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THE PROSPECTS OF APPLICATION OF SHAPE MEMORY MATERIALS IN THE MARINE 

ENVIRONMENT  

Š. Ivošević, the University of Montenegro, the Faculty of Maritime Studies Kotor, Montenegro 

ABSTRACT 
Due to the complexity of the marine environment, from the sea depths up to the surface and costal atmosphere, extensive research 

has been conducted in order to discover the possibilities for the application of the existing or new materials and alloys in the marine 

environment. In that regard, this research is based on the analysis of the empirical data obtained in the specific marine environment. 

The research included the monitoring of corrosive behavior of three shape memory alloys after 6, 12 and 18 months of exposure to 

the marine environment. The samples included a disk-shaped, as cast Ni-Ti alloy that was produced by traditional casting methods 

as well as a rod-shaped Ni-Ti CC and a Cu-Al-Ni alloys that were produced by continuous casting methods. The chemical 

composition and the depth of corrosion of alloys were calculated on the basis of the experiment that was conducted in three different 

types of the marine environment (the air, tide and sea). The Focused Ion Beam (FIB) and a semi-quantitative EDX analysis were 

used to calculate the depth of corrosion and chemical composition of alloys. Principal Component Analyses (PCA) and Claster 

Analyses (CA) were used to identify the correlations between the formed corrosion products, depending on the type of the 

environment and the length of exposure. The article presents the results of previous research and considers the directions for the 

future research, as well. 

 

Keywords: corrosion, shape memory alloys, statistical analysis, linear model 

 

1. INTRODUCTION 

 

One of the major causes of the degradation of 

materials is corrosion. It was recently estimated 

that the different kinds of damage caused by 

corrosion of materials comprise between 3% and 

4% of the Gross National Income of developed 

countries [1]. In that sense, a lot of experiments in 

laboratories and real environment are conducted 

in order to analyze the corrosive processes of 

existing and new materials. 

Shape memory materials (SMA) were discovered 

in 1932. Widely applied shape memory alloys are 

based on Cu, Al, Ni, Ti, Fe and etc. The main 

reasons for the application of SMAs are their 

thermo-mechanical properties such as super 

elasticity, shape memory effect, high damping 

capacity and double shape memory effect [2]. 

Nitinol (Ni-Ti), Cu and Fe shape memory alloys 

are the most frequently applied for commercial 

purposes in different industries such as 

biomedical, transport industry, mechatronic, 

marine and other types of industries [3, 4]. Marine 

application includes the use of alloys at sea depths 

as well as surfaces [5]. 

There are different production processes that can 

ensure better thermo-mechanical properties and 

better industrial application e.g. melting process, 

the standard techniques for hot and cold working, 

casting processes, vacuum arc remelting, 

conventional sintering, selective laser melting and 

powder metallurgy [4, 5, 6]. Continuous casting 

has recently emerged as a new production process 

of SMAs which can reduce the production time of 

different shapes of alloys [7]. 

With the aim of applying different alloys in 

maritime industry, extensive research was 

conducted on the influences of the environment 

on the physical and chemical changes in alloys. 

Corrosion in seawater is an electrochemical 

process that occurs through the interaction 

between a metal surface, seawater and the 

conductivity of seawater. There are different 

physical forms of corrosion. The uniform and 

pitting corrosion are the most widespread physical 

types of corrosion, but intergranular, galvanic, 

crevice, cavitation corrosion, corrosion fatigue, 

etc. are also common in the application of 

different metals [8, 9, 10]. 

This paper analyzes the Cu-Al-Ni and Ni-Ti 

alloys in the shape of disc and rod in order to 

discover the possibilities for the use of new shape 

memory alloys. The alloys were examined in three 

different types of the marine environment. The 

length of exposure to the marine environment was 

6, 12 and 18 months. 

The paper contains 4 chapters. The second chapter 

discusses materials and methods, the third chapter 

presents the review of research results, while the 

fourth chapter presents concluding remarks and 

possibilities for the future research. 
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2. MATERIALS AND METHODS 

 

2.1. MATERIALS 

 

The research examines three different alloys. Pure 

metals (99.99 wt.%) provided by Zlatarna Celje 

were used to produce a Cu-Al-Ni and two 

different Ni-Ti alloys. The first Ni-Ti alloy was 

produced by casing (Ni-Ti as cast), the second Ni-

Ti alloy was produced by continuous casting (Ni-

Ti CC) and the Cu-Al-Ni alloy was also produced 

by continuous casting process.  

The Ni-Ti as cast alloy was produced by classical 

casting and rolling in the shape of a disc with the 

diameter of 42.3 mm and the thickness of 3.4 mm. 

The Ni-Ti CC alloy was produced by a 

combination of vacuum remelting and the 

continuous casting method in the shape of a rod 

with the diameter of 11.9 mm and the length of 50 

mm.  

The Cu-Al-Ni alloy analyzed was produced by a 

combination of vacuum remelting and continuous 

casting method with the length of 100 mm, and 

the diameter of 8.3 mm. The examination 

included 27 alloy samples in total. Nine pieces of 

each alloy were located in each of the three 

different types of the environment (atmosphere, 

tide and sea) over three different time intervals (6, 

12 and 18 months). A set of alloy samples are 

shown in Figure 1. All sample sets were located 

in the marine environment as it is presented in 

conceptual model in Figure 2. 

 

 

Figure 1. The set of three samples of the Ni-Ti as cast, Ni-Ti CC, and Cu-Al-Ni alloys located in the atmosphere 

Metallographic sample preparation, 

microstructure overview by optical microscope 

and micro hardness measurement of samples were 

conducted before the experiments in real 

environmental conditions. Furthermore, chemical 

analyses were performed by means of Inductively 

Coupled Plasma (ICP) and the X-ray fluorescence 

(XRF) in order to determine the chemical 

composition of alloys [7]. 

2.2. RELATED METHODOLOGIES 

The conceptual model of the research is shown in 

Figure 2. The experiment was based on the 

observation of three alloy sets with the total of 9 

samples. The samples were exposed to the costal 

atmosphere, the changeable conditions of tidal 

zone and seawater. All samples were located in 

the real marine environment and analyzed over 

the period of 18 months. Three samples of each 

alloy were first checked after 6 months and then 

after 12 and 18 months of exposure to each of the 

three different environment types (the atmosphere 

at 3 meters above sea level, tidal zone and the 

depth of 3 meters below the surface). The 

experiment simulated the environment of nautical 

vessels during operational cycle. 

 
Figure 2. The scheme of the conceptual model of the research for the Cu-Al-Ni and Ni-Ti alloys 

 

2.3. METHODS 

The article is based on several data collection 

methods. The first method was used for measuring 

the depth of corrosion and the second was used for 

the chemical analyses of alloys. Focused Ion 

Beam scanning electron microscopy (the FIB 

Method) was used to measure the depth of 

corrosion (in nm) [11]. The chemical composition 
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of the selected alloys after corrosion, as well as 

the content of different elements on the surface of 

the examined samples were determined by means 

of a high-resolution Field Emission SEM Sirion 

400 NC (FEI, USA) (EDS method) [12]. Figure 3 

shows the results of the FIB and SEM analyses of 

the Cu-Al-Ni alloy after 18 months of exposure to 

seawater. Corresponding data were in the same 

way collected and analyzed for every alloy in each  

type of the environment and for each length of 

exposure. 

  
a) b) 

Figure 3. The results of the FIB (a) and SEM (b) analyses of the Cu-Al-Ni sample in seawater after 18 months 

 

Two multivariate analyses were used in order to 

analyze the influence of different types of the 

environment on the corrosion of alloys. 

Furthermore, chemometric methods such as 

Cluster Analysis (CA) and Principal Component 

Analysis (PCA) were used for the analysis of the 

chemical composition of corroded materials. In 

that way, the research detected the impacts of the 

environment on the corrosive behaviour of 

different alloys, and determined the type of 

corrosive environment has the most dominant 

influence on corrosive processes [11, 12, 13].  

The research also examined the collected data on 

corrosion depth in (nm) and oxygen content 

expressed as percentage. Corrosion rate is 

observed as a continuous random variable 

described by a linear model of corrosion depth and 

oxygen content, whereby the analysis focused on 

the best-fit, two‐parameter distributions. Many 

articles studying corrosive processes [15] proved 

that the wear of plate thickness - d(t)dt - can be 

successfully modeled as a function of time: 

𝑑(𝑡) = 𝑐1(𝑡 − 𝑇𝑐𝑙)
𝑐2             (1) 

In that sense, Formula 1 was used to calculate the 

linear model of corrosion rate. It was assumed that 

c2 equals 1 while Tcl equals 0, which means that 

all samples were without protective coating and 

that corrosion started immediately upon the 

beginning of the experiment. 

 

3. RESULTS 

As indicated in the conceptual model, the data on 

corrosion depth and chemical changes in alloys 

were collected after 6, 12 and 18 months of 

sample exposure to different types of the marine 

environment. In this research, visual inspection of 

macro view detected pitting and general corrosion 

(Figure 4.b and 4.c). The macro view of the 

chemical changes in alloy composition and the 

emergence of algae can be seen in Figure 4.a.  

