24, 25]. Each newly formed group is called a node (decision
node) and the size of the node could serve as a termination
criterion (prediction node). The training process is performed
including all data features.
Random Forest
Random Forests are a way to solve some inherent drawbacks
of Decision Trees. A random forest is a set of many random
trees that are differentiated from each other in terms of the
data points used to build the tree and the features used for each
split. The algorithm starts (b =Ź1) by drawing a sample from
the whole training dataset and creating a tree (T) according
to a set of features drawn from the available feature space.

Once the minimum node size nmin is reached, the algorithm
creates the next random tree until b = B, where B is the number
of estimators (random forest trees) defined by the user. The
end of the training results in an ensemble of trees {T}1B. After
the random forest trees are created, the algorithm makes
a prediction for each tree. If the model solves a regression
problem, the algorithm averages the prediction branch results
to produce a prediction for the new data point x; if the model is
conducting classification, then the algorithm creates a voting
strategy where every tree provides a probability for each class
and then all the probabilities are averaged to target the most
probable class.
Gradient Tree Boosting
In Gradient Tree Boosting methods, the algorithm generates
trees in a “serial” way and each new tree attempts to correct
the mistakes of the previous one. The user defines the tree
size and aims to initialise with shallow trees, which is called
pre-pruning. These shallow trees are called weak learners and
their depth usually varies between two and five. Each weak
learner has a small effect on the algorithm’s prediction. As
more trees (m) are added, the performance of the algorithm
improves until the maximum number of trees is reached (M),
or until the prediction accuracy is not improving any further
after several iterations.

EXPERIMENTAL SETUP
The Bently Nevada Rotor Kit Model RK4 used in the
experimental part of the present work consists of a Bently
Nevada electric motor, coupled by means of a flexible coupling
to a 10 mm steel shaft. The motor supports rotational speeds
of up to 10,000 rpm, controlled by a Bently Nevada RK-4
Speed Control unit, which has a digital display to indicate
the speed. The operator can monitor the current rotational
speed of the device or set the desired operating speed. The
controller measures the shaft rpm with the help of a proximity
probe mounted on a suitably configured gear wheel. The shaft
features a 24.5 mm diameter at the free-end for a length of
25.4 mm. The free-end part of the shaft is supported by a radial
bearing; lubricating oil is supplied to the bearing by means
of a Bently Nevada RK4 oil pump. The shaft eccentricity and
attitude angle are measured by means of two perpendicularly
mounted proximity probes. The shaft is additionally supported
at the motor end by a simple dry radial bearing. Additional
weights are attached to the shaft, which can be used to modify
the bearing loading. Specifically, there are two cylindrical
masses 75 mm in diameter and 25 mm in length, weighing
0.800 kg each [26] [27]. The bearing load can be adjusted by
appropriate axial translation of the cylindrical masses. In
the present experimental work, bearing loads of 2.0, 8.0 and
14.0 N have been considered. The motor and the bearings are
mounted on a long, rigid steel base. The main dimensions of
the shaft are presented in Table 1 and the Bently Nevada RK-4
experimental setup designed for the current experiment is
presented in Fig. 1.
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Tab. 1. Shaft and bearing principal dimensions
Shaft dimensions

Bearing dimensions

Length overall

480 mm

Inner diameter

25.43 mm

Main diameter

10.0mm

Length

25 mm

Free-end diameter

24.5 mm

Clearance

0.225 mm

Free-end length

25.4 mm

Total weight

0.3626 kg

Fig. 1. Bently Nevada RK-4 experimental setup

In the experimental part of this work, two almost identical
journal bearings have been used, in particular a Plexiglas (Poly
methyl methacrylate, PMMA) and an Acetal (Polyoxymethylene,
POM) bearing. The first bearing is a ServoFluid Control Bearing
designed, manufactured and assembled by Bently Nevada. The

second bearing used is manufactured according to the design
plans of Bently Nevada [26]. The inner diameter of the bearings
has been measured with a three- point internal micrometer.
The oil resistance properties of both bearings were tested,
confirming that the dimensions and properties of the bearing
would not change throughout the experimental procedure. The
nominal geometric dimensions of both bearings (ServoFluid
Control Bearing and Custom Acetal Bearing) are presented in
Table 1. The Bently Nevada RK-4 ServoFluid Control Bearing
components are presented in Fig. 2.
Bearing acceleration signals were measured using an ICP®
Model 356A02 triaxial accelerometer with a hexagonal base.
Its frequency range (±10%) spans between 0.5 and 6000 Hz and
has a measurement range of ±500 g pk [28]. The hexagonal base
of the accelerometer is mounted on the surface with the instant
adhesive Loctite 454, and the accelerometer is then secured
to the base. Also, an ICP® 130D21 Array Microphone, a prepolarised condenser microphone coupled with an ICP® sensor
powered preamp, is utilised for sound pressure measurements.
The frequency response of the sensor (-2 to 5 dB) is 20 to
15000 Hz [29].
In order to improve the accuracy of the sound pressure
results obtained, a soundproof cover was designed and mounted
on the top part of the bearing. This cover works beneficially
in two ways: (a) it insulates the sound waves produced by
the bearing assembly from external sound sources and (b) it
absorbs the reflection waves from the assembly to reduce noise
in the microphone. The sensor installation and setup for the
current experiment are illustrated in Fig. 3.

Fig. 2. Bently Nevada RK-4 ServoFluid Control Bearing and ACETAL Bearing installation [26]

Fig. 3. Sensor installation and experimental setup
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SIGNAL COLLECTION – DATA PROCESSING
Before performing the experiments, it is necessary to
properly prepare the experimental setup of the RK4 Speed
Control Unit and the computer that will receive the results of
the measurements of each experiment utilising NI LabVIEW.
The accelerometer and the microphone are connected
to a Model 482A22 ICP® Sensor Signal Conditioner. The
conditioner is connected to the IoTech DaqBook 2000 [30],
which will gather signals from different signal conditioners
and simultaneously send them to the data acquisition card.
The data acquisition card used is the IoTech DaqBoard 2001
and constitutes the input of the analog signal in the computer.
The software installed on the computer is NI LabView 2017
[31, 32]. The data acquisition is performed in single-ended
mode and refers to the circuit’s setup, in which the voltage
is measured between one signal line and common ground
voltage (Vcm).
The measurements are acquired from the microphone and
the accelerometer with a sampling rate of 1000 samples/sec
and the mean duration of each experiment is 30 seconds.
These acquisition parameters are set in LabVIEW software, as
illustrated in Fig. 4. The rotational speed of the shaft is different
for each experiment and thus a one-minute window between
the experiments is necessary. In this way, the effect of the
transitional phenomena on the measurements is significantly
reduced. The file produced after each experiment is a comma
delimited values file (.csv) with every line containing an
instance with five values: “sound pressure”, “acceleration x”,
“acceleration y”, “acceleration z” in mV and “rotational speed”
in rpm. The measured values, given in mV, are calibrated in
actual units (pressure, acceleration) using the following values
as multipliers: Sound_Press = 33.8 mV/Pa, X_acc = 1.002
mV/m/s2, Y_acc = 0.990 mV/m/s2, Z_acc = 0.979 mV/m/s2.
In the present experimental work, the rotational speed is
varied in the range from 500‒4600 rpm, getting the specific
discrete classes of rotational speeds: 500 / 1000 / 1800 / 2500 /
3300 / 4000 / 4600 rpm. A small variation of the speed during
each experiment of ± 5 rpm is considered acceptable.

Octave band analysis
In the present work, the one-third octave band analysis is
used to filter the acceleration and sound pressure signals. This
type of analysis is chosen for two main reasons:
1. The frequency domain reveals frequency components and
their individual amplitudes,
2. It can be combined with ML for feature extraction (in
comparison to an FFT analysis).
Vibration signals of interest can extend between frequencies
from 0.1 Hz to around 70 Hz, whereas noise signals can
reach very high frequencies depending on the application
(e.g., aircraft generate high frequency noise) [33]. In general,
vibrational signals hold high energy at the lower spectrum
range, while energy is substantially lower at high frequencies.
Here a low pass filter has been used which cuts off frequencies
above 70 Hz. It should be noted here that, in actual working
environments, high frequency vibrations are less useful, since
they are influenced by the operation of other neighbouring
machinery.
Out of the many types of frequency bands, the octave
or one-third octave bands are the most frequently used for
frequency analysis. In the present study, vibration and sound
signals are sampled and processed utilising the octave band
analysis to extract features. These independent features are
used as input for the several ML algorithms tested, aiming to
determine the performance parameters of the journal bearing
in a series of case studies. The proposed algorithm should
be agnostic of the current operation of the bearing. Thus,
no fundamental frequencies were considered, which would
impose a bias in the algorithms. Each band’s power level,
represented by its centre frequency, will be a feature, namely
0‒70 Hz for vibration signals and 0‒400 Hz for sound signals,
will be named as features #1‒19 and #20‒#31 respectively for
the training process of the ML algorithms. In Figs. 5 & 6
examples of the one-third octave analysis for a sound and
acceleration Z signal respectively are illustrated.

Fig. 4. Sample sound and acceleration Z raw signals for 1 sec duration, 3300 rpm
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Fig. 5. One-third octave power level spectrum representations – sound signal

Fig. 6. One-third octave power level spectrum representation – acceleration z signal

SHAFT ALIGNMENT CALCULATIONS
To determine the mean load of the bearing, an inhouse
Shaft Alignment Software developed at the Laboratory of
Marine Engineering, NTUA is used. The Shaft Alignment
Software creates a model of the shaft based on the shaft
dimensions and material properties. The support points and
other external forces are then defined in order to determine
the elastic deformation of the shaft and the reaction of the
support points. The software uses a matrix analysis method and
supports statically indeterminate shafts; thus, it is commonly
used for alignment calculations of ship propulsion shafts. For
proper modelling of the shaft, the following steps are taken:
(i) discretisation of the shaft and selection of the appropriate
beam element quantity, (ii) determination of beam properties,
(iii) determination of support nodes and nodes where external
forces are exerted, (iv) application of forces and moments.
A typical calculation result, for a case with an external load of
7.845 N (cylindrical mass) applied to the shaft and two support
points (bearings), is presented in Fig. 7.

MEASUREMENT PROCEDURE
AND EXPERIMENTAL RESULTS
The measurement procedure can be briefly summarised
as follows:
1. The bearing load is adjusted by appropriate axial translation
of the cylindrical weights,
2. Bearing lubrication is started,
3. The bearing motor is started and the shaft is accelerated
to reach the initial rotational speed (500 rpm). Rotation is
maintained until the temperature is stabilised, following an
exponential function, to reach asymptotically the constant
value throughout the entire experiment.
For each different desired rotational speed:
1. The shaft is accelerated to the desired rotational speed.
Rotation is maintained until the lubricant temperature is
stabilised,
2. After steady-state conditions have been reached, data
recording is initiated for a period of 30 seconds. Several

Fig. 7. Shaft Alignment Software: shaft modelling and results
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30-second recordings are initiated for each combination
of rotational speed and bearing load,
3. Sound and vibration signals are recorded.
Experiments are conducted for different combinations of
bearing load and shaft rotational speed. In particular, the
rotational speed ranges from 500‒4600 rpm, with intervals in
the following vector: {500, 1000, 1800, 3300, 4000, 4600} rpm.
Three different bearing loads have been considered, namely
2, 8 and 14 N. Therefore, the total set of experiments consists
of 6x3 = 18 different states.
The acceleration and sound signals are converted using
FFT into frequencies in order to apply the 1/3 octave filter into
the frequency domain. It is very important to ensure that the
experiment duration is adequate in order to collect and extract
all the essential information from the dataset applying the 1/3
octave analysis. If the sampling duration is not long enough,
then the low frequencies, which are essential especially in the
vibration signal, will be filtered out.
Features extracted from the octave band analysis were
evaluated based on their importance and their positive effect
on ML prediction accuracy. Essentially, measurements for
bearing operation in the large range of 500‒4600 rpm are
affected differently by central natural frequencies (features),
which in turn affect the ML algorithm prediction accuracy.
Additionally for a holistic study it is not possible to focus on
different frequency features for each speed value and the selected
features should be optimal for the entire range of rpm and
frequency values. Thus, the limit was set to 70 Hz, in part aiming
to highlight that the ML prediction accuracy can be very high
(more than 90%, see e.g., Tables 3 & 4), although the natural
frequency of some shaft rotational speeds within the range 5004600 rpm is not included as a “special”, more important feature.
Finally, the test data are divided into two categories. In the
first category, the 80-20 rule for training and test data is selected
and cross-validation is implemented, followed by evaluation of
the algorithm’s performance. The second category includes an
additional set of test data, coming from a completely different
experimental dataset, e.g., combinations of rotational speed –
load not included in the initial predefined values. The obtained
data are used for training and testing of the ML algorithms
according to the detailed needs of each case study.
CASE STUDY 1 – SIGNAL SELECTION
In order to determine which of the four signals (x, y,
z acceleration and sound) performs optimally for the task at
hand, a simple test is conducted, using as input one of these
values each time. The target label depicts the mean load of
the bearing. After the hyper-parameter tuning, the algorithms
are executed and the results are evaluated. In this case study,
the entire data set for a single bearing is used, except for the
states of (1800 rpm - 14 N) and (4600 rpm - 2 N). The features
utilised in the case studies are numbered as features #1‒#19
to represent the power level of each one-third octave band,
characterised by the respective centre frequency values of the
vibration signal (0‒70 Hz) and as features #20‒#31 to represent

the power level of each band, characterised by the respective
centre frequency values of the sound signal (0‒400 Hz). All
features are normalised automatically before they are utilised as
input in the ML algorithms tested. The score achieved for each
classification and regression algorithm is presented in Table 2.
The sound signal produces better results without overfitting
of the data, the acceleration z signal is the second best, and
acceleration x and y are the least efficient features for accurate
predictions.
Tab. 2. Vibration and sound accuracy
Vibration & Sound Accuracy
AccX

AccY

AccZ

Sound

RFC

70%

80%

85%

98%

KNN

80%

80%

85%

98%

GBR

66%

53%

67%

99%

The best performing algorithms applied are the Random
Forest Classifier (RFC), the k-Nearest Neighbours Classifier
(KNN) and the Gradient Boosting Regressor (GBR). It should
be noted that the acceleration x and y results are unstable during
cross-validation, with very little positive effect on the overall
prediction accuracy of the algorithms. Based on these findings,
only the sound and acceleration z signals are utilised as input for
training in the following case studies. In some clearly distinct
cases, acceleration z signals achieve good standalone results,
but in most cases, a combination of sound and acceleration
z signals will be used to achieve the optimum results.
CASE STUDY 2 – RPM PREDICTION
FOR A GIVEN LOAD (8N)
This case study aims to determine the rotational speed of
the shaft by using the sound signal produced by the bearing.
The training samples have one second duration and 30 samples
are used for each rotational speed. The test data are randomly
chosen from the training data pool constituting 10% of the
total test data volume. The actual rpm value and the algorithm’s
prediction are then presented in order to evaluate its accuracy.
Training and test data are selected only in the intermediate
range of 8 N load for every rpm scenario. Also, features for
sound signal space are used, numbered #20‒31 representing
one frequency band each.
Fig. 8 is a radar type chart that illustrates the importance
in [%] values of features #20‒31 used in this study. Features
#20‒31 represent the acoustic level of each band, characterised
by the respective centre frequency values of the sound signal
(0‒400 Hz). In the radial direction, the values of the concentric
grey circles are 2%‒37%, demonstrating the different effect
that each feature may have on the accurate prediction of the
shaft rotational speed in the selected rpm cases that were
tested. Reviewing Fig. 8, one can observe that the frequency
signature of each rotational speed differs, so the results of this
case study are as expected. Fig. 9 is a pie chart type and shows
the importance of each feature in the decision-making processes
of the RFC and GBR algorithms respectively. This figure also
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demonstrates which frequency bands (features) are the most
important for accurate ML predictions and thus can be an
efficient tool for engineers who need to select which frequency
signals to sample depending on the case. The algorithms used for
feature importance selection are the RFC and the GBR. For both
algorithms, a maximum tree depth of 3 is used and a number
of estimators (trees) equal to 50 in order to avoid overfitting.
The classification problem presented in Table 3 was very
accurate, as expected by manually observing the feature values.
The regression problem presented in Table 4 has a larger
variance in the 500 rpm cases. Furthermore, the 4600 rpm
value is predicted three times as 4572 rpm which, after data
analysis, occurs due to the value similarity and the equally
high importance of features #28 and #30. As a result, the rpm
feature will be used as a predictor in some case studies, to take
maximum advantage of the existing high precision equipment
measuring the shaft rotational speed.

