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Preface 1

Dear Authors and Esteemed Participants,

It is with immense satisfaction that we write the foreword to the proceedings
of the Third International Conference on Computing in Mechanical Engineering,
sponsored by the All India Council for Technical Education. The conference was
hosted virtually by the SCMS School of Engineering and Technology, Cochin, and
witnessed an extravagant display of computational techniques and their application
in mechanical and related engineering.

ICCME was launched in 2015, with a vision to become a regular global plat-
form for computing enthusiasts from academia and industry to interact, discuss,
and disseminate their ideas and views on computational methods. After the second
edition of ICCME in 2017, which was a grand success with participants from around
the globe, it took a long four years to showcase the eminence of this prestigious
event since the world was busy fighting the pandemic. ICCME, relaunched in 2021
under the sponsorship of the All India Council for Technical Education, partnering
with Springer Publications, brought the best experience of computational analysis
in mechanical engineering to its participants. Keynote lectures by the most eminent
computational experts from academia discussed the theory of novel computing tech-
niques, methods, and their applications, while a hands-on experience on computing
tools was provided by the expert team from Cadence—Numeca, Belgium. We were
fortunate enough to have Prof. Alam Md. Mahbub and Prof. Bale V. Reddy with us
for ICCME from the very beginning of the conference in 2015.

We conclude with a positive note and hope to meet all our organizers, panelists,
speakers, delegates, and sponsors in person during the next edition of ICCME.

Brussels, Belgium Prof. Dr. Ir. Dean Vucinié
(Editor-in-Chief)

Ernakulam, India Dr. Vidya Chandran



Preface 11

This conference proceedings volume contains the selected contributions to
computing in mechanical engineering presented at ICCME’21—The Third Inter-
national Conference on Computing in Mechanical Engineering, a virtual event held
during September 22-24, 2021, hosted by the SCMS School of Engineering and
Technology, Ernakulam, India.

Computers manifest themselves as a tool for designing, analyzing, and experi-
menting the scientific processes with much ease and accuracy. The applications of
computers in the field of mechanical engineering extended the horizons of research
and development. Computational skills when used effectively with scientific experi-
ments and sound theoretical knowledge can tremendously increase research output.
Processes such as fluid flow, solidification and melting, combustion in the IC engines,
and many other complex and fast physical phenomena can be visualized, and every
minute aspect of these processes can be better comprehended through computational
techniques.

The application of computing is not limited to computational fluid dynamics
(CFD), but it is hard to find an area in mechanical engineering where computation
is not used as a tool for enhancing productivity. While CFD can be used for visu-
alizing and predicting flow characteristics, computer-aided designing is used in the
design and installation phase, MATLAB for optimizing designs and processes, CNC
programming for controlling machines and processes, and BIM in the decommis-
sioning phase. High-performance computing employing cluster, blade, and cloud
environments has indeed paved the way for the most convenient and state-of-the-art

vii



viii Preface 11

applications of computing in mechanical and allied engineering fields turning tedious
impossible calculations into possible.

Brussels, Belgium Dean Vuéinié
(Editor-in-Chief)

Ernakulam, India Vidya Chandran
Shenzhen, China Alam Md. Mahbub
Calicut, India C. B. Sobhan
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About the Conference

Third International Conference on Computing
in Mechanical Engineering 2021 (ICCME’21)

The International Conference on Computing in Mechanical Engineering
(ICCME’21) focuses on the applications of computation and simulation techniques
in mechanical engineering and related fields. The conference provides a platform for
all computing enthusiasts from academia and industry to discuss and disseminate
their ideas and findings.

ICCME’21 invited contributions in thirteen tracks, highlighting computing as a
tool for analysis in core mechanical engineering research. From the one hundred
and twenty-seven extended abstracts received, sixty-five papers were selected and
presented at the conference. From the presented papers, twenty eight were selected
and included in this conference proceedings. The proceedings also includes the
written versions of the plenary talk delivered during the conference. The selected
papers cover a wide range of computing aspects in mechanical engineering, espe-
cially in fluid flow and heat transfer, material science, manufacturing, and industrial
engineering.
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Conceptual Design of Zero-Emission m
Sailing Ship Renewable Energy ek
Challenges

ieljko Hederi¢®, Dean Vucini¢ ®, Mislav Brli¢, Mislav Bezovnik,
Ivan Rutnik, Marko Cukovi¢, Mario Caci¢, Antonio Hmura, Dina Jukié,
Miljenko Svarcmajer, and Bojan Vuéinié¢

Abstract The paper describes the conceptual design of the project: “Development
of zero-emission passenger sailing ship”, as the breakthrough approach to use renew-
able energy sources (RES) for ship propulsion and other on-board operations. The
project is co-financed by the European Union from the European Regional Develop-
ment Operational Program “Competitiveness and Cohesion 2014-2020" and fully in
line with the ongoing Horizon Europe Framework Programme for Green Maritime
Transport. The electricity for the electric ship propulsion is stored in rechargeable
batteries. The important research challenge is the recharging of batteries, applying
the hybrid process of converting wind and solar energy using different technolog-
ical solutions: propellers operating in the turbine mode as drive motors operate in
generator mode, auxiliary hydrokinetic turbines, wind turbines, photovoltaic system,
and connection to coastal power sources. These hybrid energy conversion options
are promising, as they provide energy for the ship’s electrical propulsion motors and
power all other on-board equipment. The project consortium is entirely Croatian
consisting of shipbuilding industry members and academic partners, adopting a very
“shipbuilding approach” by reusing the results from the already built sailing ship
Klara, as a reference design with ICE drives, to design and build the new sailing
ship LeDA with zero-emission propulsion. LeDA will be the full-scale prototype
of a 3-masted cruising sailing ship for a maximum of 36 passengers, to be built
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in the Croatian shipyard Brodosplit, and expected to empower the Croatian ship-
building industry with such new products and their commercialization for the world
waterborne transportation market.