  

 

a) b) c) 

Figure 4. The condition of the Cu-Al-Ni and Ni-Ti alloys after 6, 12 and 18 months of exposure to three different types of the 

environment, a) the emergence of algae on Cu-Al-Ni after 12 months, b) pitting corrosion on Ni-Ti CC after 18 months in the sea, 

c) corrosion on the Cu-Al-Ni alloy after 6 months in the sea 
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Ultrasonic thickness equipment and the SEM/FIB 

technique were used to calculate the corrosion 

rates in the formed pits on the Ni-Ti CC alloy after 

18 months of exposure to seawater (Figure 4.b). 

The obtained research results prove that the rate 

of pitting corrosion can take different values, from 

the minimum of 0.04 mm/month up to the 

maximum value of 0.12 mm/month. It should be 

noted that the entire process of corrosion of the 

Ni-Ti alloys in the sea is based on the fact that 

pitting corrosion more severely affects the 

degradation of Ni than the degradation of Ti [14]. 

The Focus Ion Beam (FIB) analysis was used to 

measure the real corrosion depth in nanometres on 

the surfaces of the Cu-Al-Ni and Ni-Ti alloy 

samples. The investigation of the corrosion rate of 

the tested SMAs was  

approached from statistical perspective, whereby 

corrosion rate was observed as a continuous 

random variable described by a linear corrosion 

model. Three best-fit, two‐parameter distributions 

for estimating the cumulative density function and 

the probability density function of the random 

variable were obtained by the application of 

adequate statistical tests. Figure 5 presents the 

results of the analysis of three best-fit 

distributions of the Cu-Al-Ni alloy in different 

types of the marine environment after 6 and 12 

months of exposure [11].  

Graphic analysis in Figure 5 showed that the 

corrosion rates influenced by the air and sea had a 

similar, curved shape. However, the influence of 

the sea on corrosion rate is higher than the 

influence of the air. The corrosion rate in tidal 

zone was the fastest, due to the intensive 

dynamics process where wet and dry cycles 

change on a daily basis. 

 

Figure 5. The comparative presentation of cumulative density function graphs for three best-fit, two-parameter distributions for the 

influence of three different environment types [11] 

 

The data obtained by the EDX analysis of the Cu-

Al-Ni alloy were examined by means of the PCA 

method after 6 and 12 months of exposure. Figure 

6 shows the correlation between PC1 and PC2, 

which was obtained through the analysis of the 

samples that were exposed to the influences of the 

air (a), tides (b) and the sea (c). 

Additionally, Figure 6 exhibits various effects of 

the analyzed environment on the corrosive 

behaviour of the Cu-Al-Ni alloy over the time 

interval examined. There was not a significant 

difference between the data obtained after 6 and 

after 12 months of exposure to the air. However, 

additional 6 months of exposure to the influences 

of the sea and flood tide caused significant 

corrosive damage to the Cu-Al-Ni alloy [11].  
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(a) (b) (c) 

Figure 6. Score plot (PC1 vs PC2) after 6 and 12 months of exposure to (a) the air, (b) tide, (c) sea 

 

Taking into consideration the statistical tests 

conducted as well as the analysis of corrosion 

depth of the Ni-Ti alloys (Ni-Ti as cast and Ni-Ti 

CC) that was conducted by means of the FIB 

method, it was confirmed that there are 

similarities and differences in the behaviour of the 

alloys in terms of corrosion processes caused by 

the air, tide, and sea. 

The corrosion rates of the Ni-Ti as cast and Ni-Ti 

CC alloys under the influence of the air are shown 

in the PDF graph that is rather narrow, with a 

noticeable peak. Therefore, it can be concluded 

that under the influence of the air, there is a high 

probability of a difference in the corrosion rates of 

these two Ni-Ti alloys. The graphs in Figure 7.a 

and 7.b are slightly shifted in the negative 

direction of the x-axis which indicates that, under 

the influence of the air and tides, the corrosion 

degree of the Ni-Ti alloy as cast is generally low. 

The graph in Figure 7.c is almost symmetrical 

with y-axis, which is the axis of symmetry. 

Similarly, statistical analysis showed that the Ni-

Ti as cast and NiTi CC alloys behaved similarly 

in terms of corrosion rate caused by the sea [13].  

   
   

a)                                                      b)                                     c) 
Figure 7. The PDF of the Ni-Ti alloys corrosion rate differences under the influence of the air (a), tide (b), and the sea (c) 

 

Empirical databases were added synthetic data obtained from the measurements of corrosion depth on three 

different alloys that were influenced by three different types of the marine environment over 12 and 18 

months. This method solved the problem of the lack of adequate empirical data.  

Empirical and extended databases were further used to analyze a linear model of corrosion depth based on 

the assumption that corrosion processes occur immediately upon the exposure to the effects of the marine 

environment.  The influence of the inserted synthetic data was detected after a comparative presentation of 

the obtained results. 

The best continuous distributions that can describe the data in extended databases were defined based on a 

linear corrosion model. In empirical and extended databases, the depth of corrosion was observed as a 

continuous random variable. Based on statistical tests, in the process of the fitting of theoretical distributions, 

a set of three optimal multiparameter, two-parameter, and three-parameter distributions was determined. Such 

distributions can properly describe the corrosive processes of the observed alloys. A comparative presentation 
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of the results on the goodness of fit indicated that the inserted, synthetic data have a significant impact on the 

quality of the results and conclusions based on distribution fitting procedure [15].  

 

 
 

 
a) b) c) 

Figure 8.  Preliminary and predicted corrosion rate based on regression model: a) the Ni-Ti alloy corrosion data measured under 

the sea, b) normal probability plot for the sea, c) predicted corrosion rate values for the sea 

 

Regression analysis was used to form 

corresponding prediction models of the corrosion 

rates of the SMA alloys in three different types of 

the marine environment. The FIB and EDX 

methods were used for the Ni-Ti as cast alloy. The 

changes in corrosion rate and oxygen content 

were monitored after 6, 12, and 18 months of 

exposure. Statistical analysis established the 

relationship between the degree of the Ni-Ti alloy 

corrosion rate (measured in nm/month) and the 

observed process of oxygen formation (measured 

in %) on the material surface affected by the 

marine environment and the time of exposure. 

Figure 8 shows the visualization of data on 

corrosion - normal probability plot of residuals for 

corrosion depth influenced by the sea as well as 

the predicted corrosion rate based on regression 

model for the sea calculated by means of formulas 

[16].

The analyzed empirical data on the corrosion 

depth of the Ni-Ti alloy in different types of the 

marine environment, the corresponding 

regression linear models for the three types of the 

environment were formed and presented by 

formula 1.  

dS=12.086 x1 – 0.212609 x2 + 0.347143 x3     (1) 

The coefficient of determination, i.e., R2 statistical 

test for the estimation of the goodness of fit for 

three regression models formed, shows that 

approximately 95.95%, 96.19%, and 96.26% of 

the variation in corrosion rate can be explained by 

the obtained linear models for the Ni-Ti alloy after 

6, 12 and 18 months of exposure. The conducted 

statistical analysis provided sufficient evidence 

that the formed regression models can be further 

used to predict the corrosion rate of the Ni-Ti 

alloy in the three types of the environment 

observed. Preliminary research showed a notable 

influence of oxygen on the formation of corrosion 

on the Ni-Ti alloy under the influence of the sea 

[16]. 

The changes in oxygen content in the chemical 

composition of the Cu-Al-Ni alloy after 6 and 12 

months of exposure to different types of the 

marine environment showed that there is a 

correlation between the percentage of oxygen and 

the time of exposure. Furthermore, the highest 

percentage of oxygen was observed under the 

influence of the sea, slightly lower under the 

influence of tides and the lowest oxygen 

percentage was under the influence of the air. 

With confidence intervals of 95% it can be stated 

that the average monthly increase in the 

percentage of oxygen is between 2.2559 and 

2.76544 under the influence of the air, between 

2.97168 and 3.79635 under the influence of tides, 

and under the influence of the sea the increase in 

oxygen percentage varies between 3.62443 and 

4.37372 [17]. 
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a) b) c) 

Figure 9. The content of the (a) Ni (b) Ti and c) O2 after corrosion at the tested locations 

 

The changes in the chemical composition of alloy 

surface after 6, 12, and 18 months of exposure 

were caused by the electrochemical corrosion in 

the marine environment and examined by means 

of Energy-Dispersive X-ray spectroscopy (EDX). 

Figure 9 shows the content of Ni, Ti and 02 in the 

Ni-Ti alloy examined by the EDX analysis [18]. 

The results obtained by means the EDS analysis 

were correlated by the application of linear 

regression analysis and the CA and PCA 

multivariate methods in order to identify the 

impact of different types of the marine 

environment on the corrosive behavior of the 

analyzed SMAs. The obtained results suggested 

that the corrosion of the SMAs tested in different 

types of the environment created quite 

heterogeneous surfaces. The lowest loss of metal 

surface was observed in the atmosphere, while 

almost the same amount of metal dissolution was 

registered in tidal zones and the sea. These 

chemometric methods were used in order to 

identify the impact of the environment on the 

corrosive behavior of the three SMAs, and to find 

the correlations between the formed corrosion 

products and environmental conditions. In that 

sense, the Cu-Al-Ni alloy was analyzed after 6 

months of exposure (Figure 10) and Ni-Ti as cast 

after 6, 12 and 18 months of exposure.   