Fig. 8. Feature values

CASE STUDY 3 – LOAD PREDICTION FOR GIVEN
RPM (ACCELERATION Z & SOUND SIGNAL)
In this case study, the goal is to determine the loading
condition of the bearing using primarily (a) the acceleration
z and secondarily (b) the sound signal. Thirty samples per load
per rotational speed are used for training with a duration of
3 seconds. The 80%-20% rule is used to divide the training
and test data. The algorithms tested are the RFC, the KNN
and the GBR, utilising the entire acceleration z signal feature
space, numbered as; #1‒#19.

Fig. 9. Feature importance for RFC and GBR

Tab. 3. RFC confusion matrix, Case study 2

PREDICTED VALUE

RFC Confusion Matrix
500

19.05%

0,0%

0,0%

0.0%

0.0%

0.0%

0.0%

100%

1000

4.76%

9.52%

0,0%

0.0%

0.0%

0.0%

0.0%

66.67%

1800

0,0%

0.0%

19.05%

0.0%

0.0%

0.0%

0.0%

100%

2500

0.0%

0.0%

0.0%

9.52%

0.0%

0.0%

0.0%

100%

3300

0.0%

0.0%

0.0%

0.0%

19.05%

0.0%

0.0%

100%

4000

0.0%

0.0%

0.0%

0.0%

0.0%

4.76%

0.0%

100%

4600

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

14.2 %

100%

Sum

80%

100%

100%

100%

100%

100%

100%

95.24%

500

1000

1800

2500

3300

4000

4600

Sum

ACTUAL VALUE
Tab. 4. GBR prediction of rpm table (98.9% accuracy)
GBR Prediction of rpm Table
Actual Value

500

500

500

500

500

1000

1000

Predicted

546

515

560

542

514

1013

1012

Actual Value

1800

1800

1800

1800

2500

2500

3300

Predicted

1803

1788

1815

1764

2504

2553

3296

Actual Value

3300

3300

3300

4000

4600

4600

4600

Predicted

3299

3299

3308

3993

4572

4572

4572
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Fig. 10 shows the feature importance concluded utilising the
RFC algorithm. Features #11, #12, #14 and #18 and the respective
frequency bands are selected as the most important ones
according to RFC. Furthermore, Fig. 11 shows a 3D visualisation
of the multi-dimensional samples, where the three different
loading cases are distinguished by colour. In Fig. 11 only three
selected feature dimensions out of the total 20-dimensional
mapping produced by the KNN are demonstrated, namely #12,
#14 and rpm. The “k” value of nearest neighbours significantly
affects the results of the algorithm and should be tuned during
the training process; in this case study k = 4.
The results produced by each algorithm are shown in
Tables 5 & 6. KNN has a class prediction accuracy ranging from
93‒97% and RFC from 77‒83%. GBR is not presented due to the
low accuracy and high variance of the results. The prediction
accuracy is improved by excluding the least important features
from the training and testing process. An extensive feature
selection process will be further examined in the next steps
of this case study.

The second part of this case study, (b), aims to determine
the loading condition of the bearing by using the sound signals
acquired in the experimental procedure. The data format is
the same and the algorithms used are again RFC, KNN and
GBR, utilising the entire sound signal feature space, numbered
as #20‒#31.
In Fig. 12 the feature importance chart results for each
algorithm are presented. The RFC has assigned at least a small
importance percentage to every feature, due to its algorithmic
rule to divide the importance probability between features. RFC
has given the highest percentage to features #25, #28 and #31, the
same features that the GBR has selected as the most important.
It should be noted that in the GBR feature importance chart only
the three most important features are visible because the rest
have a very low importance score and are therefore excluded.

Fig. 12. RFC and GBR feature importance, Case study 3b

Fig. 10. Feature importance, RFC, Case study 3a

The results of the feature importance can be explained by
reviewing Fig. 13. In this figure, it is visible that the three
loading conditions are creating three separate areas of
operation in terms of features #25, #28 and #31. This makes
it possible for the algorithm to accurately predict the mean

Fig. 11. 3D KNN visualisation of rpm, features #12 and #14, Case study 3a

Fig. 13. 3D KNN Visualisation of features #25, #28 and #31, Case study 3b

Tab. 5, 6. KNN, RFC confusion matrix, Case study 3a
RFC Confusion Matrix

2N

26.3%

0.0%

0.9%

96.8%

8N

0.9%

39.5%

0.9%

95.7%

14N

0.0%

0.0%

31.6%

100%

Sum

96.8%

100%

94.7%

97.4%

2N

8N

14N

Sum

ACTUAL VALUE

PREDICTED

PREDICTED

KNN Confusion Matrix
2N

20.0%

1.7%

0.0%

92.3%

8N

1.7%

21.7%

0.8%

89.7%

14N

6.7%

7.5%

40.0%

73.9%

Sum

70.6%

70.3%

98.0%

81.7%

2N

8N

14N

Sum

ACTUAL VALUE
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Tab. 7, 8. KNN, RFC confusion matrix, Case study 3b
RFC Confusion Matrix

2N

29.0%

0.0%

0.0%

100%

8N

0.0%

38.5c%

0.0%

100%

14N

0.0%

0.0%

32.5%

100%

Sum

100%

100%

100%

100%

2N

8N

14N

Sum

ACTUAL VALUE

load of the bearing and for the user to visualise the results and
understand a very practical benefit arising from the octave
band analysis applied in this technique. Note that the variable
colour intensity marks the position of each point in the layer
depth of the 3D plot.
The confusion matrices of KNN and RFC for Case study 3b
are shown in Table 7 and Table 8 respectively. The accuracy of
both classifiers is higher than 97% and overfitting is avoided
through proper hyper-parameter tuning and with application
of 10-fold cross validation. In addition to the classifier results,
the Gradient Boosting Regressor (GBR) achieved 99.57%
accuracy of predictions, demonstrating also very promising
results for the regression model.
CASE STUDY 4 – LOAD PREDICTION
WITH SOUND SIGNAL, FOR UNTRAINED
LOAD-RPM COMBINATIONS
In this case study several sets of rpm‒load combinations
are excluded from the training process and used only for
testing. The scope of these experiments is to evaluate each
algorithm in terms of its handling process for new data and
to compare the ability of several ML algorithms to accurately
predict unknown data combinations: (a) interpolating within
the initial dataset grid or (b) extrapolating outside the dataset
grid or (c) finding values at the border of the dataset grid. In
cases III and V the rpm‒load combinations are chosen to be
the marginal combination values of the rotational speed and
loading condition. The algorithms tested are the RFC, KNN and
GBR. Other algorithms have also been tested but, overall, these
had the highest accuracy. All sound signal features are used in
every case. Each case will be named after the combination of
“missing target data” that are not used for the training process.
The results are summarised as follows:
I. (8N, 500 rpm); RFC & KNN accuracy:100%, GBR accuracy:
98%
II. (8N, 2500 rpm); RFC accuracy: 100%, GBR accuracy: 98%
III. (2N, 500 rpm); RFC, KNN, GBR: unstable
IV. 2N, 1000 rpm); RFC, KNN accuracy: 100%, GBR accuracy:
98%
V. (14N, 4600 rpm); RFC accuracy: 100%, GBR: unstable
VI. (14N, 4000 rpm); RFC accuracy: 100%
Most algorithms achieve very good accuracy in predictions
of intermediary combinations of rpm‒load, but the accuracy
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PREDICTED

PREDICTED

KNN Confusion Matrix
2N

30.8%

0.0%

0.0%

100%

8N

0.8%

29.2%

0.0%

97.2%

14N

0.0%

0.8%

38.4%

97.9%

Sum

97.4%

97.2%

100%

98.3%

2N

8N

14N

Sum

ACTUAL VALUE

decreases dramatically when reaching the edge of the dataset
grid. This implies that a fine mapping of the bearing’s operation
is needed to extract a trustworthy prediction model. Unstable
predictions could indicate that the input belongs to an
unmapped part of the bearing’s operational states or may
correlate to a specific failure mode.
CASE STUDY 5 – LOAD PREDICTION
WITH SOUND SIGNAL, FOR TRAINING
WITH THE ACETAL BEARING AND TESTING
ON THE PLEXIGLASS BEARING (2500 & 4000 RPM)
Summarising the findings of Case studies 1‒4, the application
of ML algorithms to make predictions regarding the operational
state of the bearing utilising the sound signal features extracted
from the octave-band filter has been quite promising. In the
previous case studies, training and test data were both extracted
from the experimental data of one specific journal bearing. In
this case study, the training data will be extracted from the data
measured on the Acetal bearing and the testing data will be
extracted from the data acquired from the Plexiglass bearing.
It should be noted that the previous case studies were tested
for both bearings and the results were identical.
Initially the training and test data of 8 & 14 N load at
2500 rpm and the entire sound signal feature space (features
#20‒#31) as well as the rpm are used. The RFC and KNN (k = 5)
algorithms achieved accuracy of 100%. On the other hand,
the GBR algorithm produced inaccurate results and a notable
shift in the automatically selected high importance features is
observed, thus these results are rejected.
Aiming to find the minimum number of features necessary
to predict the Plexiglass bearing’s loading condition, a different
approach is tested. The importance of the features selected
is evaluated for both the Plexiglass and the Acetal bearing,
revealing that different frequency band features are the most
important in each case. To solve this instability, a dataset
consisting of data from both bearings is created and the
feature selection is repeated, aiming to find the most important
features for the group of similar bearings. Then the developed
models could be trained, taking into account these features
from the Acetal bearing dataset and tested for predictions on
the Plexiglass bearing dataset.
The rotational speed value tested is 4000 rpm and 2, 8 and
14 N load cases are used for training but only 8 and 14 N for
testing. The KNN algorithm was the most promising algorithm

tested in this case study. In Table 9 the prediction accuracy of
the developed models is presented, taking into account one
additional important feature, rebuilding the model iteratively
four times, until 100% accuracy is achieved.
Tab. 9. Feature selection 4000 rpm, Case study 5
Feature Selection Table
Iteration

Features Added

Accuracy

1st

23

42.86%

2nd

20

71.43%

3rd

31

85.71%

4th

29

100%

In the last part of this case study, data at two rotational
speed cases, namely 2500 & 4000 rpm, are combined in the
feature selection process. Initially features #23, #20, #31, and
#29 are used, achieving 81.82% accuracy with KNN, and then
the next most important feature (#26) is added to achieve 100%
prediction accuracy.
CASE STUDY 6 – TRAINING AND TESTING
WITH ACETAL AND PLEXIGLASS BEARINGS,
UTILISING SOUND SIGNAL
In this last case study, the goal is to examine the model
accuracy utilising a mixed training and testing dataset from
both the Acetal and the Plexiglass bearings. From the Acetal
bearing operational state dataset the cases of; 2 N ‒ 4600 rpm
and 14 N ‒ 1800 rpm are excluded to simulate some missing
data “holes” on the grid boundary. Additionally, all the loading
scenarios for 8 N and 14 N load of the Plexiglass bearing
are utilised. The entire sound signal feature space (features
#20‒#31) is included. Initially, the scope is to build a model
able to identify the bearing class, namely Acetal or Plexiglass,
and conduct feature selection. The most promising algorithms
tested were the KNN and RFC, achieving 100% accuracy.

Fig. 14. RFC and GBR feature importance chart, Case study 6

The last but most important study includes the load label
as the target value, given sound frequency features from both
bearing datasets. The most promising algorithms tested with
converging accuracy were the RFC and the GBR, starting
with a feature importance selection followed by an optimum
model development for predictions. The feature importance

results of both algorithms are presented in Fig. 14. The features
that contain the most essential information for both bearings
are features #25 and #31, followed by feature #22. The overall
prediction accuracy for RFC reached 100% and for GBR
94.5%. This relatively high accuracy for both algorithms
suggests that a dataset combining input from multiple similar
bearings, manufactured according to the same design plan,
can significantly improve the stability and accuracy of the
produced model, ensuring a wider application range.