Keywords Zero emission propulsion - Sailing ship + RES + Energy conversion

1 Introduction

The paper presents the conceptual design phase of building a zero emission sailing
ship with focus on the generation and use of renewable energy sources, mainly wind
energy. The encountered challenges are listed along with proposed solutions to define
this first design step towards the production of a ship, which will not only be powered
by wind, but goes a step further by recuperating part of the kinetic energy via the
propeller(s), which in the turbine mode are driving the propulsion electric motor as
generator(s) to produce electricity. This energy will be stored on board and used for
propulsion during “no wind” periods, as well as, satisfying also, all other energy
needs on board. This will make the new ship, fully energy self-sufficient, expecting
to end the fossil fuel use.

The main objectives of the project “Development of a zero-emission passenger
sailing ship”, co-financed by the European Regional Development Fund, contribute
with their solutions to the overall goals of Maritime transport, aimed at reducing
greenhouse gas (GHG) emissions, which account for about 3% of global emissions
annually [1, 2]. Today, the sector is highly dependent on fossil fuels, counting approx-
imately 100,000 ships that in the future, should be replaced by more energy efficient
ships. Consequently, this will transform the entire fuel supply chain in the shipping
industry.

The wind and hydrokinetic renewable energy sources [3] are in focus. However, in
the future, the solar “photovoltaic” sources will also be considered to further improve
the use of green energy to power the Croatian zero-emissions sailing ship [4, 5].

The conventional soft sails are experiencing revival, primarily through the devel-
opment of super yachts and racing sailboats [5]. In this way, it is expected that the
gained knowledge/solutions will be scaled up, to be used for the propulsion of larger
ships, as an auxiliary propulsion option. In Fig. 1, several research projects are shown,
to motivate the future ship designs, as follows: Greenheart Project—combination of
PV energy produced on land that will be used as energy to power a coastal ship along
with wind energy over sails; B9 shipping—combination of Dynarig solution of the
sails with the biogas-powered engine; Ecoliner—combination of rounded Dynarig
solution of the sails with the diesel-powered engine; Seagate delta wing sail—fast
deployment delta wing sails on existing cargo ships offer higher efficiency over
investment cost [6].
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Fig. 1 Ship designs deploying soft-sail technology: a Greenheart Project (2012), b B9 shipping
(2013), ¢ Ecoliner (2015), d Seagate delta wing sail (2016)

1.1 On-Board Energy Storage (for ‘no Wind’ Periods)

The wind energy solutions for ship propulsion rely on relatively consistent winds,
while in the high seas. The problem arises when ships enter bays and ports, and the
electric energy storage systems are needed for the manoeuvring operations. There-
fore, it is necessary to consider the use of electrical energy storage for the ship
propulsion, which could be obtained from two different sources, as follows.

The first approach is to get electricity from the port infrastructure [5], see Fig. 2,
where the electricity comes from the continent (not only RES sources). This approach
is already in use for the electric vehicles and their charging stations. Thus, it needs
to be scaled up for the electrical ships, where the challenge is to fulfil the huge
energy demand within a relatively short charging time. This consequently leads to
the technical design connections problem on how to provide very high charging
currents [7], under increased humidity conditions (e.g. splashing waves on shore),
see Fig. 3.

The port electrical infrastructure is a complex design problem [8], as we need
the high-voltage installations appropriately located near the ship (transformation
stations and underground cable routes) to be connected to the ship’s energy storage,

Fig. 2 In port exchanging
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Fig. 3 In port charging
cables

Fig. 4 Port with high-voltage shore connection (HVSC) system power supply by an HV > 100 kV
primary line with a single-phase fault at the delivery point

see Fig. 4. The main problem is the handling of the heavy power cables under poor
weather conditions (ship is floating, and hydrodynamic forces are critical to keep a
safe distance for the connected cables). One possibility is to use cranes with robotic
arms to assure the required distance.

To set a strong project baseline for our zero-emission sailing ship project, see
Fig. 5, the state-of-the-art design is introduced with these two most advanced concepts
found. The expected outcome will be the prototype ship, to be built in the Croatian
shipyard Brodosplit.

2 Zero-Emission Passenger Sailing Ship Project

The Zero-Emission Passenger Sailing Ship Project addresses the overarching goals
for the Maritime transport to prevent further climate change and environmental degra-
dation fostering environmentally friendly ship propulsion by motivating the change
of diesel propulsion to propulsion systems based on renewable energy sources.
Therefore, the construction of sailing ships, see Figs. 6 and 7, is in progress and will
implement such new propulsion system, which is well aligned with the “Innovative
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Fig. 5 Renewable energy sources

Green Initiatives” funded programme entitled: “Increasing the development of new
products and services arising from R&D activities—Phase II”” from 2019 [9].

The current development strategies have been analysed [10, 11] and resulted in
the project based on the company management long-time vision to use the existing
3-masted sailing ship Klara, as a reference design, see Fig. 7, and build the new ship
equipped with the innovative solutions for the ship propulsion and operations [12].