 
 

Figure 10. Score plot as a result of PC1 versus PC2 

 

 

The obtained linear dependency confirms that the 

corrosion of the Ni-Ti alloy (Figure 11) is mainly 

manifested in the formation of corresponding 

amounts of oxides [18]. On the other hand, during 

the corrosion process on the Cu-Al-Ni alloy, 

copper mainly formed oxides, while aluminum and 

nickel corroded through chloride formation [19]. 
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a) b) 

Figure 11. (a) The change in Ti and (b) Ni amounts in the function of oxygen content 

 

4. CONCLUSION 

 

The research conducted on three shape memory 

alloys confirmed that: 

-A linear process can describe a corrosion process 

through corrosion depth and oxygen percentage. 

- The linear model clearly shown that tides have 

the greatest influence on corrosion processes, the 

influence of the sea is slightly lower, while the air 

has the lowest influence, 

- Pits on the Ni-Ti alloys are an intensive physical 

form of corrosion, whereby Ni is more affected by 

pitting than Ti. 

- The obtained results indicate that the used 

multivariate methods combined with the EDS 

analysis can be successfully applied for the 

examination of corrosive behavior. 

The future research should explore the influences 

of carbon and oxygen in order to detect their 

functional relations with corrosive processes in 

different types of the marine environment. The 

research can also include exposure intervals of 6, 

12 and 18 months.  
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MARPOL & ANTI-POLLUTION EQUIPMENT VS. OPERATIONAL PRACTICE 

ON THE SHIPS 

A. Žarko Koboević, University of Dubrovnik, Croatia 

ABSTRACT 

The aim of this paper is to analyze the available data on recorded ship deficiencies during ship inspections, 

audits of seafarers, formal and unofficial conversations with crewmembers which are related to pollution 

prevention from ships and operational practice onboard in regards to MARPOL conventions and usage of 

anti-pollution equipment onboard. Operational practice onboard has differences depending of type of 

vessels, cargo or companies. Even that some equipment is use according to MARPOL requirements, there 

no common sense or purpose of such operational practice because doesn’t protect environment well or in 

some cases, areas or time frame, doesn’t protect environment at all.  
 

 

1. INTRODUCTION 

 

International Maritime Organization (IMO) IMO 

through MARPOL Convention has defined strict 

requirements regarding environmental pollution 

prevention from ships. Anti-pollution technology 

onboard the ships constantly develops in order to 

comply with international legislative for pollution 

prevention. Manufacturers of the marine equipment 

and ship owners cooperate in applying the state-of-

the-art anti-pollution technologies onboard vessels.  

Some equipment is more advanced than 

requirements of national or international legislation 

including MARPOL. Each of the MARPOL 

Annexes as they are subject to the PSC inspection 

are analyzed. Through the MARPOL Annex I to VI 

major pollutants from ships such as oil and oily 

water (Annex I), bulk noxious liquid substances 

(Annex II), harmful substances (Annex, III), 

sewage (Annex IV), garbage (Annex V), and 

gaseous substances (VI) are regulated.  

The research problem involves the identification of 

a pollution related deficiencies, operational practice 

and usage of antipollution equipment. The data 

obtained were sorted according to the six Annexes 

of the International Convention for the Prevention 

of Pollution from Ships (MARPOL) Convention 

The conclusions thus obtained provide an insight 

into the most common deficiencies regarding 

pollution prevention in the world fleet, revealing 

which standards are most often met and which are 

trying to achieve a better degree of compliance with 

the standards. 

 

 

 

 

 

2. DISCUSSION 

 

MARPOL anti-pollution equipment installed 

onboard the vessels can be different in capacity, size 

or speed depending of what type of ships, cargo or 

persons onboard may serve. MARPOL equipment 

and most often misuse and discrepancies of its use is 

described as per annexes following. 

 

2.1 MARPOL ANNEX I EQUIPMENT 

 

Equipment required by this annex is: Oily Water 

Separator –  OWS, Oil discharge and Monitoring 

Equipment – ODME, Bilge Water Tanks, Slop 

Tanks. 

Regarding proper use of this equipment and 

deficiencies were observed mostly in improper 

records of fuel oil, oil residues or oily water in the Oil 

Record Book There is a few minor Operational 

practices with Oily Water Separators. Actually 

mostly crew is not well familiar with OWS, or bilge 

water is contaminated with cleaning chemicals that 

acting as dispersant of floating oil in the bilge water 

tank, what makes oil dispersed on whole column of 

water in the bilge water tank. The consequence is that 

OWS can’t separate oil from water, therefore running 

in recirculation at all time and returning cleaned 

water back to bilge water tank due to permanent 

alarm of more than 15 ppm oil content in the cleaned 

bilge water. This means that OWS is not able to 

perform its function, so whole content of Bilge Water 

Tank must be delivered ashore to harbor installations. 

Slop Tanks, and Sludge tanks are generally properly 

used to collect oil residues in order to store it before 

delivery ashore what is according to MARPOL 

requirements and no major misuse of those tanks was 

detected. 
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2.2 MARPOL ANNEX II EQUIPMENT 

 

Slop Tanks is common equipment for collecting 

liquid cargo residues for delivery ashore. 

Operational practice of usage of those tanks is 

satisfied and most of Chemical Tankers operational 

practice is proper according to MARPOL Annex II 

requirements. Deck officers keeping records of 

content of remaining chemical cargo and residues 

collected after tanks washing procedures properly 

recorded and content of those tanks delivered 

ashore in harbor for disposal or recycling. 

 

2.3 MARPOL ANNEX III EQUIPMENT 

 

Containers for collecting and storage cargo residues 

for delivery in harbor facilities. These containers are 

not complicated piece of equipment and handling is 

easy, so that no improper way of handling has 

founded. Also EC directive regulating cargo residue 

disposal in EU countries so that additional 

regulations helps in participating and good service of 

reception facilities for cargo residues in EU ports.  

There is insignificant number of ships that collecting 

some wooden dunnage or sinkable cargo from bulk 

carriers that is collected after departure in cargo 

holds cleaning process, so that operators of the ships 

taking advantages of crossing the oceans in ballast 

when disposing such cargo residues or dunnage far 

away from nearest coasts on the way to the loading 

ports. 

 

2.4 MARPOL ANNEX IV EQUIPMENT 

 

Black Water Tanks, Sewage Treatment Units is 

installed on ships as usual equipment for collecting 

and processing black water (sewage). Operational 

practice is very different depending of type of ships 

and number of persons onboard (cruisers, cargo 

ships, coasters…).  

A cargo ship has less person onboard, less quantity 

of sewage waters that is easy to handle in collecting 

tanks or in Sewage Treatment Units. Operational 

practice on cargo ships is simple and Sewage 

Treatment Units usually running 24 hours per day at 

sea, anchorage or in port, processing sewage and 

transferring it into non harmful gases that is vented 

into atmosphere, and clean water effluent 

discharging it overboard at sea. All is perfectly 

working with help of aerobic bacteria inside of 

Sewage Treatment Units. 

Cruise vessels has different and short itinerary. 

Vessel usually sailing at night, during day time she is 

alongside in port while passengers taking excursions, 

late afternoon or evening is usual time for vessels 

departure.  With such sailing schedules vessels can’t 

make full sewage collecting tanks (autonomy of 

those tanks is for 1,5 – 2 days). So vessels taking 

decisions to discharge such raw black water (not 

treated sewage) on the way to next port in area where 

the vessels are far more than 12 NM from nearest 

shore (this is allowed by MARPOL Annex IV). Even 

that equipment for processing black water on cruise 

vessels is very good and successfully can run and 

meet all MAPOL requirements for safe work in the 

ports, many companies are not using it in the ports. 

Such operational practice with sewage (black water) 

on cruise vessels is legal and protecting coastal sea 

waters, but not logic and doesn’t protect sea 

environment at open sea. Another issue is that often 

practice is mixing black water with gray water on 

cruise vessels due to lack of capacity of black water 

tanks if vessels stay longer time in port / home port. 

Legally and technically, that mixture become black 

water, and it is difficult to process such quantity in 

short time, so that only solution to get read of the 

mixture is to pump out overboard untreated 12 NM 

away from nearest coast. Again, even that this 

practice is legal, this is not so environmental friendly 

solution or operational practice. 

 

2.5 MARPOL ANNEX V EQUIPMENT 

 

Garbage selection and processing equipment 

(incinerators, shredders, glass crushers, compactors...) 

On different type of ships is quite same procedure 

regardless of the quantities of the garbage. Quantities 

of garbage on a cargo ship is smaller and more easy to 

process separation and preparation for delivery in 

ports. Cruise vessels produce large quantities of 

garbage, therefore, those ships have additional 

equipment in order to compress volume of garbage 

(shredders, glass crushers, compactors) that is well 

used and serving purpose after selection of garbage to 

prepare such garbage for unloading in next port of call. 