SUMMARY – CONCLUSIONS
In the present work a Machine Learning procedure has been
developed, aiming at predicting the loading condition of journal
bearings, utilising real-time sound and vibration measurements.
To this end, a set of experiments has been set up and conducted.
Two journal bearings of the same principal dimensions, but
slightly different final dimensions, within the design tolerances,
have been prepared and tested experimentally for different
combinations of bearing load and journal rotational speed.
The experiments have been performed utilising the Bently
Nevada Rotor Kit 4 of the Laboratory of Marine Engineering
at NTUA. A series of measurements has been performed with
different combinations of rotational speed lying in the range of
500‒4600 rpm, and bearing load ranging between 2, 8 and 14 N.
A microphone and a triaxial accelerometer have been used to
measure sound pressure and vibration signals generated during
bearing operation. A one-third octave filter has been applied
to post-process the obtained signals. The filtered signals have
been segmented into shorter duration samples and have been
fed to the ML algorithms.
ML algorithms utilising the sound signal provided more
accurate predictions, with prediction accuracy of the order
of 98‒100%; ML algorithms utilising the acceleration z signal
were found to be second best with prediction accuracy results
of the order of 85%. A variety of scenarios have been examined
and the prediction accuracy of the algorithms has been shown
to be adequate in most of the cases (more than 95%). The
algorithms’ performance has been shown to vary, depending
on the test data; the algorithms perform better if the test data
belong to an intermediary training rpm‒load combination in
comparison to cases where the test data belong to an extreme
combination near the dataset boundaries. Additionally, it is
possible to rank frequencies in terms of importance, using
a feature selection process; however, this constitutes a casesensitive result, and further attention is required in order to
generalise the conclusions.
Regarding the signal selection process, several important
conclusions can been drawn: (i) Sound measurement signals
contain more information regarding the system state, in
comparison to vibration measurement signals; (ii) 1/3 octave
band signal analysis is shown to be very effective in extracting
the significant information from the signal; (iii) It is possible
to determine the bearing loading condition from vibration
measurements alone; however, the prediction accuracy
is somewhat less in comparison to that corresponding to
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sound measurements; (iv) For the development of a general
bearing model, a wide range mapping of the bearing operating
spectrum is required; (v) The use of multiple similar bearings
for ML algorithm training may significantly improve their
accuracy and trustworthiness.
In the present paper, the prediction of bearing load given
the shaft rotational speed and utilising additional features
extracted from vibration and sound signals (following the
octave band analysis and ML) has been proven possible and
a promising technique for journal bearing performance
assessment. Especially for marine applications, where line
and stern tube bearings cannot be surveyed in real time, an
early sign of bearing overload is of particular importance, in
order to avoid situations of fast wear growth and failure. It is
emphasised that, today, for the vast majority of such bearings,
monitoring of the operational state is normally performed by
oil temperature measurements. However, oil temperature rises
due to bearing malfunction are generally observed after the
phenomenon has evolved, leading in many cases to extensive
or even catastrophic bearing failures. Therefore, the proposed
methodology can be extremely efficient for real-time nonintrusive bearing performance assessment.
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ABSTRACT

A measurement system includes all components in a chain of hardware and software that leads from a measured
variable to processed data. In that context, the type and quality of the sensors or measuring devices are critical to
any measurement system. MEMS/IMU sensors lag behind leading technologies in this respect, but the MEMS/IMU
performance rapidly changes while is relatively inexpensive. For this reason, the paper proposes some investigations of
currently available MEMS/IMUs, but in an array configuration. The article presents the results of research undertaken
on this type of IMU sensor configuration under quasi-stationary and dynamic conditions and answers the question
of whether the precision of current MEMS technologies for acceleration and angular velocity sensors is still improved
using this kind of approach.
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INTRODUCTION
There are numerous IMU application areas such as
inertial positioning of spacecrafts, marine vehicles and
drones, manned and unmanned aircraft, and autonomous
vehicles. The ring laser gyro (RLG) is currently the industry
standard for precision rotation measurement, though some
researchers states that FOGs (fiber optic gyros) is not seen
anymore as limited to medium grade, but on the contrary as
the ultimate performance gyro that can surpass by at least one
if not two orders of magnitude RLG technology [1]. MicroElectromechanical Systems, Inertial Motion Unit (MEMS
IMUs) performance is approaching FOG medium, tactical
grade performance levels. FOGs still have an advantage on
performance, but are much more costly than MEMS [2],[3].
Low-cost MEMS inertial sensors have emerged over the past
decade and MEMS researchers have demonstrated a number
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of microsensors for almost every possible sensing modality,
including attitude, accelerations, pressure etc. [4],[5],[6]. The
paper investigate an array configuration of currently available
MEMS sensors to improve the final accuracy, so a topic that
has to return from time to time due to changing technologies
[7],[8],[9]. The issue of using simultaneous measurements
from many identical devices is still topical due to dynamically
changing technologies [10],[11],[12]. The article presents the
use of this idea in the context of the LSM330DLC sensor array
based on the MEMS technology, emphasizing however that
a real improvement is possible when the measurements is
carried out in quasi-stationary conditions, so in particular,
this approach can be justified only, due to the random walk
error, resulting from Brownian motion of the MEMS proof
mass. The article answers the question if currently available,
relatively low-cost IMU MEMS sensors can still provide better
INS when studied in array configuration in quasi-stationary

and at the same time in dynamic conditions. Static or quasistationary measurements are considered sufficient in the
context of low dynamics vehicles [13].

MEMS IMU ERRORS AND CURRENT
CAPABILITIES
MEMS technology is burdened with vibration, but mainly
by static errors that are difficult to overcome i.e.: the instability
of bias also called bias drift, typically expressed in [mg] or
[m/s2] for accelerometers and for gyroscopes [deg/s] or [rad/s]
[14]. This instability of bias, refers to the variation of the bias
over time, assuming that other factors remain unchanged.
This may be caused, for example, by the self-heating of the
accelerometer/gyroscope itself and other components of the
entire system, both mechanical and electrical. The instability
of bias drift is the most important measure of the quality of
the accelerometer/gyro and is defined as the lowest part on the
Allan variance curve, as presented in Fig. 4 and Fig. 5. Thus, it
represents the minimal bias stability that can be achieved for
a given sensor, assuming that bias averaging takes place at the
interval defined at the Allan variance minimum. This is one
of the most important parameters for accuracy and overall
performance in the context of unassisted inertial navigation.
The scale factor is another inherent MEMS IMU error that
multiplies the output of the sensor with respect to the true
measurement, so this is a multiplicative error. The scale factor
relates to an intended true input value, but can be positive or
negative. Of course, the scale factor and bias, but not bias drift,
can be eliminated by calibration. In a calibration procedure,
the bias and scale factor are determined by comparing known
parameters to measured output. Another important error,
velocity or angular random walk (ARW) is a measure of
accelerometer as well as gyro perturbation by some thermomechanical noise which fluctuates at a rate much greater than
the sampling rate of the sensor. This is proportional to the
square root of the integration time [15].

MEMS IMU ARRAY SIMULTANEOUS
MEASUREMENT HYPOTHESIS AND
SIMULATION
To investigate the concept of simultaneous measurements
from a MEMS IMU array, some simulations and analyses were
carried out. The idea of course, stems from a measurement
systems theory. Each IMU can be treated as measurement
system comprised of an instrument or measuring device
and an actual object parameter to be measured (Fig. 1).
According to the theory of experimental design: performing
measurements from multiple instruments should improve
the precision and the accuracy. The assumption is that
the response of an IMU instrument is the sum of three
independent quantities:

Fig. 1. Array of LSM330DLC MEMS IMUs. Tests carried out at an ambient
temperature of 20°C.

the true value to measure μ, a random measurement error
X with mean 0 and variance σ2 (σ describes the instrument’s
imprecision) and a fixed error Y which can also be modelled as
a random variable with mean 0, because these IMU/MEMSs
are accurate, but because they do vary systematically from one
to another, hence variance τ2 Although this model is rarely
exactly right, it is usually a sufficiently good approximation
that we can use it to find near-optimal combinations of
measurements.
The results of repeated measurements by one IMU are
independent, so each measurement can be treated as the sum
Zi =μ+Xi+Y where i stands for the measurement, ranging from
1 through n, and Y is a property of the instrument itself, so it
does not change from one measurement to another. We can
compute the variance of the average of the measurements
conceived of as an average of these random variables Zi as:
(1)

as n increases,
decreases. Moreover, if we accept
expectations in the sense of what an arbitrarily large number
of measurements would produce on average,
shows that even the average is biased. The conclusion of
this calculation is that averaging measurements from one
instrument reduces the imprecision but has no effect on the
accuracy.
On the other hand, if one supposes the measurements of all
IMUs from Fig. 1 are independent, so supposing measurement
by multiple IMUs, which is our case, then
where i is the indexes for the measurement and also for the
instrument, therefore:
(2)

and (in the same sense as before, taking an arbitrarily
large number of instruments),
, as n increases,
both and decrease. Regardless, the expected value of
the measurement is correct: is more likely to be accurate
in this case. Thus, averaging measurements from multiple
instruments should improve the precision and accuracy.
The noise in the accelerometer or gyro is predominantly
considered Gaussian white noise and therefore is a constant
value across all frequencies [3]. Following that, numerical
simulation was performed, using the Gaussian distribution
which is most proper in the presence of ARW and bias in
POLISH MARITIME RESEARCH, No 3/2021
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run stability.
(3)

where
is a random sequence where
is defined to be a Gaussian random variable, where of course
μ is the mean and σ2 is the variance of the Gaussian noise and
n is the number of sensors, N is a size of the random vector.
The result of the simulation is presented in Fig. 2, where
the standard deviation error against the number of sensors
in the MEMS array is mutually-dependant and is inversely
proportional, as presented in Fig. 2.
Until n < 10, the gain or improvement is obvious, otherwise
the approach can be questioned. However, depending on the
available budget, increasing the number of IMUs in the array
(as presented in Fig. 1) showed that an improvement of close
to 10 times so of magnitude can be achieved.

Fig. 2. Standard deviation error vs. number of sensors in MEMS IMU array
for simulated data

RESULTS OF INVESTIGATION OF REAL
MEASUREMENTS FORM MEMS IMUS IN
ARRAY CONFIGURATION USING ALLAN
VARIANCE

Two-Sample Variance Evaluation is a method of analyzing
a sequence of data in the time domain, to measure the
frequency stability of oscillators the variance also known as
Allan variance. The method can also be used to determine the
noise in a system as a function of the averaging time, and is
currently a popular method for identifying and quantifying
the different noise terms in inertial sensor data. The results
from this method are related to four basic noise terms
appropriate for inertial sensor data. These are quantization
noise, angle random walk, bias instability, and rate random
walk [17].
The investigation of MEMS IMU array using Allan
deviation method is summarized in Table 2, where bias
stability standard deviation error and normalized bias
stability standard deviation error vs. number of sensor in
the IMU array is presented.
Table 2. Allan Deviations of MEMS Accelerometer Array.

Number of IMUs in
MEMS LSM330DLC
array

Bias stability deviation error
[m/s2]

Normalized bias
stability deviation
error

1

4.459219e-04

1.00000

2

3.344659e-04

0.750055

3

2.889205e-04

0.647917

4

2.773783e-04

0.622033

5

2.495453e-04

0.559616

6

2.095125e-04

0.469841

7

1.828213e-04

0.409985

8

1.827415e-04

0.409806

9

1.711244e-04

0.383754

10

1.572241e-04

0.352582

The obtained results from Table 2 based on real data, are
plotted over the simulated chart from Fig. 2 and presented
in Fig. 3.

The experimental data was collected from 24-hour
simultaneous readings from an IMU LSM330 [17] sensor
array at 50Hz rate and at 20°C temperature (Fig. 1). The
environment temperature is of some importance for the
overall quality of measurements. Raw accelerometer readings
are expressed in [m/s], gyro readings are expressed in [deg/s],
as presented in Table 1 [7].

time

ax

ay

az

time

gx

gy

gz

[ms]

[m/s]

[m/s]

[m/s]

[ms]

[deg/s]

[deg/s]

[deg/s]

12536946977

0.239420

0.153229

9.864111

125369469785

0.088575

0.049480

0.026573

Table 1. Format and example of collected records from MEMS IMU LSM330.
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Fig. 3. Normalized standard deviation error vs. number of sensors in MEMS
array for simulated data (blue) and real data from accelerometer (green)

Fig. 3 presents normalized standard deviation error vs.
number of sensors in MEMS array for simulated data plotted
in blue and the real data from the LSM330 array in green.
Both curves are strongly related and rather strongly converge.
Table 3 presents some important detailed characteristics of
raw measurements retrieved from the MEMS accelerometer
in the context of some basic terms appropriate for INS. The
in-run bias stability standard deviation error references the
minima of the Allan deviation curve, as presented in Fig. 4,
and it is over 3 times better for an array of n=10 MEMS
accelerometer sensors. Fig. 4 presents the Allan variance for
the data from the IMU array and for a single IMU in static
conditions.
Fig. 5. Log–log plots of Allan deviation of gyro for MEMS IMU array (green)
and single MEMS IMU (blue)

Table 3. Accelerometer Comparison.

Accelerometer
Dynamic Accuracy

LSM330DLC

LSM330DLC array

bias stability deviation
error [m/s2]

4.4372e-04

1.57224e-04

variance

4.06215e-04

4.66665e-05

standard error [m/s2]

0.020154

0.006831

bias [m/s2]

0.050850

0.211349

IMU ARRAY UNDER DYNAMIC
CONDITIONS
However, the quasi-stationary or stationary measurement
conditions using the IMU sensor matrix indicate only one
stationary aspect of the problem. In the quoted papers [7], [8],
[9], [10] the fact of measurements under dynamic conditions
for the IMU sensor array is omitted. Dynamic measurements,
as mentioned in the introduction, emphasize the problem of
system inertia and its nonlinearity and is especially important
e.g. in the context of distance measurements using IMU. The
comparative aspect of dynamic measurements for the sensor
array is presented below. The Fig. 6 and Fig. 7 presents the
step response of the IMU sensors array and an individual
IMU sensor, i.e. the response to the step input for both cases.
The step response for the accelerometer is presented in Fig.
6 for step input of the low and in Fig. 7 of higher dynamic or
amplitude. The response of the IMU sensors array is presented
in green, and the response of an individual IMU sensor is
shown in blue.