Fig. 6 Golden Horizon—speed 20 knots, length 162 m, weighs 24 tons, 5 masts with 36 cross
sails, total area is 6347 m?, total energy consumption ~4.2 kWh
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Fig. 7 Three mast schooner passenger sailing ship Klara is 64 m long, 10 m wide, with the height
of 5.35 m up to the main deck. Gross Tonnage: 497 t and max speed above 11 knots 2 x ICE
368 kW, 8 sails with a total area of 845 m?2, and two 150 kW diesel generators

The key ship designers [13], members of the project consortium, and authors
of this paper have brought in their extensive experience in the design, construc-
tion, and monitoring of naval and civilian ships, which made possible to produce
such improved ship design in cooperation with the academic partners, as strong
multidisciplinary effort, by converting the reference sailing ship Klara into the new
zero-emission sailing ship LeDA, see Fig. 8, which is already in construction at the
Brodosplit shipyard.

2.1 Design Challenges

As already discussed, the basic idea of “zero emissions” is to eliminate diesel propul-
sion by returning to sailing, the wind energy propulsion. The need for a propeller
has raised the question: “What propulsion system can be an alternative to a diesel
engine?” Considering the developments in electrical vehicles, electric propulsion is
considered a suitable solution, becoming interesting even for sail-less ships due to
its high efficiency, see Fig. 9.

The challenge in the sailing ship design is to use wind energy efficiently.
Throughout history, the requirement for continuous navigation, when there was not
enough wind, was met by using propellers for ship propulsion. Initially, steam engines
were used, but with the development of the internal combustion engines, the era of
sail-less ships began [14, 15].



Conceptual Design of Zero-Emission Sailing Ship Renewable Energy Challenges 7

ENGINE ROOM

=

Fig. 8 Twin propellers configuration (Klara ship reference design). ICE as drive will be replaced
with electric drive as more efficent solution that can use energy from RES and can produce energy
via hydrokinetic recuperation

A safety regulation, dates from that period, still requires that sailing ships are
equipped with the propeller propulsion. Today, the latest trend is that electric propul-
sion is the auxiliary sailing ship propulsion, combining the propeller with an electric
drive [16].

During the sailing, the water stream under the ship can act on the existing propeller,
which behaves as turbine driving the electrical generator. The same electric motor,
used for the propulsion, becomes a generator in the turbine mode. The technical
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Fig. 9 Development of the propulsion system for ships

challenge is to optimise the amount of kinetic energy, which can be extracted, named
“sea plowing”, to transform, even better, the available wind energy [3, 16].

The recovered energy ensures stability and comfort of navigation while main-
taining the required ship cruising speed [9, 10]. The advantage of electric systems is
that speed control is much faster than the navigation time constants, as the excitation
of the generator can act as a “brake”. The advantage of such control system is that in
the event of a sudden wind energy decreasing, the transition from generator to engine
operation, and vice versa, is achieved practically instantaneously. This feature makes
extremely smooth the entire control of the ship cruising speed, see Fig. 10 [17].

The computational fluid dynamics (CFD) analysis will simulate the sea hydrody-
namic hull resistance, when sailing, as the basis for the required propulsion calcula-
tion [18, 19]. Primarily, the hybrid propulsion will be achieved from the wind acting
on sails and secondarily from the propeller propulsion. In both cases, the CFD simu-
lations of propellers performance are required. There are two basic propeller’s types

Energy Management Strategy for Multi-energy Ships

Regular Control Strategy Optimized Control Strategy
Deterministic rule control ~ Fuzzy control Global optimization Real time optimization
Static Dynamic Intelligent  Pontryagin's Equivalent Model
Logic programming optimization — maximum fuel predictive
e algorithm principle ~ consumption ~ control
Control minimization
Strategy strategy

Fig. 10 Classification of the ships’ energy management strategies



Conceptual Design of Zero-Emission Sailing Ship Renewable Energy Challenges 9

Fig. 11 Ship Klara (left) and the conceptual new zero-emission sailing ship design

considered: fixed pitch propeller (FPP) and controlled pitch propeller (CPP). CPP
(blades rotate around their axes) can achieve optimum performance under different
water stream conditions, as the propeller pitch can be adjusted and thus the propellers
thrust forces can be adjusted too.

In addition, the solution can be used to generate electricity when a ship is anchored
in a location where coastal currents are present [20].

Since the wind turbines are also considered in the project, they are expected to be
used when the ship is anchored in the harbour and there is wind (then the sails are
lowered). Figure 11 shows one of the proposed wind turbine arrangements.

2.2 Energy Storage (Batteries)

The electricity storage is a key element in the design of hybrid systems, where
different sources and consumers need to be combined [15]. To define such a topology,
the electricity storage is usually connected to other systems via the DC bus. Figure 12
shows a common solution, where the parts of the power system operated by AC are
separately connected.

In measuring the size of the battery’s demand, as the power storage device, two
important facts must be kept in mind: the battery is a chemical source that should never
be fully charged, but neither should be fully discharged [21, 22]. In this respect, the
battery’s role is to temporarily store surplus energy from RES or possibly recovered
energy from certain subsystems of the ship, representing the energy source, as backup
option, when the ship systems need it (and RES is not available).
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Fig. 12 Hybrid PV/diesel/ESS power system in an oil tanker ship

The aspect of the financial burden of the initial investment in the size of the battery,
its maintenance, and optimization for the needs of the energy flows within the ship
has been the subject of numerous studies, as shown in [23].