Also huge volume and capacity of incinerators helps 

to burn significant quantities of garbage like carton, 

wood and other natural materials. Garbage Record 

Book is one of the most important documents majority 

of all vessels keeps updated and garbage collecting 

well organized. Operational practice re. annex V is 

very good on all type of vessels. 
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2.6 MARPOL ANNEX V EQUIPMENT 

 

Emission of gases from ships become serious 

environmental issue that is recognized by IMO and 

implemented in MARPOL. Equipment as Exhaust 

Gas Scrubbers, Selective Catalytic Reduction - 

SCR, Refrigerant Recovery Units and other is 

recommended by annex V. 

For reduction of Sulphur oxides emission can be 

used open loop, close loop or hybrid scrubbers (wet 

scrubbers) or dry scrubbers that do not use any 

liquids in the process as exhaust gasses are cleaned 

with calcium hydroxide, commonly known as 

caustic lime.  

Downside of Open Loop Scrubbers is that exhaust 

gases containing SOx are washed in the scrubber 

and washing water (containing harmful Sulphur 

substances) are draining directly into seawater 

around the ship, what may cause rapid corrosion of 

hull shell plates and poisoning of species in 

seawater. Other disadvantage of open loop scrubber 

is that many EU countries, Singapore and China 

(from Jan 1st 2020.) banned wash-water discharge 

overboard what makes impossible usage of open 

loop scrubbers.  

Closed loop (freshwater scrubber units) are not 

dependent on the type of water the vessel is 

operating in, because when the exhaust gasses are 

added to freshwater in a closed loop system they are 

neutralized with caustic soda or magnesium oxide. 

Caustic soda become source of problem because 

after a while need to change with new one, and old 

need to be disposed ashore. 

Dry scrubber units do not use any liquids in the 

process as exhaust gasses are cleaned with calcium 

hydroxide, commonly known as caustic lime. 

The most commonly used NOx emission reduction 

system is selective catalytic reduction (SCR), in 

which the introduction of reducing medium (urea) 

into exhaust gases causes nitrogen oxides converts 

into nitrogen and water. For marine applications 

urea is used because of the hazards associated with 

handling ammonia, which is classed as toxic, 

corrosive and harmful to the environment. 

Downside of using chemicals for scrubbers and 

SCR is that residues from those chemicals must be 

collected and disposed ashore. It is difficult to find 

a port where this chemical can be discharged ashore. 

Not all countries have technology for recycling or 

disposal of those chemicals. Generally speaking, 

cleaning exhaust gasses onboard we are transferring 

such pollution from ship to shore. Those operational 

practice on ships doesn’t help much in pollution 

prevention. 

 

 

3. CONCLUSIONS 

 

Still operational practice on different ships shows 

that many companies want to go cheaper in all these 

processes, equipment installation and methods of 

using anti-pollution equipment. So there is still a lot 

of effort to be made in the marine industry to 

achieve the desired results in eenvironmental 

protection related to pollution from ships. 
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UNMANNED 

VESSELS AND 

ASSOCIATED 

RISKS 

A. Darijo Mišković, University Dubrovnik, Maritime Department, Croatia 

ABSTRACT 

For a long time, humans were integral part of the ship's complement. Nevertheless, numerous accidents 

and incidents at sea were attributed to human error. The industry responded in the form of new 

regulations, i.e. international conventions. Human error is still cited as the main cause of all accidents and 

incidents. A new approach is currently being taken by the maritime industry with the concept of 

autonomous vessels. According to the International Maritime Organization (IMO), the transition will take 

place in phases, first unmanned and then autonomous vessels. However, there are many risks associated 

with new concepts. The aim of this article is to present the risks associated with unmanned vessels in 

operational terms. 
 

 

NOMENCLATURE 

 

CCTV – Closed-Circuit Television Camera 

COLREG - International Regulations for 

Preventing Collisions at Sea  

GNSS - Global Navigation Satellite System 

IMO – International Maritime Organization 

MASS - Maritime Autonomous Surface Ships 

RADAR – Radio Detection and Ranging 

SCC - Shore Control Center 

 

 

1. INTRODUCTION 

 

Traditionally, attempts have been made to improve 

maritime safety through international maritime 

conventions. Despite all efforts, the problem of 

how to positively influence the human factor 

remained unsolved. With the same aim, the 

concept of autonomous vessels began to be 

explored. This concept is supported by the fact that 

technological advancements in engineering and 

computerization of modern ships contribute to 

improved safety performance [1]. In support of this 

statement, recent research has shown that maritime 

safety is affected by a significant shortage of 

seafarers, especially the seafarer officers [2]. The 

main advantage of the concept is that autonomous 

ships are expected to contribute to increased 

maritime safety by excluding the human factor, 

while also bringing benefits in terms of lower 

operating costs for shipping companies and 

increased environmental protection.  

There is a global trend in the scientific literature 

towards research and proposals for autonomous 

vessels by all stakeholders. In this context, the terms 

"unmanned" and "autonomous" are often used as 

synonyms, although they have different meanings. 

According to Rødseth and Nordahl [3], the term 

'unmanned' refers to a vessel where the crew may be 

on board but not present on the bridge to perform 

direct monitoring. The term "autonomous" refers to 

a vessel that can perform a set of defined operations 

without crew supervision. Such and similar 

definitions can be found in the literature. The 

classification societies also had their ideas about 

autonomous vessels, but in the form of guidelines 

[4-7]. Finally, in 2018, the International Maritime 

Organization (IMO) decided to intervene and 

ground rules were established. 

According to the IMO, autonomous vessels are 

referred to as "Maritime Autonomous Surface Ships 

(MASS)", which can operate independently of 

human interaction [8]. The concept of MASS 

provides for different levels of autonomy for vessel 

operations. They are not hierarchical and vessels, 

during the one voyage, can operate with one or more 

levels of autonomy during a voyage [9]. The 

proposed autonomy consists of four degrees:  

1) Ship with automated processes and decision 

support: Seafarers are on board to operate and 

control shipboard systems and functions. Some 

operations may be automated. 

 2) Remotely controlled ship with seafarers on 

board: The vessel is controlled and operated from 

another location, but seafarers are onboard, 

 3) Remotely controlled ship without seafarers on 

board: The ship is controlled and operated from 
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another location. There are no seafarers onboard, 

 4) Fully autonomous ship: The operating system 

of the ship is able to make decisions and determine 

actions [9]. 

It is clear from the above proposal that no further 

instructions, e.g. in terms of construction, design 

and regulations have been given. Therefore, this 

paper addresses the operational risks associated 

with unmanned vessels. 

 

 

2. OPERATIONAL RISKS 

 

Under operational risks (e.g. [10-13]), following 

categories must be considered: 

• Equipment / device failure 

• Cargo management 

• Maintenance 

• Security risk (cyber) 

• Maneuvering 

• Regulatory framework 

Examples of stated categories, in brief, are shown in 

Table 1. 

 

Table 1 Summary of stated categories 
Equipment 

limitation/failure 

(examples) 

Problem solution 

GNSS (GPS/GLONASS) 

malfunction 

System Redundancy or  

Traditional navigation (from 

ashore?) 

Information flow error 

(distortion of information 

Vessel- Ashore) 

Double/triple… System 

Redundancy 

Low superstructure -

RADAR position and 

height (range limitation)  

unknown 

Propulsion (engine) Double/triple engine? 

Cargo management 

(examples) 

 

Port operations 

(loading/discharging/paper 

work) 

Cargo surveyor/s   or      

Company representative/s? 

Sea passage supervision 

(e.g. cargo lashing 

/shifting / fire) 

Sensors ….CCTV? 

Maintenance 

(examples) 

 

Deck/hull Maintenance free 

equipment?   

Or Company/Shore crew 

during port stay? 

Or frequent visits to dry 

dock? 

Main engine 

Auxiliary engines 

Planned maintenance (e.g. 

navigational/mooring 

equipment…) 

Boarding and cargo 

equipment 

Security issues 

(examples) 

Problem solution 

Cyber security IT systems with „intelligence 

agencies” specifications; 

Additional sensors / CCTV / 

remote locking system / 

trapping doors…. ? 

 

Terrorism (ship as a 

weapon) 

Piracy (ship/cargo theft) 

Shore crew (theft 

/equipment damage…) 

Additional oversight 

(Company or other 

authorized agencies)? 

Maneuvering 

(examples) 

Problem solution 

Port approach (fairway) Remote control operator & 

Pilot? or Shore/Company 

Crew & Pilot? 

Tug/s (making fast/let go) Shore / Company Crew? Or 

automated tug reception 

system? And/or additional 

thrusters (fwd/aft)? 

Mooring /unmooring the 

ship 

Shore / Company Crew? Or 

automated mooring system? 

Regulatory  framework 

(examples) 

Problem solution 

SAR operations (manned 

ships/boats) 

unknown 

COLREG’s  (Rule 5. 

Look-out - …a proper 

look-out by sight and 

hearing as well as by all 

available means.) 

Additional 

microphones/sensors around 

the ship? Or changes in 

COLREG’s? 