Fig. 4. Accelerometer Allan variance log–log plots of MEMS IMU array (green)
and single MEMS IMU (blue)

In a similar manner, Table 4 and the following Fig. 5
present the results for the MEMS gyroscope. It turns out
the performance is near 5 times better for an array of n=10
MEMS gyro sensors compared to a single MEMS gyro.
Table 4. Allan Deviations of MEMS Accelerometer Array.
Gyro Dynamic
Accuracy

LSM330DLC

LSM330DLC array

bias stability deviation
error [deg/s]

2.87124575e-04

6.3087195e-05

variance

1.34194979e-05

1.369146e-06

standard error [deg/s]

0.0036632

0.00117

bias [deg/s]

0.0512660

0.01552

Fig. 6. Step response for MEMS IMU array (green) and single MEMS IMU
(blue) with low step excitation

POLISH MARITIME RESEARCH, No 3/2021

153

namely: the actual value, a random measurement error and a
fixed error, characteristic of a particular instrument. However,
this approach is not so effective under dynamic conditions.
The matrix of the IMU sensor does not provide the expected
improvement in this case and it is not possible to improve or
significantly improve the accuracy of measurements under
dynamic conditions using this approach.
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ABSTRACT

Navigational safety necessitates careful route monitoring, which includes staying on the planned course. For a ship
to achieve effective route monitoring while changing course, a wheel over point (WOP) must be precisely calculated
and marked on a charted course. The reason is to warn the watchkeeping officer that the ship must make a course
alteration to prevent overshooting the intended route. One of the techniques for appraising the WOP is the advance
transfer technique (ATT). During a practical review by means of an electronic and paper chart work exercise of the
ATT, this study discovered two research gaps related to the technique. Following that, this study created an improved
advance transfer mathematical model (ATMM) by restructuring the use of the ship’s turning circle to overcome the
limitations discovered. To validate the improvement of the ATMM over the ATT, data were collected by evaluating
both methods using a ship simulator and performing a manoeuvring analysis. The data, specifically the reduction in
the cross-track distance (XTD), was validated in three verification stages: compliance with XTL, percentage change,
and Mann‒Whitney U test using IBM SPSS. In comparison to the ATT, the ATMM produces better results in terms
of the course-keeping capability and it can be implemented as an algorithm in an integrated bridge navigation system
for autonomous ship navigation safety.
Keywords: wheel over point, course alteration, mathematical model, passage planning, navigation safety

BACKGROUND OF STUDY
The primary function of commercial shipping is to
transport freight to its destination safely. According to ICS
(2018), the shipping industry facilitates 90% of global trade,
which consists of liquid, bulk, and gas cargoes. The overall
volume of the annual global maritime exchange had surpassed
14 trillion US dollars as of 2019. However, shipping is one of
the world’s most dangerous professions due to its nature of
transportation.
Fig. 1 outlines the context of this topic’s selection. Seafaring
is a high-risk career due to the unpredictability of the work
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on board the ship, which can result in injuries, sickness, or
even fatalities [1]. As a result, any operation on board the ship
necessitates careful preparation, planning, execution, and
monitoring to ensure shipboard safety [2]. Shipboard safety is
described as the approach of performing operations on board
a ship in a secure manner that involves the cargo’s safety, the
safe operation of its machinery, the safety of navigation, and
the safety of the ship’s crew.
One of the essential operations on board a merchant vessel
is to navigate the ship safely. To ensure navigation safety is
heightened, the officer in charge of the navigational watch
must be skilled in maintaining safe navigation, besides

knowing how to respond to shipboard emergency and distress
signals, as part of the required competency [3]. Aside from
that, the officer must communicate effectively, navigate the
ship and, most notably, carry out a voyage plan [3].
The phrase „passage planning” or „voyage planning” refers
to the process of creating a detailed plan of a ship’s journey
[4]. According to IMO resolutions A.893 (21), there are four
phases of the passage plan. In the appraisal stage information
is collected, which includes the weather, communication with
the authorities, charts and publications, and many other types
of information that can be used to ensure the safety of the
ship during the voyage from the departure port to the arrival
port. With all the collected information, the navigational
officer will begin charting the course line and preparing the
ECDIS passage. The passage plan will then be carried out
and tracked according to the approved plan. Monitoring
a passage entails keeping an eye on the weather forecast,
taking appropriate precautions to prevent a collision, and
ensuring the ship stays on track [4].
The charted course line has been calculated to be the safest
route. Consequently, remaining on the charted course, also
known as track-keeping, is crucial in navigation. However,

depending on the circumstances and conditions, it might
be necessary to deviate from the intended route [5]. Any
effort to deviate from the route would be deemed risky at
first. If necessary, an extra assessment of the current path
must be done to carry out the course deviation. Optimum
track-keeping can be accomplished using autopilot or manual
steering [6]. Nonetheless, both approaches necessitate careful
observation of the cross-track distance (XTD) expansion.
The perpendicular distance between the vessel and the
expected track is defined as the XTD [7]. The watchkeeping
officer will change the ship’s heading if needed to ensure
that the ship’s direction matches the charted course. This
intervention will keep the ship on course and prevent the XTD
from developing. However, sometimes, due to a late course
change, the ship will overshoot from the track, resulting in
a cross-track distance, as seen in Fig. 2 [8], [9]. As a result,
a wheel over point (WOP) must be measured precisely in
advance and labelled on the charted course to denote the point
of change [4]. A lack of knowledge of how to calculate the
WOP will result in route overshooting and possibly a severe
accident.

Fig. 1. Research background K-Chart
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Fig. 2. Development of XTD due to overshooting the planned course

2004 and 2013, in Korea, 47 maritime mishaps occurred
during pilotage [25].
The instances highlighted were of accidents that occurred
as a result of human error. Human error is notoriously difficult
to anticipate [26]; nevertheless, with the WOP highlighted
on the chart, it can be utilised to track the occurrence of
human error, specifically during turning. In this instance, the
pilot’s behaviour may be anticipated by observing his actions
throughout a turn. If the pilot modifies the course before the
WOP, the master will have confidence in the pilot’s judgement.
On the other hand, if the pilot carries out the course alteration
after the WOP, the master or navigation officer may interfere
and overrule the pilot’s authority [27]. However, if the WOP
is not properly established, monitoring becomes problematic,
since the master will have no way of knowing whether or
not the pilot has made a judgement mistake [28], [29]. As
a result, it is critical to establish an exact location for the WOP
[4], [30]. Even those who are highly skilled and competent
may lack situational awareness, have inaccurate judgement,
or be unfamiliar with novel circumstances. Additionally,
individuals may be overburdened with many duties or issues
during a crisis which goes beyond their ability to cope with
novel circumstances. As a result, the navigation officer and
the ship’s master must create a procedure for verifying the
pilot’s judgement [31].
ROUTE MONITORING BY ECDIS

LITERATURE REVIEW
WHEEL OVER POINT
A Reminder to the Navigation Officer
The WOP refers to the point on the plotted course that
serves as a reminder to the navigation officer to commence
the course alteration so that the ship does not deviate from
the intended course [10]. The WOP may help to reduce
fuel usage by optimising the vessel’s voyage by keeping
an optimal path [11]–[13]. Most significantly, it makes
a substantial contribution to the ship’s navigational safety
[9]. Inadequate understanding of the ship’s turning capability
and manoeuvrability may result in a major catastrophe [14].
Previous studies by the Transport Accident Investigation
Commission (TAIC), the Marine Accident Investigation
Branch (MAIB), and the Australian Transport Safety
Bureau indicated that failing to establish the WOP resulted
in navigation accidents [14]–[16].
A Point for Monitoring Pilot Behaviour
Apart from that, the WOP can be utilised to monitor the
pilot’s judgement. For decades, there have been numerous
accidents involving pilotage [17]; for example, vessels have run
aground due to the pilot sleeping [18], making a late course
correction [19], making a judgement error [20], making an
insufficient course correction [21], making an insufficient
turn [22], repeatedly overshooting a planned track [23], and
lacking knowledge with regard to natural effects [24]. Between
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The Electronic Chart Display Information System
(ECDIS) and the Electronic Navigation Chart (ENC), which
are connected to the Integrated Bridge Navigation System
(IBNS) through an improved interface, have helped navigation
officers considerably in route monitoring [32]data reliability,
alarm management and ship’s safety parameter settings. For
the optimum situational awareness, navigators must always
recognize the level of display for objects presented when using
ECDIS. The values for the safety depth and safety contour
must be understood and entered to achieve a sensible and
considered meaning and alarm settings. The navigators must
remember that the display of underwater obstructions or
isolated danger symbols can change according to the settings
of this safety contour which also marks the division between
navigable (safe. However, not all vessels are presently equipped
with ECDIS or ENC, since the technology is only required
for passenger ships above 500 gt and cargo ships over 3000 gt
in accordance with SOLAS regulations V/19 [33], [34]. As
a result, the remaining sailors continue to manoeuvre using
their repertoire of conventional navigation abilities [35]. This
statement is strengthened by the study conducted by Wu et al.
such as Radar/ARPA, Automatic Identification System
(AIS[36]such as Radar/ARPA, Automatic Identification
System (AIS, where it was found that fourteen out of sixteen
sailors preferred to use traditional navigation methods in
addition to technology while maintaining a safe watch,
highlighting the need for preserving traditional navigation
abilities.

CONSTANT RADIUS TURN

ADVANCE TRANSFER TECHNIQUE (ATT)

The constant radius turn (CRT) technique calculates the
rate of turn (ROT) required for a fixed radius turn [9], [11],
[37], [38]. The technique requires a rate of turn indicator
(ROTI), which is a navigation instrument used to indicate
the ship’s turning rate in degrees per minute and designed to
observe the turning rate [38]. The ROT, given in degrees per
minute, must be agreed upon collectively by the bridge team
in advance during the ‘appraisal’ stage in order to plan the
WOP in accordance with the navigator’s suitability and the
master’s orders [10]. Additionally, this method is dependent
on the helmsman’s skills to control the rudder angle in such
a way that the ROT remains constant and does not vary much
throughout the turning time. The formula to calculate the
WOP using the CRT is as follows [39]:

The manoeuvring characteristic of a vessel is subject
to the rudder angle ordered for a particular manoeuvre
[40]. A constant turning circle can be achieved by fixing
the ship’s rudder at a certain angle [41]. On the day the
ship is launched, a sea trial manoeuvre will be carried out,
which provides the specific manoeuvring characteristic
for that ship. Manoeuvring details are recorded, including
a turning circle for every particular rudder angle [42].
This method of fixing the rudder at a hard over rudder
angle during turning is also known as the advance transfer
technique (ATT) [10].

ܹܱܲ ൌ

57.3 ܸ ݔ
ሺ1 െ ܿߠ ݏሻ  ߠ ݊݅ݏ ܨ
60 ܱܴܶ ݔ

(i)

where the ROT is the value agreed by the bridge team, V is
the speed of the vessel at the time of execution in knots, θ is
the turning angle to be executed in degrees (°), and F is the
ship’s length in nautical miles.
CONSTANT RATE OF TURN
The constant rate of turn (CROT) is another technique
used to calculate the WOP according to the ship’s speed and
the agreed rate of turn (ROT). This approach also necessitates
the use of a rate of turn indicator (ROTI) to keep track of the
turning rate [38]. This technique also requires the helmsman’s
experience in controlling the rudder. The formula for the
CROT is given as follows:

ܹܱܲ ൌ

 . ܸ . 0.5
 ܨ
60 ܱܴܶ ݔ

(ii)

where the ROT is the value agreed upon by the bridge team.
V is the speed of the vessel at the time of execution in knots.
θ is the turning angle to be executed in degrees (°) and F is
the ship’s length in nautical miles. The distance of the WOP
measured from the WPT, which is obtained through the
calculation, needs to be marked on the charted course.
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ATT first advantage – Can be calculated during planning
stages
The CRT and CROT incorporate the vessel’s speed (V) and
rate of turn (ROT) into their respective formulae as seen in
equations (i) and (ii) [39]. The ATT, on the other hand, enables
the calculation of the WOP without needing to take the ship’s
speed and ROT into account, as shown later in equation (2),
since the turning circle’s characteristic is unaffected by the
vessel’s speed [40].
In open sea navigation, a ship’s speed may be assumed to be
constant and predictable in relation to its prior voyage service
speed. Thus, the CRT and CROT methods are applicable in
such a situation.
In comparison, the ship’s speed is often changed in inland
water based on traffic congestion, visibility, water depth,
manoeuvrability, navigation hazards [5], and as per the
pilot’s advice [43]. As mentioned earlier, the ROT must be
established prior to voyage planning to calculate the WOP
using the CRT and CROT. However, without knowing the
ROT that is going to be used by the pilot, it is impossible
to carry out the calculation. As a result, the CRT and
CROT are difficult to calculate during the planning stage
in a voyage plan for navigation in inland water and pilotage.
Consequently, the ATT is preferred during the planning
stages, while the CRT and CROT can be utilised later once
the speed and ROT are known during the monitoring stages
during pilotage.
ATT second advantage – Maximum rudder angle
Another advantage of the ATT is that the WOP value
obtained is calculated based on the maximum rudder angle,
which implies that the WOP produced will be the final point
to take action, whereas the CRT and CROT can be calculated
based on any rate of turn depending on the navigator’s
suitability. If the WOP is calculated based on a small ROT
such as 10°/min, it will result in a larger WOP value compared
to 20°/min. Therefore, the ATT is suitable to use as the final
point to monitor the pilot’s decision.

APPLICATION OF ADVANCE TRANSFER TECHNIQUE
(ATT)

With reference to Fig. 3 and 4, the terms used for explaining
the formula are as follows:
dadv
= Advance distance taken from manoeuvring
characteristic
dtrs
= Transfer distance taken from manoeuvring
characteristic
dCG–WPT = Distance from ship’s centre of gravity to waypoint
(WPT)
Based on the understanding of the technical concept shown
in Fig. 4, the formula to calculate the WOP can be constructed.
The angle of course alteration will be represented as θ. The
WOP, as defined by Anwar (2015), is the distance from the
ship’s centre of gravity (CG) to the WPT; thus, it will be named
dCG–WPT. To obtain dCG–WPT, the advance distance, dadv, needs
to be subtracted with da, therefore:

݀ீିௐ் ൌ ݀ௗ௩ െ ݀ 

(1)

da can be obtained by utilising the tangent rule as follows:

The ATT requires two items of information to be extracted
from the manoeuvring characteristic, as shown in Fig. 3,
namely the 1) advance and 2) transfer distance, hence its
name. The advance and transfer distances are measured by
referring to the positioning of the ship’s centre of gravity (CG)
and are measured from the moment the vessel initiates the
turn by hard over the rudder until the ship’s course changes
by 90° from the initial heading, where the distance of advance
is on the X0 axis, and the distance of transfer is on the Y0 axis
as shown in Fig. 3 [44]. The advance and transfer distances
are usually expressed in nautical miles (nm). The technique
is further explained as follows.

݀௧௦

݀

 ߠ ݊ܽݐൌ

Fig. 3. Typical manoeuvring characteristic of a ship [42]

݀ ൌ

݀௧௦

ߠ ݊ܽݐ

Hence, the formula of the advance transfer technique [10]
is obtained as below:

݀ீିௐ் ൌ ݀ௗ௩ െ

݀௧௦

ߠ ݊ܽݐ

(2)

THE PROBLEM STATEMENT
With the understanding of the ATT, a practical chartwork
review on the technique was carried out in this research.
However, referring to the formula given in (2), two main
issues were found while carrying out the chartwork session,
which are as follows.
The first observation – Negative value for alteration less
than 20°
When the formula was used to identify the WOP for
a vessel with an advance distance of 0.362 nm and a transfer
distance of 0.169 nm, the following results were obtained:
Tab. 1.WOP distance from WPT

Fig. 4. Marking WOP [10]
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Situation

Change of course

dadv

dtrs

dCG–WPT

1

20q

0.362

0.169

-0.100

2

50q

0.362

0.169

0.221

A negative value of the WOP in situation 1 in Table 1
implies that the ship has to make the course alteration at
0.100 nm after the WPT, which means that the ship has
overshot the planned track. Therefore, if this formula were

to be used in an automated manoeuvring system algorithm,
the calculated WOP would force the ship to overshoot the
planned track.