3 Conclusions

The paper describes the conceptual design of the “Development of a zero-emission
passenger sailing ship” project, which represents an innovative use of renewable
energy sources for ship propulsion and on-board operations. The project is funded
by the EU and supported by the Horizon Europe’s Green Maritime Framework
Programme, as the urgent action is needed to reduce carbon emissions to halt global
warming, and shipping is no exception.

The International Maritime Organisation (IMO) strategy document points to the
fossil fuels pollution from internal combustion engines (ICE) as destroying our envi-
ronment and nature. Analyses have shown that up to 80% of the pollution is caused
by the international container ships transport, which offers a unique opportunity
to contribute to the decarbonisation of the shipping industry. It is well-known that
the shipping classification societies are very strict with their rules and regulations.
In recent years, they have already adopted guidelines for environmentally friendly
maritime transport and are increasingly considering the possible application of wind
energy for ship propulsion.

In line with the presented facts, the presented conceptual solution is well aligned
with the overall objective of the underlying European project, which aim is to find an
acceptable solution for maritime mobility by developing a clean integrated wind
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energy use with the expectation of increasing the global competitiveness of the
maritime sector and thus achieving the far-reaching goal to sustain a greener maritime
transport of goods and passengers.

The presented conceptual design focuses on the use of wind energy, as the domi-
nant available energy resource available on the high seas. Another form of wind
energy use is the conversion of wind energy into electricity. The combination of
these two approaches represents an interesting integrated solution, which makes
possible: (1) to power the ships, (2) to reduce the high dependence on fossil fuels, (3)
to reduce greenhouse gas emissions and thus contribute to a more environmentally
friendly maritime transport.

3.1 [Industry-Wide Cooperation

In order that such proposed design is implemented, the project coordinator, the DIV
group, in close cooperation with scientific institutions has adopted the research and
development cluster approach, i.e. creating an innovative platform for design, produc-
tion of best practices for prototyping such solution, already applied in the design
and construction of the Golden Horizon sailing ship, see Fig. 6, which received the
highest possible class for noise and vibration classification, due to its superior design
and construction quality. This conceptual design is part of the continuation effort
underpinning the project consortium research and development approach, which is
well aligned with the Horizon Europe Framework Programme for Green Maritime
Transport objectives.

The design and build of such new generation ship, see Fig. 13, is motivated by the
Golden Horizon success story, whose propulsion systems are based on renewable
energy sources. Thus, in response to the proposals call for “Increasing the Devel-
opment of New Products and Services Arising from Research and Development
Activities”, a five-member project consortium was formed to achieve synergy in
skills and expertise to cover the needed multidisciplinary areas required to imple-
ment the project objectives, see Fig. 14. The project coordinator is the DIV Group
and together with the two industrial partners (i) MES DIV—a design and engineering
company, and (ii) Brodosplit—a shipyard with almost 100 years ships production
history.

3.2 Backed by Academia

For the project consortium, the two technical faculties are selected, as scientific
partners, namely (i) the Faculty of Electrical Engineering, Mechanical Engineering
and Naval Architecture (FESB) Split—for sailing innovations, and (ii) the Faculty
of Electrical Engineering, Computer Science and Information Technology (FERIT)
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Fig. 13 First variant of the zero-emission sailing ship design

LeDA

GREEN SAILING SHIP

'WIND ENERGY

sailing
on the open sea

windturbines
_in the port with sails down

. Hydrokinetic turbines mode
propulsion motor as generators
during sailing on the open sea

117 . .
IF el ERSIs

in the port with sails down

Fig. 14 Hybrid energy recuperation from different RES: wind energy during sailing on open sea
(movement of ship, recuperation of kinetic energy via hydrokinetic turbine mode of ship main
propellers), wind energy during anchored time with sails down via small wind turbines, sun energy
via photovoltaic panels

Osijek—for innovations in the field of electrical propulsion and electrical subsystems
designing ship energy flows, see Fig. 15.

Horizon Europe has defined the basic guidelines for climate-neutral, clean, smart,
and competitive waterborne transport. In line with this intervention logic, this project
is funded to improve the electrification of shipping and the overall energy efficiency
of maritime transport.
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Fig. 15 Ship propulsion and manoeuvrability research was presented by FESB to FERIT, during
their project consortium meeting, in 2021

3.3 Establishment of the Digital Twin to Reach LeDA

The ship design must consider the entire life cycle of the ship, from the beginning
of construction to the end when it is recycled. The energy consumption analysis is
very important to determine the energy requirements for all the ship subsystems.
The collected data is used for energy and exergy analysis. Usually, the results are
presented with Sankey diagrams summarising the energy transfer during the ship’s
voyage. The well-known engineering practice was applied, by starting the project
from a reference project, the designed and constructed sailing ship Klara, with diesel
and sail propulsion. The new project (LeDA) aims to build a new ship with zero
emissions, equipped with innovative renewable energy systems. The planned system
analyses for propulsion, energy, and management are intended to improve the ship’s
key characteristics. The resulting data will enable the validation of the achieved
results from the numerical simulations and to tune the numerical models (initial
settings, parameters, and boundary conditions) to be more realistic and in line with
the real data measurements. The verified and validated mathematical models of the
ship systems (developed as part of the industrial research) form the important base
for the virtual ship simulator (digital twin), which can model and simulate a variety
of the ship physical objects and/or processes, in real time, as a digital equivalent.