Master’s (overall) 

responsibility 

Unmanned vessel remote 

control operator 

responsibility? 

Insurance/indemnity New Insurance Framework? 

 

GNSS problems are a big problem. If the signal fails, 

or if the ship enters hostile waters, the safety of 

navigation is compromised. A similar situation can 

be expected if there is an error in the flow of 

information. Generally, the problem can be solved by 

increasing system resilience and/or system 

redundancy. 

There are the following problems with the 

positioning of the radar: When the superstructure of 

the vessel is removed, where the antenna is placed is 

critical. If the antenna is placed in the aft part of the 

vessel range is reduced and the blind sector becomes 

larger. Choosing to place the antenna in the forward 

part of the ship, you have to consider the effects of 

the waves (sea spray). 

The main problem lies in the vessel propulsion. 

Traditionally, a group of engineers takes care of the 

main engine. When the engineers are eliminated, a 

new question arises: who keeps the engine running? 

Numerous real-world examples show that half a 
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dollar washer can cause an engine failure. The idea 

of equipping ships with a double/triple engine 

should be further investigated, especially with 

regard to the type of engine and the type of fuel. 

Similarly with deck and hull maintenance, in all 

cases maintenance is carried out by the ship's crew. 

The advantages are reduced dry-docking times and 

immediate response in the event of a failure, i.e. less 

time alongside or less time drifting in the middle of 

the ocean means more income. 

Cargo management issues are also worth 

discussing. In all cases, cargo management is 

currently the responsibility of the deck officers. 

Delegating this task to others means the following: 

higher costs and possible manipulation of the 

relevant documentation. 

Most important is the issue of the security of the 

ship, both in terms of cyber and physical security. 

In some parts of the world, hijackings of ships and 

their cargoes are a recurring occurrence. In this 

case, methods to protect ships should be thoroughly 

investigated. Moreover, terrorism is an issue with 

which we are all well familiar. The scenario of a 

fully loaded tanker being diverted to a major port 

needs no further explanation. 

 

 

2.1 HUMAN ELEMENT (REMOTE 

CONTROL OPERATOR) ASSOCIATED 

RISKS 

 

Based on the IMO proposal, autonomy level three: 

"Remotely controlled ship without seafarers on 

board: the ship is controlled and operated from 

another location. There are no seafarer's onboard." 

this definition implies that the control of the ship 

should be from another location, most likely the 

Shore Control Centre (SCC). Again, human factor 

issues and/or technological aspects cannot be 

avoided. For human factors, i.e. remote control, the 

following aspects need to be considered [1]: 

 

- Situational awareness, 

- Information overload, 

- Skills of the operator. 

 

Examples of possible human factor issues, i.e. 

remote control operator issues, can be found in 

Table 2. 

 

 

Table 2 Summary of stated categories 
Situational awareness 

(examples) 

Problem solution 

Communication failure Reset the system? 

Navigation in restricted 

visibility - small object 

detection 

(RADAR/ARPA) 

RADAR with NAVY 

specifications? 

Open sea mode with 

malfunction 

Reset the system? 

Detection of structural 

failures 

Additional sensors? 

Diminished ship sense Additional sensors / 

visualization? 

Boredom Additional Vessels to Control? 

Fatigue Fewer ships to Control? 

Information overload 

(examples) 

Problem solution 

Bridge, engine and other 

alarms 

Sensor fusion? 

Conflicting information's Reset the system? 

Skills 

(examples) 

Problem solution 

Sufficient experience of 

the ship & sea 

Training vs. experience?! 

Change from/to 

autonomous operation 

Collision detection and 

deviation 

Weather routing 

Decision-making under 

increased uncertainty 

 

Any or a combination of the scenarios listed in Table 

2 may place the remote control operator in a situation 

that may lead to undesirable results. What they all 

have in common is that the operator relies heavily on 

the technology. The operator's workload has also 

been a topic of research; some studies state that an 

SCC operator can operate six vessels simultaneously 

and make decisions for all of them at the same time 

[14, 15]. 

Another issue that arises is the required profile and 

skills that a future vessel operator should possess. 

Mallam et al. [1] have addressed this issue. 

According to them, the requirements for a future 

SCC operator may include: "a traditional seafaring 

education, certification and at sea experience, to non-

seafarers who have a computer science background 

with coding skills, to video game enthusiasts 

comfortable with command and control of virtual 

agents and virtual worlds". Considering the above 

requirements, one can conclude, albeit ironically, that 

the person(s) mentioned must possess the qualities 

required for astronauts. 
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3. OVERALL SOLUTION EFFECTS 

 
Based on the problems mentioned, the associated risks 

and the proposed solutions to the problems, it is 

important to summarize the overall impacts, which are 

presented in Table 3. 

 

Table 3 Summary of proposed solutions and overall 

effects 
Problem solution Overall effects 

Increased reliability Increased costs  

Additional sensors/equipment Increased costs  

„State of the art” navigational 

equipment 

Increased costs  

„State of the art” cyber security 

equipment 

Increased costs 

Port adaptations Increased port duties 

New Insurance Framework Increased insurance 

price (initially?) 

No crew on board: 

- mooring/unmooring 

operations 

- cargo supervision 

- shore side equipment 

maintenance 

- no deck/hull 

maintenance 

- shore/company crew- 

additional cost  

- shore/company crew- 

additional cost  

- additional cost 

- frequent visits to the 

dry dock– increased 

costs/extended off-hire 

time 

 

What all the proposed measures have in common is the 

use of modern technology on ships. However, it is not 

known how much these investments in technology will 

cost the owner of such a ship. What is certain is that 

removing the crew will have a significant impact on the 

cost of human labor. Ultimately, every repair and 

maintenance job has to be done by a man, which means 

that every job has a price that someone has to pay. 

 

 

4. CONCLUSION 
 

The risks presented must be seen against the background 

that only scratches in the material/problems are listed. At 

the same time, it must be stressed that each of these risks 

has its own sub-categories for which there is currently no 

answer, and if there is, it brings with it a number of 

issues, such as reliability, resistance to the harsh 

conditions at sea and ergonomic impact on the end 

user/remote operator.  

In terms of human-related risks, we can say that 

removing personnel from vessels will certainly reduce 

the number of human errors in the industry. However, it 

is important to bear in mind that the removal of 

personnel will lead to a restructuring of systems. People 

will operate from shore, which means that the current 

shortcomings will be replaced by new, different risks 

that may lead not only to similar but even worse 

situations in the maritime sector. 
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THE ANALYSIS OF DIFFERENT CORROSION WASTAGE MODELS FOR 

DIFFERENT STRUCTURAL AREAS OF SHIP HULL 
 

Š. Ivošević, the University of Montenegro, the Faculty of Maritime Studies Kotor, Montenegro 

 

Abstract 

This article examines the corrosion wastage of entire ship structures and specific structural elements i.e. the 

parts of fuel oil tanks on aging bulk carriers. The total quantities of steel to be replaced were investigated in 

order to identify the structural areas that are more affected by corrosion processes. Furthermore, the database 

on the corrosion of aging bulk carriers was used in the analysis of the diminution of steel plates expressed in 

milimetres or as the percentage of the original thickness. Taking into account the fact that many factors that 

influence the corrosion wastage of ship hull structures are uncertain in nature, corrosion rate is considered a 

real-valued continuous distribution. The assumed onset of corrosion wastage is after 4, 5, 6 or 7 years of the 

operation of a ship. For all cases examined, the use of the available database and the application of 

corresponding statistical tests identified two and three-parameter continuous distributions that can describe 

corrosion rate. The optimization of corrosion margin was conducted by means of the grouping of the measured 

values according to the intervals of the original plate thicknesses, the conversion of corrosion depth into 

adequate percentage values as well as standard linear models. Representative numerical and graphical results 

were obtained on the basis of the analyses described. 

Keywords: corrosion, bulk carriers, linear model, fuel oil tanks 

1. INTRODUCTION 

 

Numerous incidents in maritime industry over the 

previous decades showed that bulk carriers and 

tankers are highly susceptible to corrosion [1, 2]. 

Various internal and external factors influence the 

structural degradation of aging bulk carriers. Over 

the last five decades, there were more than 500 

complete losses of aged bulk carriers, which 

resulted in more than 2300 deaths [1, 2]. For that 

reason, a lot of relevant stakeholders such as 

shipbuilders, ship repair yards, ship owners, ship 

management companies, insurance companies and 

classification societies were included in the 

investigation of the reasons for the severe damage.  

Extensive databases were formed in order to detect 

various vessel degradation factors. The most 

significant research was conducted by Guedes 

Soares et al. [3], Paik et al. [4], Yamamoto and 

Ikagaki [5], Guo et al. [6], Garbatov et al. [7], 

Melchers [8], etc.  

Corrosion and fatigue are identified as the key 

factors of vessel degradation. In that sense, a lot of 

research was focused on the analysis of corrosion 

mechanisms [1, 2, 9], influential factors of the 

environment [3, 4, 10] and the degradation of 

particular structural parts of vessels [4, 5, 7, 11], 

such as transversal bulkhead of bulk carriers [5], 

deck plating of tankers [6, 7, 11, 12], or all structural 

parts (see Paik et al. [10, 12, 13, 14]). 