METHODOLOGY
The research methodology’s workflow is illustrated in
Fig. 6.

Second observation – The final heading of the ship does
not match the charted course
The technique’s operating concept can be seen in Fig. 5.
It can be seen that the ship’s final course is 090°T, which is
different from the desired route of 045°T. The formula will
be more useful if the ship’s final heading matches the desired
charted direction, thus avoiding the second overshoot.

Fig. 6. Research methodology flow

Fig. 5. Advance transfer technique principle

RESEARCH AIM
Hence, based on the observations and review, the following
situations were identified;
1. The ATT is not suitable for a course alteration of less than
20° as it will result in a negative value. A ship will start to
make a course alteration after the WPT.
2. The ship’s fi nal heading and the charted course are
contrary.
Since an Electronic Chart Display and Information System
(ECDIS) is currently preferred in maritime navigation,
mathematical modelling will be a more appropriate approach
in determining the WOP. However, the formula provided by
Anwar (2015) in the advance and transfer technique cannot
be applied in the electronic chart due to the negative value
produced for alteration less than 20°. Therefore, this research
intends to restructure and develop an advance transfer
mathematical model (ATMM) that may solve the problems.

The research started with a practical review carried out
by the authors. The practical exercise of the advance transfer
technique (ATT) using a ship simulator was aimed to further
understand the research gaps, using electronic and paper
charts. Once the research gaps were identified, then the
research improvised the concept of determining the WOP
by restructuring the turning circle application. From there,
a new advance transfer mathematical model (ATMM) was
established. According to Voit [45], a newly developed system
needs to be tested against observations from the physical
system which it represents. In this case, both the ATT and
ATMM were tested using a ship simulator. This process is
usually called validation [45].
During the full-scale simulation, data collection was
carried out using the Wartsila ship simulator.
In this study, a very large crude carrier (VLCC) with
a displacement of 63430 tons during the ballast condition
and 159584 tons displacement during the laden condition will
be used in the simulator analysis to verify the effectiveness
of the developed mathematical model.

Fig. 7. VLCC general information on ballast condition taken from Wartsila
simulator
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Fig. 8. VLCC general information on loaded condition taken from Wartsila
simulator

Ballast condition deep-water

Fig. 9. The ship’s deep and shallow water turning circle during ballast
and loaded conditions

The data regarding the chosen ship shown in Fig. 7, 8 and 9
were obtained from the ship simulator.
Initially, a series of courses were constructed in an ECDIS
simulator for a manoeuvring analysis. Both the ATT and
ATMM were tested during the manoeuvring analysis. The
data, mainly the XTD that was produced, were collected and
documented in a table. The data on the XTD was collected
because when two models of the same system are available,
the researcher may want to compare them to choose one for
future use, as in this case with the ATT and ATMM [45].
Therefore, the collected XTD data were compared to validate
the improvement of the ATMM over the ATT.
In measuring the efficiency of the ATMM over the ATT,
this study has considered and chosen the validation analysis
which can comply with the requirements set by IMO [46].
According to IMO, whenever a new safety system is to be
developed, the following requirements shall be taken into
account [46]:
i. The system shall comply with the mandatory rules and
regulations.
ii. The system can provide continuous improvement to safety
management.
Accordingly, to fulfil the above requirements, the
manoeuvring simulation data was analysed in three stages.
During the first stage of analysis, to ensure that the developed
ATMM complied with the mandatory rules and regulations,
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the data was analysed by comparing the XTD results from
the ATT and ATMM with the requirements of the XTL as
specified by the International Maritime Organisation [47]
and following the guidance given by Kristić et al. (2020)
[48]. This stage’s purpose was to determine which method
produced better compliance with the international or national
regulations, which was defined by the XTL. The XTL is the
limit whereby a ship can safely deviate from track. Even
though the compliance with the XTL is expressed in general
by IMO [7], the value of the XTL is not explored in detail. For
this reason, this study used the guideline provided by Kristić
et al. (2020) to determine the XTL.
During the second stage, to ensure that the system can
provide continuous improvement, this study had chosen the
Laden condition shallow water

percentage change validation. To prove that the ATMM is
an improved version of the ATT, the developed ATMM must
reduce the XTD. The reduction of the XTD can be justified
by adapting the method of identifying the percentage change
as practised by Bansilal (2017)but not much is known about
the ways in which students engage with contextual settings
such as inflation. This qualitative study was conducted with
in-service Mathematical Literacy teachers in South Africa
with the purpose of exploring the extent to which the teachers
recognised the contextual constraints involved in applying
the percentage change calculation to the inflation context.
The written responses of the 406 Mathematical Literacy
teachers were scrutinised to identify their interpretations
of the contextual constraints involved in applying the
percentage change procedure to the context of inflation. The
item required the application of two successive percentage
change operations (corresponding to the inflation rates
for the 2 years. The percentage change is a primary term
that indicates the magnitude of the change over time. It is
used for many financial purposes, primarily to reflect the
shift in prices [49], [50]but not much is known about the
ways in which students engage with contextual settings
such as inflation. This qualitative study was conducted with
in-service Mathematical Literacy teachers in South Africa
with the purpose of exploring the extent to which the teachers
recognised the contextual constraints involved in applying
the percentage change calculation to the inflation context.
The written responses of the 406 Mathematical Literacy
teachers were scrutinised to identify their interpretations

of the contextual constraints involved in applying the
percentage change procedure to the context of inflation. The
item required the application of two successive percentage
change operations (corresponding to the inflation rates for
the 2 years. Similarly, for this study, the percentage change
was used to show the tendency of the ATMM in reducing the
XTD compared to the ATT.
Then, in the final validation stage, the Mann‒Whitney U
test was used to determine the effectiveness of the ATMM.
This is a test to check whether one of the two random variables
is stochastically larger than the other and it compares two
independent groups that do not require large, normally
distributed samples [51]particularly when conducting
research in psychology, to have access to large normally
distributed samples. Fortunately, there are statistical tests
to compare two independent groups that do not require large
normally distributed samples. The Mann‐Whitney U is one
of these tests. In the following work, a summary of this test
is presented. The explanation of the logic underlying this test
and its application are presented. Moreover, the forces and
weaknesses of the Mann‐Whitney U are mentioned. One
major limit of the Mann‐Whitney U is that the type I error
or alpha (α. The Mann‒Whitney or Wilcoxon‒Mann‒Whitney
test is sometimes used for comparing the efficacy of two
treatments in clinical trials [52]wilt, stalk and tuber rots
diseases lead to considerable decline in Jerusalem artichoke
(JA. All three tests demonstrated that the ATMM developed
is better than the ATT in determining the WOP.

To match the final course with the ship’s heading, this
research intends to redesign the technique as shown in
Fig. 10 because the advance and transfer distances increase
accordingly as the heading angle increases. As seen in Fig. 10,
dadv and dtrs for 45° are required for the calculation. However,
most ships are only provided with dadv and dtrs for 90° [42].
Therefore, in this research, the positioning of the WOP was
moved over to WOP’. For this reason, the following symbol
is considered:

DEVELOPMENT OF RESEARCH MATHEMATICAL
MODEL (ATMM)
The mathematical model can be constructed from the
existing equation that was published in the related study [45].
Therefore, the ATT formula by Anwar (2015) can be used
as the groundwork of the new mathematical model. Fig. 11
is structured according to the generic diagram of a ship’s
turning circle. It will be used to assist in the explanation of
the development of the ATMM.

RESTRUCTURE THE APPLICATION
OF MANOEUVRING CHARACTERISTIC
To improve the use of the advance and transfer distances
in determining the WOP, this study intends to improvise
the ATT technique so that the ship’s final course matches
the charted course in the passage plan.

Fig. 11. Distribution details

Because the positioning of the WOP was moved over to
WOP’, dc was included to represent the distance from the
ship’s GNSS antenna to its centre of gravity (CG) as shown in
Fig. 11. The explanation regarding dc will be further elaborated
in a later section. Following this, in addition to the formula
in (1), the distance of WOP’ from the WPT, also known as
dWOP, will consist of 1) dCG–WPT and 2) dc, hence:

݀ௐைᇱ ൌ ݀ீିௐ்  ݀ 
Fig. 10. This study’s concept (ship’s heading and course are the same at the end
of course alteration)
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With reference to the existing ATT formula in (1),
dCG–WPT = dadv – da, the equation can be re-written as:

݀ௐைᇱ ൌ ݀ீିௐ்  ݀ 

݀ ൌ ݀௧௦ ή  ݊ܽݐ൬

Finding da
To find da, the following trigonometry function can be
used:

݀

ܴܳ
݀

To get QR, subtract RS from QS. QS is equal to dtrs. For
now, RS will be represented as db as shown in Fig. 11. Thus,
QR = dtrs – db. Consequently, (4) can be written as follows:

݀௧௦ െ ݀
ߠ ݊ܽݐ

(5)

Finding db
ΔROS is a right-angled triangle; therefore, the value of
db can be obtained by utilising the trigonometry tangent
function:

 ܱܴܵס ݊ܽݐൌ

݀
݀௧௦

90° െ ߠ
൰
2

(8)

Inserting (8) into (5), da can be obtained as:

݀ ൌ

݀௧௦ି ݀௧௦ ή  ݊ܽݐቀ
ߠ ݊ܽݐ

90° െ ߠ
ቁ
2


(9)

(4)

ܴܳ
ൌ

ߠ ݊ܽݐ

݀ ൌ

݀ ൌ ݀௧௦ ή ܱܴܵס ݊ܽݐ

(3)

The next step is to find the value of da and dc.

 ߠ ݊ܽݐൌ

With reference to (6) and the input from (7), the following
is obtained:

Locating the longitudinal centre of gravity LCG and defining dc
The centre of gravity or CG is a point where the whole
ship’s weight is assumed to be concentrated [53]. While
navigating, the ship’s position will be monitored using the
global navigation satellite system (GNSS), located in its
wheelhouse. The turning circle is constructed with reference
to the ship’s CG. The actual course alteration shall be carried
out by monitoring the GNSS position by considering when the
CG will be at the WOP position. Therefore, the actual WOP’
marked on the chart shall include the distance between the
bridge, hence dCG = dc, and this is applied as follows.

(6)

݀ ൌ ݀௧௦ ή ܱܴܵס ݊ܽݐ
To determine סROS, first, it needs to be noted that TU is
a tangent line to OP, TU OP, which makes UPO equal to 90°,
UPO = 90°. According to the triangle rules, a triangle’s total
inner angle must be equal to 180°, ΔPUO = 180°. The total
inner angle of the triangle PUO is the sum value of סUOP,
UPO, and סPUO. Therefore, it can also be written as:

 ܱܷܲס  ܱܷܲנ  ܱܷܲסൌ 'ܷܱܲ
 ܱܷܲס 90q  ߠ ൌ 180°
 ܱܷܲסൌ 180q െ 90q െ ߠ

Fig. 12. dCG is the distance between the ship’s bridge (LSB) and the ship’s
longitudinal centre of gravity (LCG)

 ܱܷܲסൌ 90q െ ߠ
According to the tangent rule to a circle, RP is equal to RS,
| RP | = | RS |, since both distances are tangent to the circle.
Thus, the angles of POR and ROS are also the same, סPOR
= סROS. Subsequently, סROS is half of the value of סPOS.
For this reason, סROS can be expressed as:

ܱܲܵ

2
90° െ ߠ
 ܱܴܵסൌ

2
 ܱܴܵסൌ ס
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To determine the dCG, firstly, the location of the ship’s centre
of gravity needs to be confirmed. The longitudinal centre of
gravity (LCG) is equal to the sum of the longitudinal moment
divided by the ship’s final displacement [53]. Let Xi be the
longitudinal distance of the cargo spaces and tanks measured
from amidships. Wi is the amount of weight loaded on each
cargo space and tank. As a result, ∑i x i w i is the sum of the
longitudinal moment exerted on the ship. The formula for
a ship’s LCG is as follows:

ܮீ ൌ

σ ݔ ݓ
ο



LOA is the overall length of the ship, and LSB is the length
from the ship’s stern to the bridge [54]. LCG is measured
from the midship, which is half of LOA. The symbol +LCG
indicates that the position of LCG is forward of the midship,
and -LCG indicates that the position of LCG is at the aft of
midship [55]. Therefore, referring to Fig. 12, the dCG can be
written as follows:

ܣܱܮ
 ܮீ െ ܮௌ 
2
 ܣܱܮσ ݔ ݓ
ൌ

െ ܮௌ
2
ο

݀ ൌ ݀ீ ൌ
݀ ൌ ݀ீ

(10)

LCG can also be obtained directly from the ship’s cargo
loading computer. Since the difference is very small, LCG
can also be considered to be equal to the position of the
longitudinal centre of buoyancy (LCB), which can be acquired
from the ship’s stability booklet [54]. In certain cases, the dc
value will be subtracted and represented as - dc if the bridge
is located forward of midship, such as for a passenger ship.
In summary, relating to the formula in (3), dWOP can be
assembled using the input from (9) and (10) as follows:
݀ௐைᇱ ൌ ݀ௗ௩ െ ݀  ݀ 
݀ௐைᇱ ൌ ݀ௗ௩ െ ሺ9ሻ  ሺ10ሻ

݀ௐைᇱ ൌ ݀ௗ௩

(11)
90° െ ߠ
݀௧௦ି ݀௧௦ . ݊ܽݐሺ
ሻ
 ܣܱܮσ ݔ ݓ
2
െ ሺ
ሻሺ

െ ܮௌ ሻ
2
ο
ߠ ݊ܽݐ

The ATMM in (11) was used to find the WOP, which is
presented in Table 3 and 4.