3.4 Life Cycle Approach Starts at Conceptual Design

The goal is to minimise carbon emissions, for the entire shipbuilding process: starting
with the extraction of raw materials, through the production of the basic materials
used to build ships. Subsequently, this is linked to the operation and maintenance
of ships, right through to the recycling and reusing of the existing materials. The
zero-emission planning must consider the energy sources required to operate all
the maritime systems that are available, in space and time, for the planned area
of operation. Today, the main problem is on the coast supply chain for renewable
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energy, and another problem is the maintenance of ships and the supply of spare
parts. Therefore, the use of wind energy, as the dominant and available source, is
fully considered, regardless of the position with the energy storage system for times
when wind energy is not available. The results are expected to show that the electric
propulsion is the most efficient and environmentally friendly propulsion.

3.5 On Sails Design

As a scientific partner, FESB Split has the task of developing an innovative sails
design for the ship LeDA, together with the designers from MES DIV Zagreb. The
latest findings, from this conceptual design phase, show that further studies are needed
for the development of the sailing semi-rigid sails, with a system of rollers and leans
on the mast. The multi-part wing sail, as the basic concept, is already in used for the
fastest high-performance sailboats. To achieve the best possible sail performance, in
house numerical methods are being developed, applying the Finite Elements compu-
tational analysis of sails, and Computational Fluid Dynamics flows simulations under
different environmental and technical conditions, to analyse hard and soft surfaces
in contact with fluid that have specific dynamic behaviour and should achieve the
optimum aerodynamic performance.

3.6 On Electricity Storage and Management

The electric ship propulsion uses electricity stored in rechargeable batteries. The
batteries recharging is a hybrid process of converting wind and solar energy,
using different technical solutions: propellers and main propulsion in reverse mode
behaving like turbines and power generators, axillary hydrokinetic turbines, wind
turbines, photovoltaic panels, and finally connection to energy sources on the coast.
These energy conversion options are very promising, as they provide the necessary
energy for the ship’s electric propulsion motors and for all other equipment on board.

The project was submitted under the call for proposals to support the development
of new products and services from research and development activities, co-financed
by the European Union from the European Regional Development Fund. The most
valuable outcome of the project will be a passenger ship in the form of a three-
masted schooner, independently designed and built to prove the state of technological
knowledge, but also to prove the use of renewable energy sources to obtain an efficient
vehicle without greenhouse gas emissions.

The electricity storage is a key element in the design of hybrid systems, where
different sources and consumers need to be combined.

Since the main propulsion of a sailboat is wind, which often exceeds the propulsion
needs, one of the challenging objectives is to explore the possibility of using the main
propellers to harvest hydrokinetic wind energy, as a function of the relative speed
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between the ship and the sea. This part of the scientific research will be carried out by
FERIT having expertise in electromechanical energy conversion and energy storage
systems, as detailed in Sect. 2.1.

This process must be coordinated with the process of ship and sail management.
When operating the propellers as turbines, it is important to control the generated
propeller resistance, which slows down the ship speed, as well as the hydrokinetic
energy of the water entering the turbine. This is done using the experience gained from
the modern management development process, and in combination with different
simulation techniques, primarily developed for use in electric vehicles and modified
to be used in the development of electric marine propulsion systems.

3.7 On Solar

In parallel, the development of a system for observing and monitoring sailing systems,
solar panels, and electric drives is being carried out, see Fig. 13. It is necessary to
determine the parameters of the solar collector on the roof of the passenger cabin,
which serves as an additional heat source for the ship’s hot water needs. It is also
being investigated whether small wind turbines can be installed above the deck to
collect wind energy when the ship is anchored in port (as in this case, the sails cannot
collect the available wind energy).

3.8 Teamwork Towards Excellence

The envisage main projects outcomes are as follows:

e Development and construction of an innovative zero-emission passenger sailing
ship from renewable energy sources.

e (Cooperation of regional industrial and scientific subjects in the development of a
competitive product.

The specific objectives of the project, which this conceptual design has investi-
gated, are as follows:

e Development of a hydrokinetic electric marine propulsion system for wind kinetic
energy storage and propulsion redundancy.

e Integration of vertical wind turbines, hydro turbines, and solar panels for use on
the existing diesel-powered vessels.

In this paper, the analysed design solutions contribute to the use of renewable
energy sources for ship propulsion and other on-board operations, as the added value
to the underlying research and innovation project in progress. The presented concep-
tual design is the integrated multidisciplinary teamwork, representing the unique
know-how of this project consortium, well-balanced between shipbuilding industry
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and academic partners. The novel ship design concept represents a strong engineering
base for building such advanced ship prototype—the cruising emission-free sailing
passenger ship with 3 masts—under construction in the Brodosplit shipyard, expected
to strengthen the Croatian shipbuilding industry in the global water transport market.
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Abstract The forward swept-wing aircraft is one of the most superior aircrafts
in terms of both aerodynamics and structural configurations. This design has been
consistently frustrated by the divergence problem. The divergence in the wing can
be reduced by increasing the wing bending stiffness which in turn increases the
weight of the wing. So, to accomplish both, composite materials are being employed
in this analysis. The alteration of the fiber angle orientation enables the material
to improve mechanical properties. This research has been conducted to analyze the
buckling behavior of different materials with the various fiber angle orientation so
that the material would be sufficient to alleviate divergence. A laminate of three
different materials, carbon fiber, graphite epoxy and Kevlar epoxy for 20 different
stacking sequences, each sequence consisting of 24 plies have been analyzed by
using Fortran and Abaqus. The analysis results showed that the graphite epoxy has
better mechanical property comparing to the other two materials, and it can be used
for divergence elimination.