The research conducted by Nipon Koiji Kuonkai 

confirmed that cargo holds, ballast tanks and cargo 

tanks are the most susceptible to corrosion because 

of structural defects [15]. 

Due to a long operational cycle of 25 years, ships 

are influenced by a lot of different factors.  More 

precisely, serious degradation of bulk carriers is 

often caused by aggressive environment, 

specificities of trade routes, dry and wet ballast 

circles, ratio of ballast and cargo, the frequency of 

cargo loading/unloading operations, etc. [3, 10]. 

The atmosphere, seawater and ship-specific factors 

comprise the complex nature of the marine 

environment. The identification of numerous 

environmental and operational factors and the 

inspection of the condition of a vessel can facilitate 

the understanding of corrosion process and 

prediction of corrosive damage.  

The global negative impact of corrosion can be 

explained by recent estimations which indicate that 

the different types of damage caused by the 

corrosion of materials comprise about 3-4% of the 

Gross National Income of developed countries [1]. 

Therefore, extensive studies in maritime industry 
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examine different physical forms of corrosion such 

as general, pitting, stress, crevice, microcrystalline, 

etc. and develop corrosion models that can follow 

the development of corrosion over time. 

Based on the interpretation of corrosion 

development, with or without protective coating, 

conventional corrosion models assume that 

corrosion rate has a constant value. Furthermore, 

Soares and Garbatov [17] and Southwell et al. [18], 

developed a linear and linear/bilinear models. 

Yamamoto et al. [19], Paik et al [10, 13] developed 

a three-phase model, while Melcher developed a 

four-phase model [8, 20] and a five-phase model 

(Figure 1) [21]. Advanced models are based on the 

improvement of the existing models, such as those 

in Qin and Cui [22], Ok [23], and Sun and Bai [24]. 

 

 
Figure 1. The overview of the most prominent models of corrosion loss [6] 

 

The paper contains 4 chapters. The second chapter 

discusses database analysis and methodology, the 

third presents the research results, while the fourth 

chapter presents concluding remarks and the topics 

for future research. 

2. MATERIALS AND METHODOLOGY 

The condition of ship structures during the 

operation has to be monitored in accordance with 

the rules of classification societies. Additionally, 

ship monitoring can create an extensive database 

with the data on the thickness of structural elements 

and ship areas. Two databases were systematized 

for the purposes of this paper based on the extensive 

database of INVAR-IVOŠEVIĆ company. The first 

database indicates the quantities of the replaced 

steel in the specific structural areas of bulk carriers, 

while the second database specifies the damage to 

structural elements caused by corrosion in the areas 

of the fuel oil tanks located in double bottom tanks. 

The measuring was performed over the last two 

decades on the bulk carriers that were approved by 

the IACS and built between 1978 and 1984 with 

deadweight between 35,000 and 50,000 tons. 

2.1. INPUT DATABASE 

The first database contains information about 12 

aging bulk carriers and the quantities of replaced 

steel in eleven specially arranged structural areas: 

(1-UD) - upper deck, (2-DS) - deck superstructure, 

(3-BSSP) - bottom and side shell plating, (4-HCC) 

- hatch cover and coaming, (5-ISTST) - internal 

structure in top side tanks, (6-CHTB) - cargo hold 

transverse bulkheads, (7-CHMF) - cargo hold main 

frames, (8-IBHP) - inner bottom and hopper plating, 

(9-ISDBT) - internal structure in double bottom 

tanks, (10-APS) - after peak structures, (11-FPS) - 

fore peak structures. Furthermore, each of these 

areas contains steel plates (areas 1, 2, 3, 8) or steel 

plates with supporting structures (stiffeners, 

brackets) (areas 4, 5, 6, 7, 9, 10, 11) [25]. 

Ultrasonic measuring equipment was used to 

measure corrosion depth in accordance with the 

related rules and regulations of classification 

societies. Data reports were written by means of the 
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sophisticated software applications approved by 

classification societies. The amounts of steel plates 

and supporting structures, which had to be replaced 

due to corrosion, were identified in each structural 

area. In that sense, data were collected at the end of 

the twenty-fifth year of the operation of bulk 

carriers in accordance with cumulative data on the 

quantities of the replaced steel within each out of 

eleven structural areas, as shown in Table 1. 

Table 1. The amounts of the steel [t] replaced in the structural areas of the hulls of bulk carriers during the entire exploitation cycle of 

25 years 

Area / Ship S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

1-UD 80 165 22 7 12 1 36 30 12 14 150 3 

2-DS 5 22 6 6 14 0 2 2 5 11 4 2 

3-BSSP 25 60 65 5 3 0 21 45 33 0 10 1 

4-HCC 35 40 15 32 7 10 14 15 18 22 35 3 

5-ISTST 120 160 9 75 14 5 16 30 187 35 45 10 

6-CHTB 220 145 65 45 13 3 84 170 16 17 32 1 

7-CHMF 110 85 45 32 3 0 25 85 7 0 22 4 

8-IBHP 585 650 550 150 38 0 110 650 270 35 440 0 

9-ISDBT 45 55 50 45 48 0 2 35 44 24 40 0 

10-APS 12 30 40 14 5 0 2 5 3 2 30 0 

11-FPS 55 60 6 32 26 2 19 5 1 15 20 1 

 

The second database takes into consideration fuel 

oil tanks located in the double bottoms of bulk 

carriers (with or without duck keel space). Twenty-

five bulk carriers aged between 5 and 25 were 

investigated after every five years of exploitation 

(during the special surveys after 5, 10, 15, 20 or 25 

years of exploitation). Some bulk carriers were 

monitored one, two or three times, and, in total, 38 

special surveys were conducted between 2005 and 

2017. 

The fuel tanks of bulk carriers were examined 

through ten different structural segments, which are 

presented schematically and listed in Figure 2.  

 

 

 

Legend: 

A1 – Bottom plate 

A2 – Inner bottom plate 

A3 – Inside girder (water tight), lower 

A4 – Inside girder (water tight), upper 

A5 – Side (water tight) girder, lower 

A6 – Side (water tight) girder, upper 

A7 – Floor after (water tight), lower 

A8 – Floor after (water tight), upper 

A9 – Floor fore (water tight), lower 

A10 – Floor fore (water tight), upper 

Figure 2. The structural scheme of fuel tank areas on bulk carriers (A1 - A10) [27] 

 

Regular thickness measuring was conducted only 

for the collection of the data which express general 

corrosion loss in millimeters (mm) or percentage 

(%) of steel thickness. The database was formed on 

the basis of the division of each tank in 5 sections 

between tank ends. The data were gathered for each 

area (A1-A10) of fuel tanks from 10 or 20 different 

sections, depending on the number of fuel tanks. In 

total, the analysis included 71 different fuel oil 

tanks and the corresponding data on corrosion 

damage to inner bottom plating and longitudinal 

girder plates [26 - 30]. 
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2.2.CORRESPONDING METHODOLOGIES 

 

The concept of risk was used to assess and evaluate 

the uncertainty associated with incidents (poljska) 

and to estimate the quantities of steel that had to be 

replaced in different structural areas of ships. In that 

regard, the risk associated with an accidental event 

E is commonly evaluated as a product of occurrence 

and the impact of an accident [poljska], i.e. 

)()()( EPECER = ,                                             (1) 

where E   is an accidental event examined, )(ER is 

the risk level of event E , )(EC is the level of 

consequence of event E  while )(EP is the 

probability of occurrence of event E . 

In formula (1), the (theoretical) probability )(EP  is 

replaced with the usual relative frequency of the 

event E examined. Table 2 shows consequence 

severity categories and frequency categories.  
 

Table 2. a) Consequence severity categories, b) Frequency categories 
 

Severity of consequences Related intervals [t]  Accident frequency Related intervals 

A – Negligible 0 - 5 [t]  I – Frequent 0,5 – 1,00 

B – Marginal 5 – 25 [t]  II – Probable 0,15 – 0,50 

C – Critical 25 – 100 [t]  III – Remote 0,05 – 0,15 

D – Catastrophic > 100 [t]  IV – Improbable 0,00 – 0,05 

 

Standard, 4 x 4 , risk matrix was used with the 

following matrix labels: H-high risk 

(Unacceptable), M, B and C - medium risk 

(Undesirable) and L- low risk (Insignificant).  

The second part of the research analyzed corrosion 

damage expressed in millimeters or as the 

percentage of the diminution of the original plate 

thickness. In all analyses, corrosion started upon the 

removal of protective coating after various time 

intervals e.g. after 4, 5, 6 and 7 years.  

In most studies on time-dependent reliability of ship 

structures, the effect of corrosion was represented 

by an uncertain, but constant corrosion rate, which 

resulted in a linear decrease in plate thickness over 

time (see, e.g., [26]). Plate thickness diminution 

could hence be calculated as corrosive loss 

expressed in mm of wear or as the percentage of 

thickness diminution [26, 28]. 