VALIDATION AND RESULT
The Wartsila Ship Simulator meets the challenges of
delivering simulation in a modern environment that places
a greater focus on flexibility and collaborative learning
methods. It has been recognised as a ship simulator that is able
to produce simulations which are similar to real navigation
applications. The simulator incorporates simulation data
based on real-world navigation scenarios, enabling the user
to experience a realistic simulation. It complies with the class
A – Standard for Certification of Maritime Simulator by
DNV-GL (No. DNVGL-ST-0033 April 2018).
A set of charted courses consisting of nine turning angles
with a difference of 10° between each angle was prepared in
the simulator. The ATT and ATMM were used to identify the
WOP for each course alteration and the results were recorded
in Tables 3 and 4. The ship will follow the prepared courses
and turn at the calculated WOP using a maximum rudder
angle. The cross-track error of the vessel will be monitored
and recorded. The model’s effectiveness, which can be
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determined by comparing the XTD while using the existing
model and the proposed mathematical research model, will
be tested as follows.
i. Loaded and ballast condition
ii. Port and starboard alteration
iii. Change of course for every 10°.
DATA COLLECTION
It is important to emphasise again that the research
objective is to develop a WOP mathematical model that can
bring the ship closer to the charted course by reducing the
XTD. Therefore, the manoeuvring simulations were carried
out using the ATT and ATMM. The XTD results were
recorded during the simulation analysis. The XTD for both
methods were compared to see whether the ATMM succeeded
in producing a significant improvement or not. The data
obtained from the manoeuvring simulation was analysed in
three stages. For the first analysis, the data was analysed by
comparing the XTD resulting from the ATT and ATMM to
the requirements of the XTL as specified by the International
Maritime Organisation [7] with the guidance given by
Kristić et al. (2020). The XTL was calculated according to
the vessel specifications [48]. The XTL used for this study
was established using the following formula:

XTL = dzoc + db + dpos + dna + dso (m)
where dzoc = zone of confidence accuracy; dbeam = half vessel’s
beam; dpos = own position accuracy; dna = navigational area
safety allowance; and dso = (LOA × sin α)/2.
Therefore, the XTL for this particular ship was calculated
as follows.
Tab. 2. XTL value
Area A1

d zoc

dbeam

dpos

d na

dso

XTL (m)

Confined Water

6.5

24.15

15

50

44.7

140.4

Throughout the manoeuvring analysis, a total of 72 course
alterations were conducted. The manoeuvring analysis was
carried out in Kemaman, Malaysia, involving the VLCC
tanker. The ship recorded a draught of 9.0 metres in the ballast
condition and 16.9 metres while in a fully loaded condition.
In this area, the reported water depth ranged from 23.8 to
29.3 metres. Therefore, the depth is more than three times
the ship’s draught while in the ballast condition and is hence
regarded as deep water. While the ship was in fully loaded
conditions, the draught-to-depth ratio was less than twice
the ship’s draught and therefore interpreted as a shallow
water area.
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23.8‒29.3m
(deep water)

ENC number:
3JS P9200

Kemaman,
Malaysia

Location and
ENC number

0.370

0.370

0.370

20°

30°

40°

0.178

0.178

0.178

0.178

0.178

0.178

0.178

0.178

0.178

0.169

0.169

0.169

0.169

0.169

0.169

0.169

0.169

0.169

dtrs (nm)

Compliance with XTL

0.370

0.370

10°

90°

0.362

90°

0.370

0.362

80°

80°

0.362

70°

0.370

0.362

60°

70°

0.362

50°

0.370

0.362

40°

60°

0.362

30°

0.370

0.362

20°

50°

0.362

dadv (nm)

10°

θ

Tab. 3. Deep water manoeuvring analysis in ballast condition

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

dcg (nm)

0.370

0.338

0.304

0.266

0.219

0.155

0.058

-0.125

-0.651

0.362

0.332

0.301

0.265

0.221

0.162

0.071

-0.100

-0.591

ATT

0.413

0.384

0.359

0.336

0.316

0.298

0.281

0.264

0.248

0.405

0.377

0.354

0.333

0.315

0.298

0.282

0.266

0.251

ATMM

WOP

140

145

141

141

127

171

204

176

83

131

139

136

138

151

158

185

179

106

55%

YES

NO

NO

NO

YES

NO

NO

NO

YES

YES

YES

YES

YES

NO

NO

NO

NO

YES

ATT (m)

65

56

41

34

11

11

6

6

14

64

53

44

22

16

6

5

9

27

100%

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

ATMM (m)

XTD < XTL(140.4 m) ?

VLCC WITH BALLAST CONDITION MANOEUVRING SIMULATION RESULT

Side

Starboard

Port
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XTD reduction

Result
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23.8‒29.3m
(shallow
water)

ENC number:
3JS P9200

Kemaman,
Malaysia

Location and
ENC number

0.576

0.576

0.576

020°

030°

040°

0.255

0.255

0.255

0.255

0.255

0.255

0.255

0.255

0.255

0.259

0.259

0.259

0.259

0.259

0.259

0.259

0.259

0.259

dtrs (nm)

Compliance with XTL

0.576

0.576

010°

090°

0.581

090°

0.576

0.581

080°

080°

0.581

070°

0.576

0.581

060°

070°

0.581

050°

0.576

0.581

040°

060°

0.581

030°

0.576

0.581

020°

050°

0.581

dadv (nm)

010°

θ

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

0.0425

dcg (nm)

Tab. 4. Shallow water manoeuvring analysis in laden condition

0.576

0.531

0.483

0.429

0.362

0.272

0.134

-0.125

-0.870

0.581

0.535

0.487

0.431

0.364

0.272

0.132

-0.131

-0.888

ATT

0.619

0.577

0.542

0.511

0.482

0.456

0.432

0.408

0.386

0.624

0.582

0.546

0.514

0.485

0.459

0.434

0.410

0.387

ATMM

WOP

166

139

152

133

178

203

240

203

96

63

60

63

83

115

141

222

203

90

50%

NO

YES

NO

YES

NO

NO

NO

NO

YES

YES

YES

YES

YES

YES

NO

NO

NO

YES

ATT (m)

84

71

52

31

3

11

25

30

14

16

24

32

45

54

61

59

49

12

100%

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

ATMM (m)

XTD < XTL(140.4m) ?

VLCC WITH LADEN CONDITION MANOEUVRING SIMULATION RESULT

Side

Starboard

Port

167
XTD reduction

Result

RESULT AND DISCUSSION
FIRST VALIDATION ANALYSIS - COMPLIANCE WITH
XTL

The XTL value used in this research is recommended by
IMO and calculated according to the formula proposed by
Kristić et al. (2020). The reason for the validation analysis in
this stage is to test whether the ATT and ATMM are able to
comply with the XTL while carrying out course alteration.
For the first simulation study, while manoeuvring in
the ballast condition using the ATT, only 55% of the turns
complied with the XTL. However, when the ship used the
ATMM, there was 100% compliance with the XTL.
During the second simulation study, the same vessel was
used, except that the conditions were changed to the fully
loaded condition; hence, the water depth was changed to
a shallow water area. Using the ATT, the XTL compliance
was recorded only at 50%, compared to manoeuvring using
the ATMM, where the compliance with the XTL improved
to 100%.

Fig. 13. Compliance with XTL according to simulation

SECOND VALIDATION ANALYSIS - PERCENTAGE CHANGE OF XTD ACCORDING
TO CHANGE OF COURSE
Tab. 5. Percentage change of XTD according to change of course
Change
of course

Condition

Water depth

Ballast

Deep

Fully Loaded

Shallow

Ballast

Deep

10°

20°
Fully Loaded

Ballast

Shallow

Deep

30°
Fully Loaded

Shallow

Ballast

Deep

Fully Loaded

Shallow

Ballast

Deep

40q

50°
Fully Loaded

Ballast

Shallow

Deep

60q
Fully Loaded

168

Shallow

Direction

XTD (m)

% Change of XTD

ATT

ATMM

Individual turn

Starboard

106

27

-74.5%

Port

83

14

-83.1%

Starboard

90

12

-86.7%

Port

96

14

-85.4%

Starboard

179

9

-95.0%

Port

176

6

-96.6%

Starboard

203

49

-75.9%

Port

203

30

-85.2%

Starboard

185

5

-97.3%

Port

204

6

-97.1%

Starboard

222

59

-73.4%

Port

240

25

-89.6%

Starboard

158

6

-96.2%

Port

171

11

-93.6%

Starboard

141

61

-56.7%

Port

203

11

-94.6%

Starboard

151

16

-89.4%

Port

127

11

-91.3%

Starboard

115

54

-53.0%

Port

178

3

-98.3%

Starboard

138

22

-84.1%

Port

141

34

-75.9%

Starboard

83

45

-45.8%

Port

133

31

-76.7%
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Average

-82.44%

-88.16%

-89.34%

-85.27%

-83.03%

-70.60%

Change
of course

Condition

Water depth

Ballast

Deep

70°
Fully Loaded

Shallow

Ballast

Deep

80°
Fully Loaded

Shallow

Ballast

Deep

90°
Fully Loaded

Shallow

XTD (m)

Direction

% Change of XTD

ATT

ATMM

Individual turn

Starboard

136

44

-67.6%

Port

141

41

-70.9%

Starboard

63

32

-49.2%

Port

152

52

-65.8%

Starboard

139

53

-61.9%

Port

145

56

-61.4%

Starboard

60

24

-60.0%

Port

139

71

-48.9%

Starboard

131

64

-51.1%

Port

140

65

-53.6%

Starboard

63

16

-74.6%

Port

166

84

-49.4%

Average

-63.39%

-58.04%

-57.18%

the previous course alterations, reductions of 63.39%, 58.04%
and 57.18% were still recorded.
Now that the study has proved that the ATMM can
reduce the XTD, it is crucial to assess whether the two
independent sets of data came from the same distribution.
To do that, the data were analysed using the Mann‒Whitney
U test using IBM SPSS. Adapting the same approaches to
this study, the test was used to compare the ATMM model’s
efficiency with the ATT model.

The percentage change was used to identify the value of
the reduction of the XTD in terms of percentage when the
method in this study is changed from the ATT to the ATMM.
For each course alteration angle, the corresponding XTD
values are listed in the table. The percentage indicating how
much the XTD was reduced for individual turns and the
percentage of average reduction are also listed in the table.
The negative value of the percentage change indicated
that the XTD was reduced. Hence, a significant reduction
of the XTD was recorded during the manoeuvring analysis,
when this study changed from the ATT to the ATMM. The
series of XTD percentage reductions for every 10° of course
alteration indicated that the ship was manoeuvring closer
to the course line. The results showed that while navigating
in deep water during ballast conditions, the XTD for course
alterations of 10°, 20° and 30° were reduced by 82.44%, 88.16%,
and 89.34%, respectively. A similar pattern was observed for
course alterations of 40°, 50°, and 60°, where reductions of
85.27%, 83.03% and 70.60% were recorded. Even though the
XTD improvements for 70°, 80°, and 90° were not as large as

THIRD VALIDATION ANALYSIS - MANN‒WHITNEY
U TEST BY MANOEUVRING AREA
For this study, the null and the two-sided research
hypotheses for the nonparametric test are stated as follows:
H0: The distribution of the XTD for the two models is equal
H1: The mean XTD ranks of the two models are not equal
If the P-value of the test is less than 0.05, the null hypothesis
H0 will be rejected.

Tab. 6. Mann‒Whitney U test by manoeuvring area
Test No

Manoeuvring
description

1

Ballast
condition,
deep water
Laden
condition,
shallow
water

2

169

Models

N

Mean rank

Sum of rank

ATT

18

27.5

495

ATMM

18

9.5

171

ATT

18

27.06

487

ATMM

18

9.94

179
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Mann‒
Whitney U

Wilcoxon W

Z

Asymp. Sig
(2-tailed)
P-value

.000

171

-5.127

.000

8.000

179

-4.874

.000

Test 1. The manoeuvring analysis was carried out using a
ballast condition bulk carrier in deep water. A Mann‒Whitney
U test was then carried out to compare the test scores of the
ATT and the ATMM. The test indicated that the difference
was statistically significant, where U (N ATT = 18, N ATMM
= 18) = .00, z = -5.127, and p = 0.000 < 0.05. Therefore, H0 was
rejected. The Wilcoxon W = 171 indicated that the ATMM
had produced a lower value of XTD for the ballast condition
in deep water manoeuvring analysis.
Test 2. The manoeuvring analysis was carried out using a
ballast condition bulk carrier in shallow water. Then a Mann‒
Whitney U test was run to compare the test scores of the ATT
and the ATMM. The test indicated that the difference was
statistically significant, where U (N ATT = 18, N ATMM =
18) = 8.000, z = -4.874, and p = 0.000 < 0.05. Therefore, H0 was
rejected. The Wilcoxon W = 179 indicated that the ATMM
had produced a lower value of XTD for the laden condition
in shallow water manoeuvring analysis.

CONCLUSION
Since route monitoring is one of the important factors
for navigation safety, this research focuses on improving
track-keeping while changing the ship’s course. To maintain
the vessel on its intended route when manoeuvring, the
WOP must be correctly identified. Route monitoring can be
monitored through the development of the XTD. Various
methods can be used to observe the XTD; one of them is
through the correct applications of the WOP. Therefore, this
study was intended to review the ATT and identify how to
improve it.
Then, a practical review using a paper and electronic
navigation chart was carried out to understand the ATT.
During the chart work exercise, two problems were identified.
The ATT formula is not ideal for ECDIS installation because it
will have difficulty in calculating the WOP for course changes
which are less than 20°. Aside from that, the ATT can result
in a second overshooting on the expected route, because the
final course of the ship is set on 90°, which contradicts another
angle of alteration that is less than 90°. Mismatch between
the charted course and the actual course while manoeuvring
can result in a second overshoot. Following this, an improved
mathematical model, namely the ATMM, was developed
successfully and verified via manoeuvring analysis using the
Wartsila ship simulator.
To validate the XTD data acquired from the simulator, the
data wereanalysed in three stages. The purpose of these stages
is to satisfy the requirement from the IMO ISM code, which
states that any newly developed system shall: 1) Comply with
regulations and 2) Provide continuous improvement to the
safety management system of the ship.
Therefore, to ensure that the ATMM complies with
regulations, the first validation is to ensure that the XTD
does not exceed the XTL. The result showed that the XTD
corresponding to the ATMM complied 100% with the XTL.
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The second requirement is to ensure that continuous
improvement is provided. The improvement was verified
through the percentage change of the XTD, where all of the
analyses had negative values, thus indicating a reduction of
the XTD. After that, the Mann‒Whitney U test was carried
out to check whether the data from the ATT and ATMM
were coming from the same distribution. It can be concluded
that the ATMM produced in this study can reduce the XTD.
It is also suitable for use on board cargo ships as one of the
methods for assessing the WOP, especially during turning
in a narrow channel or during pilotage.
CONTRIBUTION OF STUDY
Mathematical model improvement
The world is looking forward to the enhancement of
navigation safety of autonomous ships [56]. One of the most
important aspects of the development of an autonomous ship
is the mathematical model and algorithms [57], [58]the human
cognitive abilities and the collision avoidance regulations
(COLREGs. Nowadays, the integrated bridge and navigation
system (IBNS) can greatly enhance route monitoring. The
IBNS consists of all available navigation aids, especially the
ECDIS. In the ECDIS, the ATMM can be used as an algorithm
input. With the vessel manoeuvring details pre-installed in
the ECDIS, the ECDIS will automatically produce the WOP
for any course changes during passage planning, depending
on the vessel states, such as ballast and loaded condition. Even
though this research mathematical model contributes to a
very small part of the manoeuvring system, it is important
that the existing mathematical model or formula which is
currently being used should be improved to enhance the
safety of navigation for autonomous ships. Hence, since the
developed ATMM is proven to be an improved mathematical
model that can provide a better course-keeping capability,
this research suggests that the ATMM will come in handy
as one of the required algorithms which can be used in an
autonomous ship’s navigation.
Framework for manoeuvring analysis
This research also suggests a framework for a manoeuvring
analysis validation, suggesting that, for any newly developed
system, 1) The system shall be validated through its ability
to comply with existing regulation, for example the crosstrack limit (XTL); and 2) The system shall be checked for
improvement compared to the previous system, for example
the improvement of the ATMM over the ATT, which can be
observed through the percentage change and validated via
the Mann‒Whitney U test.
LIMITATIONS OF THE STUDY
Advance transfer value only for specific conditions
The advance and transfer distances of a ship are only
provided for ballast and fully loaded draft conditions in
shallow and deep water. Therefore, if the ship is half or
partially loaded, to obtain the advance and transfer distances

to other drafts, the ship’s master needs to carry out his own
manoeuvring trial and record the turning circle whenever
there is an opportunity to do it. This is because different
drafts at different draft-to-water-depth ratios will affect the
turning circle of the ship [59].
When the advance and transfer distances are obtained, the
WOP for that particular condition can be calculated using
the ATMM developed in this study.
Sea condition
The sea condition used in this study is limited up to
Beaufort scale 0‒1 only.