Keywords Forward swept wing - Divergence - Buckling behavior - ABAQUS -
FORTRAN

1 Introduction

The wing behavior of an aircraft is characterized by the interaction between the
material and shape of the wing. Material selection plays a prominent role in the
design and wing behavior of an aircraft. If the material is not selected properly,
the design may show poor performance and requires frequent maintenance. The
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structural failure of the wing may lead to injuries or fatalities [1]. The selection of
the material is dependent upon the performance requirements of the aircraft [2]. Poor
selection of the material leads to various modes of failure, namely buckling, excessive
deflection, fatigue, creep, etc. [3]. The modulus and strength are the two basic material
properties that are often considered in the preliminary selection of the material where
structural integrity and design constraints are limited. The deformations occurring
in the wing of an aircraft, which uses the composite laminate layups, indicate the
modulus, and the utmost load-carrying capacity indicates the strength of the layup’s
orientation [4].

The forward-swept wings prove to have high aerodynamic efficiency if the diver-
gence problem is eliminated. The major problem in the forward swept-wing aircraft
is divergence. Generally, in the forward-swept wing, when the aircraft turns, it applies
high G-loads on the wing, and this load causes the wingtip to bend upward which
in turn leads to the twist of the leading edges in the upwards direction [5]. A catas-
trophic phenomenon called divergence occurs, when the angle of attack increases,
due to the twisting of a wing. Moreover, the divergence in the wing can be reduced by
increasing the wing bending stiffness which is in turn associated, with the increase
in the weight of the wing that leads to an increase in the overall weight of the aircraft.
Implementation of the advanced composite material using the laminate layup method
helps the designer to overcome the weight constraint in the conventional metal wings
[6].

The high strength-to-weight ratio, stiffness-to-weight ratio and lightweight tend
to reduce the fuel cost as well as the increase in the payload capacity are the major
reasons for employing composite material in aircraft applications [7]. It is evident
from the literature that the laminate layups provided significant changes in the prop-
erty of the material based on the orientation. The experimental evaluation of the
different stacking sequences seems to provide the variation in the dynamic cracking
behavior of the test specimen [8]. In this analysis, three different composite mate-
rials, namely carbon fiber, graphite epoxy and Kevlar epoxy, have been employed.
These three materials are used in various parts of the aircraft majorly in the aircraft’s
wings [9]. The structural arrangement of an individual fiber in the material improvi-
sation is called fiber angle orientation. The concept of the alteration of the fiber angle
orientation enables the material with improved mechanical properties, so it can be
used as a prominent key in avoiding divergence [10, 11].

2 Methodology

This research is all about simulation analysis of three different materials that exhibit
different properties for 20 different stacking sequences. Each stacking sequence
consists of 24 plies, of which 12 plies are symmetric. The sequences are organized
in the order of combination of single angle, double angle, triple angle and even four
angles. Carbon fiber, graphite epoxy and Kevlar epoxy having properties as shown in
Table 1 [7, 12] were analyzed by using Fortran and Abaqus software. The buckling



Simulation Analysis of Composite Materials ...

23

Table 1 Properties of three

materials Carbon fiber Graphite epoxy Kevlar epoxy
E| =132 GPa E| =181 GPa E| =76 GPa
E; =11GPa E; =103 GPa E> =5.5GPa
vi2=03 vi2 =0.28 vi2 =0.34
G2 =5.5GPa G2 =17.17GPa Gp =2.1GPa

behavior of different materials for various orientations has been observed through
this analysis, which in turn provides sufficient knowledge about the bending stiffness
of material that varies for each orientation. By conducting this research, the proper
selection of stacking sequence and material can be accomplished, through which
divergence of the forward-swept wing can be alleviated.

A laminate of size 225 x 115 mm as shown in Fig. 1, with a single-ply thickness
of 0.15 mm has been analyzed in Abaqus. The total thickness of 24 plies is 3.6 mm

[12].

This analysis involves three primary steps, namely.

1. Calculation of extensional stiffness matrix, bending extension coupling stiffness
matrix and bending stiffness matrix by using Fortran programming.

2. Calculation of buckling strength value (eigenvalue) through the simulation
analysis of three materials for 20 different orientations in Abaqus software.

3. Calculation of buckling factor and displacement values by using Fortran

programming.

All dimensions are in mm

Fig. 1 Geometry of panel
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3 Computation of Buckling Factor and Displacement

Considering the carbon fiber material which has the following properties,
El =132 GPa; Ez =11 GPa; Vi = 03, G12 =5.5GPa
Stacking sequence: (—45°/0°/4+45°/90°/—45°/0°/+45°/90°/—45°/0°/+45°/90°) s

4 Stiffness Matrix

The stiffness matrix, [Q], can be calculated by using below-mentioned equation

01 Qw07 [En-wvwn 0
(Ql=| Q01 0» 0 |= lflvzfi,z Ei— o 0
0 0 QO3 0 0 G

( SEQ “equation”\n \ * MERGEFORMAT 1)

where [Q] is the stiffness matrix in Pascal [7]
E; and E; are longitudinal and transverse modulus in Pascal
G, is modulus of rigidity in Pascal
v, and v are Poisson ratios (no unit)

V21 = E2E1 X Vg = 0.025; Q11 = E11 — U1V = 132.997 GPa;
02 = E» — va1v12 = 11.083 GPa;

vp E
O =—2"2  —3324GPa;
I —vyrvp2

Q33 = G12 =55 GPa;

O13=0:3=0=03=03x»