Corrosion wastage, d(t), is generally expressed as a 

power function of time after the beginning of 

corrosion (see e.g., [26]): 
2)()( 1

c

clTtctd −= ,                                          (2) 

whereby d(t) represents corrosion wastage, t is the 

time elapsed after the use of a plate, Tcl is the life 

span of coating while c1 and c2 are positive real 

coefficients. The coefficient c2 is usually assigned 

the value of 1/3 or, pessimistically, 1, while the 

coefficient c1 is indicative of annual corrosion rate. 

In this research, it is assumed that c1 equals 1 [26] 

while the onset of corrosion may vary as the 

assumed durability of paint is between 4 and 7 

years. 

The second direction of the research is the 

investigation of corrosion wastage expressed as the 

percentage of corrosion wastage - p(t) - in relation 

to the average thickness of the structural areas of 

bulk carriers.  

More precisely, if we denote by 𝑑0 the average 

initial structural area of considered group of bulk 

carriers, then it is natural to define a related value of 

𝑝(𝑡) as 

𝑝(𝑡) =
𝑑(𝑡)

𝑑0
=

𝑐1

𝑑0
(𝑡 − 𝑇𝑐𝑙) (with t > Tcl)            (3) 

The coefficient c1 can be considered a continuous 

random variable while 𝑑0 and the ratio c1/𝑑0  are real 

constants. As previously indicated, the determination 

of p(t) value is closely related to the probabilistic 

estimation of a continuous random variable c1/𝑑0. The 

application of Kolmogorov-Smirnov statistic test 

determined best-fit, three-parameter continuous 

distributions for probability density and cumulative 

density functions of random variable [28] .  
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3. RESULTS 

 

3.1.  THE RESULTS OF THE ESTIMATION OF 

RISK LEVELS OF THE REPLACED STEEL 

 

Intensive corrosion processes on structural areas 

result in excessive steel replacements in cargo holds 

of aging bulk carriers. This finding is confirmed by 

quantitative risk levels related to the corrosion 

wastage of the structural areas of the examined 

aging bulk carriers as well as the available data on 

the estimated cumulative amount of the replaced 

steel. Inner bottom plating of cargo holds represent 

a critical area of high risk (Table 3) [25].  

 

Table 3. Crtitical quantitative (
ijR ) and qualitative (H, M, L)  risk levels  

Risks-
ijR  jR1  

jR2
 jR3  

jR4
 

8iR  0,42 (A2-M) 0,00 (B4-L) 10,42 (C2-M) 66,67 (D1-H) 

 

3.2.  THE RESULTS OF THE ESTIMATION OF 

CORROSION DEPTH EXPRESSED IN 

MILLIMETERS 

 

Considering the database on thickness 

measurements of the inner bottom plates of 25 

examined bulk carriers and the assumed four-year 

life span of protective coating, corresponding best-

fit linear model of corrosion wastage of inner 

bottom plating was obtained as a function of a 

ship’s age. The corresponding statistical data 

related to the set of 570 measured data showed that 

the average age of ships was 18.29 years, while 

corresponding average depth was1.91982 mm. 

Standard deviations were 5.95933 years and 

1.49155 mm, respectively [26]. 

 

 
Figure 3. Empirical PDF and the graphic of PDF of fitted logistic distribution [26] 

 

Fitted linear model of the corrosion wastage of 

inner bottom plating was analyzed in order to 

estimate suitable cumulative distribution of 

corrosion rate (c1). The statistical, graphical and 

numerical results obtained by means of 

Mathematica 9 software show that logistic (Figure 

3) or normal distribution are adequate for the 

estimation model of probabilistic corrosion rate of 

inner bottom plates on bulk carriers. The 

application of Anderson-Darling test confirmed 

such findings [26]. 
In order to extend previous research, the corrosion 

rates (c1) of inner bottom plates and side watertight 

girder plates were considered real-valued 



29 
 

continuous distributions, under the assumption that 

corrosion wastage starts after 5, 6 or 7 years.  In all 

cases examined, available data and the application 

of three basic statistical tests (Kolmogorov-

Smirnov test, Anderson-Darling test and chi-square 

(
2 ) test confirmed that normal, Weibull and 

logistic distributions are the best-fit distributions for 

c1 among other two-parameters distributions.  

Empirical PDF and the graph of the PDF of three 

best-fit distributions were analysed for both 

structural areas. Figure 4 presents one distribution 

for each structural area and corresponding time of 

the onset of corrosion process. Weibull distribution 

is considered the best-fit distribution for the 

probabilistic estimation of the corrosion rate (c1) of 

IBP. Furthermore, corrosion rate (c1) significantly 

depends of the initial value of Tcl. For IBP the 

increase in Tcl from 6 to 7 years implies that normal 

distribution becomes the best-fit distribution for c1. 

The same findings are relevant for SWG [27]. 

The comparison of the results of the research on two 

structural areas of fuel tanks that are located in 

double bottoms of aging bulk carriers confirmed 

that impermeable girders (SWG) are susceptible to 

more intensive corrosion rates than inner bottom 

plating (IBP), although IBP was previously 

identified as the area of the highest corrosion rates 

[27]. 

 

 
a) 
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b) 

 

Figure 4. Empirical PDF and the graph of the PDF of three best-fit distributions of, a) c1 of IBP with 

Tcl =5 years, b) c1 of SWG with Tcl =7 years [27]. 

 

In order to extend the research, some well-known, 

multi-parameter distributions were compared with 

previously analyzed two-parameter distributions. 
The application of Kolmogorov-Smirnov test to the 

measured data on inner bottom plates of aging bulk 

carriers and the assumed onset of corrosion wastage 

after 5 years, indicate that the best-fit distributions 

for c1 are Error Distribution, Log-Pearson Type 3 

Distribution and Generalized Extreme Value 

(GEV) distribution. It should be noted that Error 

and Long-Pearson Type 3 distributions are better 

than other frequently used fitted two-parameter 

distributions. The obtained fitted Generalized 

Extreme Value (GEV) distribution is slightly more 

adequate than the related best-fit, two-parameter 

Weibull Distribution [30]. 

3.3. THE VALUES OF CORROSION DEPTH 

EXPRESSED AS THE PERCENTAGE OF LOSS 

Contrary to previous studies that calculated 

corrosion damage in millimetres of loss, this paper 

investigates the percentage of diminution of the 

original thickness of the inner bottom plating of fuel 

oil tanks. Three best-fit, three-parameter 

distributions for the estimation of the CDF and PDF 

of c1/d0 are Generalized Pareto, Error, and Log-

Pearson Type 3 (Table 4) based on the assumption 

that corrosion begins after four years of exploitation 

and the application of Kolmogorov-Smirnov test to 

the available database. 

 

Table 4. Three best-fit, three-parameter distributions and test statistic values [28] 

 
Distribution Parameters Statistic p-value 

Gen. Pareto k = -0.8 σ = 0.01 μ = 0.00149 0.03075 0.75958 

Error k = 7.0 σ = 0.08 μ = 0.16 0.05153 0.16339 

Log-Pearson 3 α = 5.7 β = -0.26 γ = - 0.54 0.05805 0.08375 
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a) 

 
b) 

Figure 5. a) The empirical PDF and the PDF of three best fitted three-parameter distributions of 
𝑐1

𝑑0
 for IBP with  Tcl = 4 years, b) The 

empirical CDF and the CDF of three best fitted three-parameter distributions of 
c1

d0
 for IBP with Tcl = 4 years [28] 

 

Figure 5 presents the graphs of probability density 

functions (PDF) and cumulative density functions 

(CDF) of three best-fit, three-parameter 

distributions of c1/d0 for IBP, whereby  Tcl=4 years, 

as indicated in Table 4.  

Table 4 shows statistical values and corresponding 

p-values of three best-fit, three-parameter 

distributions. As three p-values are below the value 

chosen for significance level (α), it is evident that 

the three theoretical distributions properly follow 

the empirical data. It should be noted that the same 

conclusion is relevant even for a lower value of 

significance level (e.g. 0.02 or 0.01).  

 

3.4. THE RESULTS OF CORROSION MARGIN 

OPTIMIZATION 

 

This research examined a restricted database that 

included 520 input data sets on inner bottom 

plating. The data were collected from 36 different 

ships. A linear model that describes the percentage 
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of plate wear as a function of the original thickness 

of the inner bottom plates of fuel oil tanks was 

developed under the assumption that the corrosive 

processes start after four years of operation. Over 

the period of 25 years, the thickness measurement 

records were were saved as the average thickness of 

the original thickness plates, which enabled the 

systematization of the empirical database, grouping 

of the measured values by intervals of the original 

plate thicknesses as well as the simple conversion 

of corrosion depth into adequate percentage values.  

In that regard, the critical values of 10% and 15% 

of the diminution of the entire inner bottom areas 

were obtained for t expressed in years. Table 5 

shows the points in time when the individual 

thickness values of the original steel plates of the 

IBP structures reach critical percentage of wear 

[29]. 

. 