on Standards of Training, Certification and Watchkeeping
for Seafarers,” 2018. [Online]. Available: http://www.
imo.org/en/about/conventions/listofconventions/pages/
international-convention-on-standards-of-training,certification-and-watchkeeping-for-seafarers-(stcw).aspx.
[Accessed: 17 Jul. 2018].
4. K. Skora and A. Wolski, “Voyage Planning,” Sci. J. Silesian
Univ. Technol. Ser. Transp., vol. 92, pp. 123–128, 2016, doi:
10.20858/sjsutst.2016.92.12.
5. D. J. House, “Preventing Collisions at Sea,” in Seamanship
Techniques, London: Elsevier, 2004, pp. 395–444.

SUGGESTION FOR FUTURE RESEARCH
The ATMM has been proven to provide a better coursekeeping capability. For this reason, the reduction of the XTD
will also reduce the distance covered by the ship. Reduction
of distance means a reduction of fuel consumption [12], [60].
Perhaps this research can be extended to see the impact of
the course-keeping capability on energy efficiency.
It is important to highlight that this research’s aim was to
improve the ATT. Therefore, the same methodology can be
carried out for the CRT and CROT so that all mathematical
formulas available are checked and improved if needed,
as a preparation towards autonomous ship operations. In
addition, while the introduction of the ECDIS has reduced
seafarers’ dependence on this kind of traditional technique,
it is essential to note that not all vessels are equipped with
these technologies; therefore, the approach remains helpful
for the majority of mariners who sail without them.
The research can also be extended to simulate the difference
between the ATT and ATMM in a higher Beaufort force scale.

6. Y. Wang, S. Chai, and H. D. Nguyen, “Experimental and
numerical study of autopilot using Extended Kalman Filter
trained neural networks for surface vessels,” Int. J. Nav.
Archit. Ocean Eng., vol. 12, pp. 314–324, 2020, doi: 10.1016/j.
ijnaoe.2019.11.004.
7. IMO MSC, “Adoption of the Revised Performance
Standards for Electronic Chart Display and Information
Systems (ECDIS) MSC 82/24/Add.2,” 2006.
8. A. M. Lekkas and T. I. Fossen, “Minimization of crosstrack and along-track errors for path tracking of marine
underactuated vehicles,” 2014 Eur. Control Conf. ECC
2014, no. October 2015, pp. 3004–3010, 2014, doi: 10.1109/
ECC.2014.6862594.
9. S. Vujičić, R. Mohović, and I. Đ. Tomaš, “Methodology
for controlling the ship’s path during the turn in confined
waterways,” Pomorstvo, vol. 32, no. 1, pp. 28–35, 2018, doi:
10.31217/p.32.1.2.
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ABSTRACT
The ENDURUNS project is a European Research project of the Horizon 2020 framework, which has as its main objective
to achieve the optimum and intelligent use of green hydrogen energy for long-term ocean surveys. The ENDURUNS system
comprises an Unmanned Surface Vehicle (USV) and an Autonomous Underwater Vehicle (AUV) with gliding capability.
The power pack of the USV integrates Li-ion batteries with photovoltaic panels, whilst the AUV employs Li-ion batteries
and a hydrogen fuel cell. It is essential to develop a continuous monitoring ca-pability for the different systems of the vehicles.
Data transmission between the devices onboard presents challenges due to the volume and structure of the different datasets.
A telecommunications network has been designed to manage the operational components considered in the project. The
autonomous vehicles perform measurements, providing their position and other data wirelessly. The system will generate
a great volume of various signals during the survey. The Remote Control Centre needs to be interfaced with the vehicles
in order to receive, manage and store the acquired data. An Underwater Internet of Things (IoT) platform is designed to
establish efficient and smart data management. This study presents an exhaustive survey to analyse the telecommunication
systems employed in the autonomous vehicles, including the back-end, user interface and mobile units. This paper presents
the novel design of the hardware and software structure of the ENDURUNS project with regard to the literature, where
its components and their in-terconnection layers are detailed, which is a novel scientific and technological approach for
autonomous seabed surveying in deep oceans or in coastal areas.
Keywords: Underwater Internet of Things (UIoT); autonomous underwater vehicles; unmanned surface vehicles; clean energy; data
management; data transmission

INTRODUCTION
Ocean exploration is currently one of the most ambitious
challenges in marine research. The greater part of the oceans
(~75%) is yet to be surveyed [1]. There are various initiatives
from governments and organisations, e.g., the International
Hydrographic Commission or Intergovernmental Oceanographic
Commission of UNESCO, for promoting submarine mapping
and exploration, such as “Seabed 2030” [2]. ENDURUNS [3] is

a research project to develop and demonstrate a long-endurance
sea surveying autonomous unmanned vehicle with gliding
capability powered by renewable energy. The project seeks to
promote an enhanced monitoring capability of the oceans whilst
employing advanced analytics coupled with extended operational
endurance thanks to the hydrogen stored onboard, which will
be used to recharge the batteries whenever required [4]. The
ENDURUNS project is thus based on the use of autonomous
marine vehicles for submarine mapping and inspection based
POLISH MARITIME RESEARCH, No 3/2021
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on the use of clean energy. The power supply for the unmanned
surface vehicle supporting the AUV glider is based on solar
energy in combination with hydrogen fuel cells [5]. The use of
hydrogen fuel cells on the AUV glider, capable of operating up to
a depth of 6 km, coupled with the unmanned surface vehicle in
the role of the mothership, is novel and has not been attempted
previously. Depending on the type of the mission, the energy
consumption profile will vary. Since the AUV can be scaled up
or scaled down, different amounts of hydrogen can be stored
onboard and using different hydrogen storage options, including
pressure vessels up to 700 bar, a liquid hydrogen storage tank or
metal hydrides. Thus, extended performance can be achieved
as required by the mission profile.
Underwater observation systems like ENDURUNS meet
the growing demand for technological improvement in ocean
exploration and monitoring aimed at increasing our understanding
of the ocean interior for a valuable number of scientific, industrial
and political reasons [6, 7]. Deep water exploration and new
data collection in this domain are of special interest to provide
new insights into a variety of geological and ecological processes
[8, 9], such as underwater hydrocarbons exploration, offshore
carbon capture and storage, exploitation of deep-sea mineral
resources, as well as for seafloor observatories [10-13]. At the
same time, political drivers push toward the implementation
of new coordinated marine monitoring programmes for
establishing, preserving and restoring relevant Marine Protected
Areas, as stated in the EU Marine Strategy Framework Directive
(2008/56/EC). To satisfy all the interests in marine observation,
better seabed mapping resolution is needed to increase the data
accuracy for geohazard analysis (e.g., landslides, fluid escape
features, mobile substrates), environmental impact assessments
and monitoring (e.g., leaking hydrocarbons/CO2 and repeated
monitoring of benthic habitats and ecosystems to protect marine
biodiversity). In this context, it is indicative that the General
Bathymetric Chart of Oceans (GEBCO) [14], operating under the
auspices of the International Hydrographic Organization (IHO)
and the Intergovernmental Oceanographic Commission (IOC) of
UNESCO [15, 16], has set the objective to promote international
collaboration for facilitating the complete mapping of the ocean
floor by 2030, under the “Seabed 2030” initiative [14]. Charting
the oceans and evaluating their resources is of great importance
also to the global economy and societal security, since it provides
direct information to generate more reliable climate-change
models and a sustainable food production chain, understand
the quality and status of sea habitats, or explore new offshore
energy and mining resources [17].
The large volumes of data collected by the ENDURUNS
sensors for the seabed mapping [3] are a bottleneck for realtime or quasi-real-time monitoring operations and bring
the challenges of data analytic capacity and transmission.
Therefore, the interpretation of signals and the generation of
new knowledge of societal relevance, based on these vast and
complex data, can only be achieved with the use of appropriate
technological developments capable of detecting and extracting
useful information from the collected data, with the aim of
easing the quasi-real-time communication activities between
the observation system and the data end user [18, 19].
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The subsea telecommunications infrastructure is less accessible
than on land. For this purpose, different platforms and systems
are available for supporting the connectivity of the devices at
the surface, e.g., the Automatic Identification System (AIS) [20]
based on Very High Frequency (VHF) radio [21] or the wireless
network technology Mobile ad-hoc Networks (MANETs), to
give basic information such as identification, location, speed,
course or destination of the marine devices, etc. [22]. For
navigation, the Global Positioning System (GPS), Glogal´naya
Navigatsionnaya Sputnikovaya Systema (GLONASS) [23], or
new high-accuracy systems such as Precise Point Positioning
(PPP) [24] in a Global Navigation System (GNSS) integration
are employed [25]. Telecommunications underwater are more
complex and complicated because electromagnetic signals
are highly attenuated and therefore have a low transmission
range [26]. Nevertheless, besides the consolidated acoustic
communication approaches [27], new wireless electromagnetic
and optical technologies for underwater data communication
systems have been investigated [28]. Marine-related industries,
e.g., offshore oil and gas, power transmission, logistics and
offshore renewable energy, need precise and safe Information
Technology (IT) systems for their future development and
competitiveness [29, 30]. The advances in robotics and sensor
technologies allow efficient monitoring and promote the
development of highly complex systems and applications [31-33].
The telematic and wireless control of systems provides broad and
flexible configuration of industrial and technical processes [34].
These issues have been taken into account in the ENDURUNS
project, developing a complex and robust connection network
to ensure monitoring and management of different devices.
In the context of the Industry 4.0 revolution, the Internet of
Things (IoT) term was developed in the 1990s, being associated
with new concepts such as smart city/smart industry [35].
It refers to the capability of making content and services
understandable by devices without human involvement. It is
leading social, political, commercial and industrial changes.
The process of digitisation is a strategic and economic key
for any government and company, leading to increasing
the volume, and variety, of data (known as Big Data) [35].
Nevertheless, the model and design of the land-based IoT
cannot be adopted directly in the ocean exploration context.
Therefore, the Underwater Internet of Things (UioT) model has
been adopted for defining smart networks of interconnected
underwater and land-based objects, possibly coupled with
self-learning and intelligent computing services.
Big Data was defined by IBM in 2012 [36] by the properties
of the volume, velocity and variety of the dataset. Big Data
analysis requires the development of deep knowledge of their
installations and operations together with robust and complex
algorithms [37, 38]. The design of a unified data architecture
and online applications is a challenge [39]. The ENDURUNS
project considers the Remote Monitoring and Control Centre
(RMCC) as a node for the implementation of a UIoT platform,
allowing a novel interface for the control and communication
of surface and submarine vehicles during their mission. This
methodology would enable an online monitoring and data
analysis.

Fig. 1. Telecommunications strategy in ENDURUNS project [41]

Fig. 2. ENDURUNS data transmission schematic

The main contributions of this paper are summarised as
follows:
t"OFYIBVTUJWFTVSWFZJTQSFTFOUFEUPBOBMZTFUIFDPNNVOJDBUJPO
systems employed in autonomous underwater vehicles (AUV)
and unmanned surface vehicles (USV), including the backend, user interface and mobile units.
tćFEFUBJMTPGUIF&/%636/4QSPKFDUUFMFDPNNVOJDBUJPOT
systems are presented. The novel design of the hardware
and software architecture used in the project’s installations
according to the literature, describing the elements and devices
parts and their interconnection layers, is discussed.
tćFVTFPG6*P5GPSUIF&/%636/4QBSBNFUFSTBOETZTUFNT
monitoring is investigated. This technology is employed for
intelligent data management through online platforms and
applications.
The rest of the paper is as follows: Section 2 presents the
communication system considered in the ENDURUNS project,
describing the data transmission strategy between the devices.
Sub-section 2.1 describes the IT system and the data network
architecture. The project software and hardware configurations
and functionality layers are also discussed. Back-end and User
Interface Blocks are described and analysed in Subsections 2.2
and 2.3, while Sub-section 2.4 explains the devices’ (AUV and
USV) IT blocks and associated infrastructure. Sub-section 2.5
details the emergency contingency plan for data retrieval
in the case of failure. Section 3 studies the implementation
and application of UIoT for marine and submarine surveys
and inspections through autonomous vehicles, and also the
implementation of UIoT systems within ENDURUNS. Finally,
the main conclusions are presented in Section 4.