011 Q0n O 132.997 3.324 0
[Ol=]| 012 0»n O = 3.324 11.083 0 | GPa
0 0 Qs 0 0 55

4.1 Transformation Matrix

The transformation matrix [7] can be calculated by using below-mentioned Eq. (2)
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[ T Tho Tis
(T]=| T Toz To3
L T31 T3 T33
cos?(x) sin®(x) —2cos(x) sin(x)
= sin®(x) cos?(x) 2 cos(x) sin(x)
| cos(x) sin(x) — cos(x) sin(x) cos?(x)—— sin?(x)

(SEQ “equation” \n\ * MERGEFORMAT 2)

where [T'] is the transformation matrix (no unit) [13]

(x) is the fiber orientation angle in Radians

Initially, before calculating the transformation matrix, the degrees will be
converted into radians, x = (1t/180) x 0

100 0.5 05 —1
[T]loo=10101|; [Tl4se =105 0.5 1 |;
001 05-05 0
05 051 010
[T]_45e =1 0.5 05—1|; [Tlgpo=110 0
—-0505 0 00 -1

4.2 Transformed Stiffness Matrix

[Q] = [TIQNT]" (SEQ “equation” \n \ + MERGEFORMAT 3)

where [ Q] is the transformed stiffness matrix in Pascal [13]
[T] is the transformation matrix (no unit)
[O] is the stiffness matrix in Pascal
[T]7 is the transpose of transformation matrix (no unit)

132.997 3.324 0
[0l = | 3.324 11.083 0 |GPa;
0 0 55

43.182 32.182 30.478
[Olygse = | 32.182 43.182 30.478 | GPa
30.478 30.478 34.358

43.182 32.182 —-30.478
[O] 45- = | 32.182 43.182 —30.478 | GPa;
—30.478 —30.478 34.358
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11.083 3.324 0
[Olop- = | 3.324 132.997 0 | GPa
0 0 55

4.3 ABD Matrix Formula

(K)

>

I
M =
Q|

i (g —hg) )
K=l
1Y K)
Bij = 2 Z Qij (h%(+1 - hé) 2)
K=1
1Y K)
D;j = 3 Z Qij (hiﬂ - h}) )
K=1

where Aj; indicates the element of extensional stiffness matrix in Pascal [13]

Bj; indicates the element of bending extension coupling stiffness matrix in Pascal
[13]

D;; indicates the element of the bending stiffness matrix in Pascal [13]

[0.2073 0.0639 0 244.1 76.09 —16.02
[A]l= | 0.06390.2073 0 |GPa; [D]=| 76.09 189.8 —16.02 | GPa;
L0 0 0.0717 ~16.02 —16.02 84.46
r000
[B]=|000 |GPa
1000

During the flight, the top skin undergoes compressive loading which leads to
buckling of the skin. It is essential to examine the buckling strength of the skin for an
ultimate load. As the laminate has symmetric layers, there is no extensional-flexural
coupling. The pre-buckling deformations are hence purely in-plane [14].

4.4 Buckling Factor

A = Buckling load + g¢ (SEQ “equation” \n \ * MERGEFORMAT 7)

where A is the buckling factor (No unit) [13]
Buckling load is in Newton
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q, 1s the applied load is in Newton
Buckling Load = Buckling strength b “4)

where buckling load is in Newton

Buckling strength is in Newton per meter

b is the width of the panel is in meter

Buckling strength = 1.4099E6 N/m; Buckling load = 1.4099E6 * 0.115 =
0.161E6 N; g, = 50KN

A =0.161E6 + 50E3 = 3.242 (No unit)

It has no unit as both the loads have the unit of Newton (N). The buckling strength
is the eigenvalues that are calculated through Abaqus. To obtain buckling load, the
buckling strength is multiplied by the width of the panel since the panel is being
compressed at the width section.

The compressive load applied or used has been considered from the critical load
cases of a real-time aircraft wing at several flight conditions such as take-off, maneu-
vering, landing, etc., and it is applied on simply supported laminated skin. Assume
the value of compressive load was 50,000 N [11].

4.5 Displacement

a’ Gy
74[Dyym* 4 2(Dy3 + 2De6) (mnR)* + Dy (Rn)*]  (5)
(SEQ “equation” \n \ * MERGEFORMAT 9)

Displacement =

where Dy, D1, Dy, Dgg are the elements of the bending stiffness matrix in Pascal
a is the length of the panel in meter
b is the width of the panel in meter
R is the ratio of length to width of the panel (no unit)
m and n are buckling mode shape parameters (no unit)
gmn 1s the load applied for the corresponding buckling mode shape parameter in
Newton, and it can be calculated by using the below [12],

16 x g,

Gon = (SEQ “equation” \n \* MERGEFORMAT 10)

72mn
where ¢, is the applied load in Newton

m and n are buckling mode shape parameters (no unit)
m=1;n=1;q,=50KN;
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16 x 50000

g = —2 2 81056.946 N
w21 %1

R= g; R =0.225 = 0.115 = 1.9565 (no unit)

a=0.225m; b=0.115m

The elements of bending stiffness matrix of carbon fiber material for the stacking
sequence (—45°/0°/+45°/90°/—45°/0°/+45°/90°/—45°/0°/+45°/90°) s are

Dy =244.1Pa; D, =76.09Pa; Dy, = 189.8 Pa; Dgs = 84.46Pa
0.225% x 81056.946

714[244.1 +2(76.09 + (2 x 84.46))(1.9565)2 + (189.8 X (1.9565)4)]
Displacement = 0.00044 m

Displacement =

The edges apart from the loading direction are constrained in all translational
degrees of freedom. The loading edges are constrained only in the z-direction. In
short, the long edges of the panel are constrained in all translational degrees of
freedom (Encastre condition), and the width edges of the panel are compressively
loaded and constrained only in the z-direction.

5 Results and Discussions

The simulation analysis of carbon fiber, graphite epoxy and Kevlar epoxy
for various ply angle orientations as shown in Table 2 produced results of
different properties, namely displacement and buckling factor. Figure 2 displays
the changes in the buckling behavior of each material at the same orientation
(—45°/0°/+45°/90°/—45°/0°/+45°/90°/—45°/0°/+45°/90°) s. For the 15 sets of the
ply orientation that is considered for the divergence elimination purposes and their
variations in the bucking factor for all the three materials is represented in Table 3.

The numbers (1 to 20) indicated in Table 2 specify the stacking sequence used in
Figs. 3 and 4 graphs.

From Figs. 3 and 4, it can be observed that the increment order of the buckling
factor values for three materials is in this hierarchy of graphite epoxy < carbon fiber <
Kevlar epoxy and vice versa for displacement. As a result of comparing, all the three
materials, the graphite epoxy shows the better bucking factor value with the least
displacement value. All the three materials tend to exhibit different strength values
based on the orientation, (—45°/0°/+45°/90°/—45°/0°/+45°/90°/—45°/0°/+45°/90°)
s of the ply as mentioned in Table 4. Among all the four different plies, 0°
tends to exhibit the least desirable characteristics in terms of bucking strength.
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Table 2 Stacking sequences used in this research

Orientation

1 (0°/0°/0°/0°/0°/0°/0°/0°/0°/0°/0°/0°) s

2 (90°/90°/90°/90°/90°/90°/90°/90°/90°/90°/90°/90°) s

3 (+45°/+45°/+45°/+45°/+45°/+45°/+45°/+45°/+45°/+45°/+45°/+45°) g
4 (—45°/—45°/—45°/—45°/—45°/—45°/—45°]—45°/—45°/—45°]—45°/—45°) g
5 (—45°/+45°/—45°/+45°/—45°/+45°/—45°/+45°/ —45°/+45°/—45°/+45°)
6 (90°/+45°/90°/+45°/90°/+45°/90°/+45°/90°/+45°/90°/+45°) s

7 (90°/—45°/90°/—45°/90°/—45°/90°/—45°/90°/—45°/90°/—45°) s

8 (90°/0°/90°/0°/90°/0°/90°/0°/90°/0°/90°/0°) s

9 (—45°/0°/—45°/0°/—45°/0°/—45°/0°/—45°/0°/—45°/0°) s

10 (0°/445°/0°/+45°/0°/+45°/0°/+45°/0°/+45°/0°/+45°) 5

11 (+45°/0°/90°/+45°/0°/90°/+45°/0°/90°/+45°/0°/90°) s

12 (—45°/0°/90°/—45°/0°/90°/—45°/0°/90°/—45°/0°/90°) s

13 (90°/—45°/0°/190°/—45°/0°/90°/—45°/0°/90°/—45°/0°) s

14 (0°/90°/+45°/0°/90°/+45°/0°/90°/+45°/0°/90°/+45°) s

15 (—45°/0°/+45°/90°/—45°/0°/+45°/90°/—45°/0°/+45°/90°) s

16 (90°/0°/+45°/—45°/90°/0°/+45°/—45°/90°/0°/+45°/—45°) s

17 (+45°/—45°/+45°/—45°/0°/90°/+45°/—45°/+45°/—45°/0°/90°) s

18 (—45°/+45°/—45°/+45°/0°/90°/0°/90°/ —45°/+45°/—45°/+45°)

19 (—45°/—45°/0°/0°/+45°/+45°/0°/0°/90°/90°/ —45°/—45°) 5

20 (+45°/+45°/90°/90°/—45°/—45°/90°/90°/0°/0°/+45°/+45°) s

@ (b) ©

Fig. 2 Contours of carbon fiber (a), graphite epoxy (b) and Kevlar epoxy (c) for the stacking
sequence, (—45°/0°/+45°/90°/—45°/0°/+45°/90°/—45°/0°/+45°/90°) s
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3:2:;? 3 Range of buckling Material Minimum buckling | Maximum buckling
factor (no unit) factor (no unit)
Carbon fiber 3.17803 3.24298
Graphite epoxy | 4.23488 4.32526
Kevlar epoxy 1.76296 1.79551

BUCKLING FACTOR

R (No unit)

s FAC

ORIENTATION

—8—CARBON FIBER —e— GRAPHITE EPOXY —8—KEVLAR EPOXY

Fig. 3 Variation in the buckling factor values with respect to different stacking sequences

DISPLACEMENT

DISPLACEMENT (m)

ORIENTATION

== CARBON FIBER —#—GRAPHITE EPOXY ==@==KEVLAR EPOX}

Fig. 4 Variation in the displacement values with respect to different stacking sequences

It is evident from Tables 4, 5 and 6 that the stacking sequences based on posi-
tive and negative 45° fiber angle orientation produce the same displacement and
buckling factor values, irrespective of the material. Although the second stacking
sequence, (90°/90°/90°/90°/90°/90°/90°/90°/90°/90°/90°/90°) s orientation as indi-
cated in Table 5, shows the least displacement value, it has a smaller buckling factor
value. Hence, this stacking sequence cannot be considered the best one for divergence
elimination. Considering the bucking factor values of the graphite epoxy material for
the 15th to 18th stacking sequences holds values greater than 4. Hence, it is evident
that among the four stacking sequences, the 15th stacking sequence provides the
high buckling factor value.
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