The data transmission between the components of the
system will be supported by satellite and technologies such as
VHF, wireless and positioning (Fig. 2). These transmissions
are performed across both water and air. AUV data acquisition
from subsea will be sent to the USV through an acoustic
communication system when the AUV is submerged, and
through a wireless communication system when the AUV is
at the sea surface. The USV saves and processes the information
received from the AUV and sends it through satellite
communication to the RMCC.
SYSTEM ARCHITECTURE
The intercommunication components design has been
done considering the long-range transmission, data volume,
data heterogeneity transmission speed and the transmission
medium between devices [42]. It is possible to define various
communication technologies depending on the functionality or
attribution of them. The power source, together with the energy
consumption, are the main bottleneck of the system. For the
wireless connectivity, the most common technology applied
is the Internet through Transmission Control Protocol (TCP)
properly configured for the ports, modems or Wifi AP (Access
Point) of the project devices [43]. Ethernet in the AUV and USV
uses Local Area Net (LAN) connections [44] and wireless LAN
(WLAN) [45]. Weighted data transfer buses, Universal Serial
Bus (USB) or Height Definition Multimedia Interface (HDMI)
are used to connect different sensors from/to the process and

COMMUNICATIONS SYSTEM
IN ENDURUNS
The survey performance of the ENDURUNS project is given
through the integration of the USV with the AUV. Both vehicles
use clean energy sources. The real-time piloting and monitoring
approach of the vehicles is represented by the communications
infrastructure shown in Fig. 1. This infrastructure is based on
the Remote Monitoring Control Centre (RMCC), in which the
hardware and physical user interface are hosted, together with
the data storage and network devices. A similar approach has
been employed in MUNIN [40].

Fig. 3. ENDURUNS data network architecture
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Fig. 4. USV data management hardware

Fig. 5. AUV data management hardware

storage units [46]. A detailed block diagram of the data network
architecture is presented in Fig. 3.
A pyramidal communications structure is considered
between devices, the AUV being in the base and the RMCC
in the top. The USV works as a link and port between them,
managing the long-range data transfers and the energy
source. There are some research studies discussing offshore
communication nodes with physical platforms, e.g., between
surface buoys and underwater points, to support a high-speed
connection net [47]. In this case, the underwater wireless sensor
network has a fixed geometry, providing reference points for
the AUV and USV missions [48]. One of the applications of

178

POLISH MARITIME RESEARCH, No 3/2021

the ENDURUNS vehicle system is seabed mapping, where the
AUV is equipped with an acoustic sonar and optical sensors
producing a complete three-dimensional seafloor vision. That
generates a high volume of data [49]. In this case, it is necessary
to install modems on both the USV (Fig. 4) and the AUV
(Fig. 5) for ensuring real-time navigation control and precise
data geo-referencing.
The system communication specifications were defined
in terms of transmission systems, devices connections,
transmission environment, data speed rate, and transmission
ranges. These components were proposed for the optimal
performance in marine environment operations according

Tab. 1. Data transfer specifications
TRANSMISSION SYSTEM

ENVIRONMENT

MAX. SPEED RATE

RANGE

Acoustic waves, Very Low Frequency (VLF) [50]

Water

300 kbps [51]

Short/medium distance

Ultrasound [52, 53]

Water

35 kbps [53]

In contact/short distance

GEO satellite [54]

Air/Water

492 kbps

Medium/long distance

Iridium Short Burst Data (SBD) / INMARSAT [55]

Air

128 kbps
384 kbps

Medium/long distance

Internet (3G,4G, LTE) [56]

Air

10 Mbps [57]

Medium/longdistance

Ethernet (LAN/WLAN) [58, 59]

Air/Water

300 Mbps [60]
1 Gbps [61]

In contact
Short/medium distance

VHF[62]

Air

9.6 kbps [63]

Long distance

VDES (VHF Data Exchange System) [64]

Air

302 kbps [65]

Long distance

HDMI [66]

Air/Water

3,4 Gbps

In contact

USB/USB type C [67, 68]

Air/Water

10 Gbps [69]

In contact

Microwave pinless [70]

Air/Water

100 Mbps [71]

In contact

Tab. 2. ENDURUNS telecommunications set-up
COMMU-NICA-TION PATH

ASSOCIATED TECHNOL-OGIES

DEVICES

RMCC to USV

L Band satellite link mounted on the AUV

Thales
VesseLINK

RMCC to AUV

SDB satellite link mounted on the AUV

Iridium Edge

AUV to USV

WiFi link when AUV is on the surface

WAV Link router AERIAL
HD4-AC1200

AUV to USV

Acoustic link when the AUV is submerged

EvoLogics Acoustic
Modem S2CR 18/34H/USBL

to the current state-of-the-art technologies and recent
technological advances (Table 1).
A trade-off between project requirements and communication
limitations can be found in [72] to minimise the energy
consumption of the AUV. In addition to the previous aspects, the
size, weight, shape and price of the different systems have been
taken into account to choose the most appropriate elements for
the installation. The data exchange technologies employed in
the ENDURUNS project are presented in Table 2 according to
the communication paths designed between the vehicles and
RMCC during the mission.
Christensen et al. [73] defined the internal layers and the
IT configuration in the design of communication and control
for swarms of aquatic surface drones. Fig. 6 shows the design
adopted in ENDURUNS.

FIGURES

Fig. 6. Schematic diagram of IT structure
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Fig. 7. RMCC and high-level visualisation

The following sections present each block with the different
layers and structures shown in Fig. 6. They discusses the
functionalities of each block according to the following:
Data storage; Data processing; Control system; Monitoring;
Communication system; Data acquisition; and Operator tools.

programme [77]. Finally, there are two more layers in the backend configuration: a monitoring layer that shows the state of the
mission and vehicles parameters, and the communication layer
that holds the connectivity and data transmissions of the units
and formats required in the project 78].

BACK-END BLOCK

USER INTERFACE BLOCK

The back-end block is a critical component in any IT system.
This layer of the system is entrusted with managing the data
inputs from the software used in the project. The back-end, or
binary logic development, presents the black box for the project
operations and coordination. This block is responsible for
management of the hardware and software infrastructures for
the correct data acquisition treatment, analysis and storage 74].
This block works for a UIoT in the ENDURUNS project, leading
applications and online platforms with an intelligent condition
monitoring [75]. Fig. 7 shows a scheme of the RMCC design
and the high-level executive.
The RMCC is the reference physical unit for this block. The
RMCC manages from the ground the rest of the mobile units and
satellite connections of the project. One of the main functionalities
layers of this block is the storage, due to the importance of the
configuration of the project database and its infrastructure
[76]. This layer is associated with the processing and control
layers working for the operation of the vehicle in a mission

The user interface block is the high-level software tool to be
integrated in the IT infrastructure, allowing the operator to
manage the mission. Some studies about the online interface
classify the system architecture modes between in-mission
or post-mission analysis [79]. This block will be in the root of
the RMCC, being the platform for the user interaction and
monitoring. It is possible to define two main utility classes
in this block: the visualisation, or monitoring applications,
including project data visualisation and mission, vehicles,
and units monitoring [80]; and the mission planner tools and
the vehicles control, focused on the interface of the input and
output parameters for the mission operations [81]. Fig. 8 shows
a diagram of this block structure.
The mission planner tools, via the RMCC, also have the
capacity to control and monitor the location of the vehicles
through their sensors and the communications satellite. This
leads to real-time monitoring by the operator or user, being
useful in the case of mission changes or incidents.
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Fig. 8. User interface block visualisation

MOBILE UNITS BLOCKS
The block configurations for the AUV and USV have been
considered, having similar architecture and use of technologies.
The design of these blocks takes into account the role of each
vehicle during the mission. The connectivity between the
AUV and the USV ensures a double-link communication, the
AUV being the vehicle which hosts the main data acquisition
device. The block layers configuration reproduces the backend block principles [82]. Nevertheless, in this block there is
a significant new functionality layer named data acquisition
[83]. It manages the input data acquired in the inspection
environment regarding the navigation of the vehicles [84],
i.e., the input/output sequence for the control, processing or
storage layer of the system. Related to the data transmission
and communication layers, the ultrasounds handler, wireless
handler, and satellite (this one only for the USV) are considered.
The vehicle blocks also host a monitor and storage layer to
develop the data from these devices.
The block configurations are included in the IT structure,
a complex and coordinate system resumed in the four major
blocks. The software and configuration have been designed
according to the IT principles and functionalities [85].
EMERGENCY CONTINGENCY PLAN
FOR DATA RETRIEVAL
AUVs are required to operate in complex and adverse
conditions. In the event of a failure, an emergency contingency
plan for easy retrieval of the data that has already been obtained
must be in place. A backup of the collected data will be constantly
updated via USB to a Secure Digital (SD) card. This SD card
will be stored in a “bubble” which can be made of polymers
such as polycarbonate (PC) or polyether ether ketone (PEEK),
or metals such as aluminium or stainless steel. The choice of
the bubble material will depend on the required depth for the
mission. This “data bubble” will be powered by a small Li-ion
battery. In an emergency, the USB connection will be turned off
and the USB cable will be severed by an actuator, allowing for

the release of the data bubble. The data bubble is buoyant and
will float to the surface, where it will be retrieved by the USV.

UIOT IMPLEMENTATION
Nowadays, Industry 4.0 facilities are being employed in
cases related to UIoT use in marine industry, e.g., in fishing
exploitation management [86], navigation and localisation
systems infrastructure or oceans data acquisition and cartography
[21]. UIoT is beginning to be employed in some initiatives and
projects [87], e.g., the European project SUNRISE [88]. The
ENDURUNS project proposes a UIoT implementation based
on an IT structure [89]. The integration of this novel technology
assumes an evolution for the automation, real- time and web
monitoring capability [90]. The combined use of UIoT with IT
requires technical and high-level computation integration [91].
TECHNOLOGIES AND INFRASTRUCTURES
The sensors employed are configured together with the latest
connectivity technologies to guarantee optimum performance
[92, 93]. Through the use of mobile networks, e.g., 3G, Long
Term Evolution (LTE), 4G [56], MANETs, wireless and satellite
supports, it has been possible to develop a web application,
similar to those presented in [94, 95]. The acquisition of massive
data from the sensor layer is managed by the user. Therefore,
the security, privacy and integrity of data are important.
Wireless Sensor Networks (WSN) are also considered
in UIoT applications [96], with the aim of analysing the
external information. This physical platform consists in the
distribution of nodes (low-power devices) in the study area,
allowing monitoring or support tasks for the principal devices
or vehicles [97]. The node input information is acquired and
sent by wireless means to the RMCC or interface devices.
Furthermore, these nodes can work as storage and process
units [98]. This technology appears in different topologies: the
star mode (multiple peripheral nodes around the central node);
tree mode (a variation of the star mode having ordinary nodes,
POLISH MARITIME RESEARCH, No 3/2021
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partner nodes and root nodes); mesh mode (multiple routes,
each node working as a router); and hierarchical mode (head
nodes with a subordinate node group) [33]. The configuration
and use of this technique considers a WSN protocol compatible
with the main objective [99]. For the submarine environment,
a specific communication technology with the same principle
as WSN has been defined. This technology uses the underwater
acoustic sensor networks (UWSNs) [100] by locating the
mentioned nodes in the seabed [101].
The Radio Frequency Identification (RFID) technique
has also been considered [102]. This method is analogous
to the commonly used barcode identification; nevertheless,
this new format allows advantages such as storage capacity
or programming features [103]. The RFID would be useful
to establish a database for different applications, managing
devices or sensors by the user or RMCC.
CASE STUDY
The configuration of the ENDURUNS technology is focused
on online monitoring between the RMCC and both the AUV
and CSV vehicles. During the mission, the offshore meteorology
or environment conditions could affect the mission. To
address this issue, it employed a web application based on the
outcome of state agencies or international organisations for
weather condition monitoring [104]. Furthermore, a WSN is
established with strategic localisation points. These physical
nodes work as an interconnection net between the AUV and
USV, providing a communication system for data storage and
satellite data transmissions. The WSN leads to exploiting the
existing ocean surface or submarine infrastructures such as
buoys nets, oil platforms or underwater pipelines [105]. The
definition of the submarine transmission protocols, the node
routing technologies and its constraints are considered in the
UWSN application [106].
The RFID technology is employed in the AUV and USV
[107], having the possibility of increasing the number of
vehicles in the mission. It is suggested that, for multiple vehicles

working and surveying at the same time, RFID should be used
to report the collected information to the system [108].
The integration of the UIoT platform in the ENDURUNS
project architecture is done by a back-end review or upgrade.
The UIoT synchronises the IT layers with the AUV and
USV, and RMCC devices. It is possible to establish different
system architecture levels between the data layer (commonly
using the cloud platform) [109], the communication layer
(telecommunications networks) [110] and the sensing layer
(the UIoT technologies implemented and the devices’ physical
infrastructures) [111]. The schematic diagram shown in Fig. 9
considers the UIoT architecture used in the ENDURUNS
project. The back-end also includes characterisation in the
sensing, gateway [112] and server blocks [113]. For the safety
of the project performance, it is important to develop a security
protocol and tools to guarantee the protection of the system
[114]. The volume of marine data has increased substantially
in recent years. Therefore, big data protection and storage
create a need to design a safe system using technologies such
as blockchain or complex encryption [115].

Fig. 9. Proposed UIoT architecture for the ENDURUNS project

Fig. 10. Example of monitoring interface
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Fig. 11. Example of routing interface

Fig. 10 shows an example of the monitoring results, plots
of some variables such as the minimum and maximum
temperatures in the ground and air, atmospheric pressure,
a surface map with key points and other details, and
a submarine photo of an object.
Fig. 11 shows an example of routing together with some
signals such as the generator temperature, generator voltage,
route map, details of the mission map, etc.
The UIoT implementation needs a test process or proven
validation to ensure the correct operation of the project [116].
The implementation, optimisation and maintenance of the
process could be supported by external experts or specialist
enterprises of the UIoT sector and government permissions,
involving outsourced facilities in many cases [117]. The UIoT
evolution for this project involves a measurable economic
investment on account of the software, hardware, and the
procurement of IT infrastructures [118].

CONCLUSIONS
In relation to the exploration of the ocean and offshore
surveys, the European Commission has promoted initiatives
and investment in renewable energies and marine industrial
modernisation. The ENDURUNS project, part of the Horizon
2020 programme, is attempting to realise the offshore and seabed
monitoring and inspection capability using clean energies and
guaranteeing an endurance optimisation of the project devices.
To understand the project achievements, the system
description and infrastructure configuration have been
presented. The data network architecture performing the
classification of the different hardware of the project and
functional units (RMCC, USV and AUV) has been defined.
Based on this preliminary design, an intelligent system in
the line of Industry 4.0 has been proposed. The use of UIoT in
different marine industry sectors such as shipping, fishing, or
navigation motivates the application of this technology in the
project. UIoT is based in different technologies commonly used

with this aim, considering sensors, storage, identification and
communication layers. It allows for real-time monitoring of the
system devices through modern wireless communications. In
relation to the data analysis or big data, the project is able to
process a large volume of information with the use of an online
host such as the cloud. Finally, the survey area or exploration
capacity is increased with the use of a multiple vehicles network,
using tools of identification and coordination for the mission
operations.
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