 

Table 5. Time when the critical values of percentage wear are reached [29] 

 
 Original thickness intervals 𝒑(𝒕) = 𝟏𝟎% 𝒑(𝒕) = 𝟏𝟓% 

𝒑𝟏
𝑸𝟑(𝒕) [15,17) 𝑡 = 10.7536 years 𝑡 = 14.1304 years 

𝒑𝟐
𝑸𝟑(𝒕) [17,19) 𝑡 = 13.0863 years 𝑡 = 17.6295 years 

𝒑𝟑
𝑸𝟑(𝒕) [19,23] 𝑡 = 11.8638 years 𝑡 = 15.7957 years 

 

 
 

Figure 6. A simultaneous presentation of the curves of the IBP loss percentage and the critical values prescribed by IACS [29] 
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4. CONCLUSION 

 

The research proved that: 

- Intensive corrosion processes on the structural areas 

of bulk carrier hulls lead to the replacement of the 

enormous amounts of steel in cargo holds and inner 

bottom plating. 
- A linear process can describe corrosion processes 

through corrosion depth expressed in mm or the 

percentage of thickness diminution. 
- The obtained two or three-parameter distributions 

are the best-fit distributions for the probabilistic 

estimation of corrosion rate c1 of inner bottom 

plating and side watertight girder. 
- Corrosion margin can be optimized during ship 

design stage in order to ensure the life expectancy 

and service of ships for 25 years. 

Finally, future research should analyze the chemical 

composition of damaged materials in critical areas 

of fuel oil tanks, ballast tanks and adjacent areas. 

Additionally, future research should take into 

consideration the influence of corrosion margin on 

the energy efficiency of vessels.  
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ABSTRACT 

Due to climate change, extreme navigation conditions are being increasingly encountered on inland 

waterways worldwide. In Europe, a sustained low-water periods have been recorded in recent years. As a 

consequence, the current European inland fleet is expected to experience extended periods of suspended 

navigation, which could disrupt the logistic chains and may result in decrease of GDP of countries relying 

on inland navigation, as reported. Even though it may be argued that inland vessel design is already 

optimized with respect to specific fairway constraints (bridge heights, lock dimensions, fairway depth, 

etc.), the recent low water level issues naturally govern the ship design toward the shallow-draught 

concepts. The paper mainly focuses on an innovative approach to design inland vessels, which implies 

considerable altering of main dimensions of standard vessels, i.e., a reduction of the design draught 

followed by an increase of ship beam. As a result of such modifications, the length-to-height ratios of the 

proposed novel designs exceed the applicability range of classification rules and the vessels are regarded 

as “unconventional” or “unusual”. Consequently, the structural design of novel vessels is to be verified by 

direct calculation procedures that include longitudinal strength and buckling calculations, as well as the 

use of finite element analysis. The paper discusses challenges in structural design of unconventional inland 

vessels and outlines potential benefits.  

Keywords: unconventional inland vessels, shallow-draught, climate change, sandwich plates. 
 

1. INTRODUCTION 

 

Climate change is prolonging periods of extreme 

navigation, especially in inland waterways. As 

Europe is being considered, the rivers were facing 

an unusually high and low water levels during the 

past years, which notably interrupted the inland 

navigation. High water levels speed up the river 

producing the maneuvering issues and making the 

vessels less efficient, but still navigable. On the 

other hand, low water levels could suspend the 

navigation. Projects like ECCONET [1] and 

KLIWAS [2] investigated an increasing climate 

change effects on inland waterways. Some 

measures involved infrastructure changes in order 

to remove the bottlenecks, which resulted in strong 

resistance due to environmental issues, see [3]. 

Nevertheless, in past couple of years the climate 

change effects on inland transport become more 

apparent, especially taking into account Western 

Europe (WE). Two large rivers passing through 

WE, Danube and Rhine, are providing great 

economic impact enabling large transport corridor 

from Asia through the Black Sea and to the WE. In 

2018, the Rhine went unnavigable for the first time 

in the recorded history, which along with other 

German inland waterways’ extreme water level 

conditions, resulted in 0.7% decline of the country’s 

GDP, according to reports [4]. The decline is also 

affected by the industries using the river as a coolant. 

The Central Commission for the Navigation on the 

Rhine (CCNR) [5] stated that the transport 

performance on Rhine decreased by 27% due to low 

water levels in the third quarter of the 2018, 

compared to the same period in 2017. Danube 

navigation performance dropped by 10% in the same 

period: 38/48% for the middle/upper part with 2% 

increase in the lower part. In Belgium and 

Netherlands, inland navigation performance 

decreased by 10%, since it was highly influenced by 

Rhine performance. Consequently, Europe inland 

waterway performance decline is estimated to be 

around 14.9%. In the same periods, container, bulk 

and liquid transport dropped by 20%, 14%, 16%, 

respectively.  CCNR stated that, in 2018, a low water 

periods were “unprecedented” and could be expected 

in future [6]. In the meantime, Rhine vessels’ size 

and draught increased as the market became larger, 
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so the low water level is expected to produce even 

worse effects on fleet performance. The same 

trends appeared in 2020 [7]. 

In 2017, German Ministry of Transport and 

Digital Infrastructure installed a climate prediction 

service [8] to evaluate and predict long term effect 

of the climate change on inland and coastal areas. 

Their action plan to challenge the climate effects, 

among other solutions, included pushing the low 

draught vessel concepts [9, 10].  

The paper firstly examines vessel design 

constraints from a point of view of emerging water 

level changes, particularly on Danube and 

considering Danube - Rhine corridor. Current 

designs and modernization attempt regarding the 

self-propelled dry cargo inland waterway vessels 

are investigated, followed by the discussion on the 

contemporary and innovative approaches with 

respect to shallow-draught vessel concepts. Such 

concepts are shaping the vessel towards the high 

length to height ratio that could exceed the 

applicability of the classification rules. These 

vessels are, thus, being considered as “unusual” or 

“unconventional” and their structural design, 

hence, has to be assessed by direct calculations. 

 

2. DESIGN CONSTRAINS 

 

Rhine is more regulated and deeper than Danube, 

having depths usually over the 3.5 m. Danube is 

wider and has larger water level differences, 

therefore, requires vessels with lesser draught. 

Generally, inland waterway vessel dimensions are 

determined upon the water depth, bridge heights 

above the water level and locks, see Fig. 1. Also, a 

curvature radius of the river plays a role, so that 

maneuverability and proper navigation have to be 

ensured. Danube critical water depth is at upper part, 

between Straubing and Vilshofen (Germany) and is 

around 2 m, or even 1.7 m in rare occasions. At the 

lower Danube, water depth could be 1.5 m during dry 

season. Nevertheless, the issue can be solvable to 

some extent as current vessels can navigate using an 

existing longer cross routes to avoid bottlenecks. 

Still, most of the other Danube parts have the water 

depth more than 2 m. Draughts between 1.7 m and 

2.5 m makes the vessels operable during most of the 

time, while the draught over the 2 m is considered as 

not operable upstream od Passau (Germany), as 

studied in [11]. Hence, if intended to navigate 

through the Danube – Main Canal and reach Rhine 

for the full Danube – Rhine path during all of 

navigable season, achieving the draught around or 

below 2 m should be considered in design. One 

should also take into account that the clearance 

between the river bed and the keel of the vessel 

should be at least 0.2 to 0.4 m when investigating 

potential draught of an inland vessel. 

 

 

 

 

 

 
Fig. 1. Inland vessel constraints. 
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Width of the lock governs the breadth of the vessels. 

Since the narrowest lock is 12 m wide, and is 

located at upper part of the Danube, the largest 

breadth of the vessel has to be 11.4 m (or even 11.45 

m), considering the standard 0.3 m clearance 

between the sides and the lock. Looking at 

downstream of Danube, the narrowest lock is 24 m, 

which determines maximum breadth of the vessel to 

23.4 m. Top fixed point of the vessel depends on 

minimum bridge heights, including certain air 

clearance. Lowest bridge is at 5 m and 5.15 m (both 

at Danube upper parts) from the HNWL [12], which 

refers to the high-water navigation level that refers 

to the 1% of navigable season. Large number of 

vessels nowadays have retractable wheelhouses to 

adjust the air clearance. Excluding particular upper 

part and considering majority of the Danube, the 

vessels could be designed with T = 2.5 m and B = 

23.4 m, while the design draught of T = 1.7 – 2 m 

and B = 11.4 m with limited air clearance would 

allow navigation on whole Danube and to the Rhine. 

 

3. CURRENT DESIGNS 

 

Here, considered are cargo vessel concepts (mostly 

carrying general cargo, containers or bulk; tankers 

will be neglected here) intended for the operation on 

Rhine and Danube. Most of those vessels are 30 to 

even 60 years of age. It is common that the Danube 

self-propelled cargo vessels are the ones that were 

previously used for the navigation on Rhine. 

Regarding the dry cargo vessels for EU inland 

waterways, they include several classes generally 

ranging from 80 to 135 m, while the large motor 

vessel class for the Danube is usually built having 

the following dimensions [13]: L x B x T = 90/110 

x 11/11.4 x 2.7/3.5 m with a maximum deadweight 

between 2000 t and 3000 t.  

Thorough analysis and guidelines on the 

optimization of vessels’ characteristic for the 

Danube navigation can be found in studies 

presented in [11, 14]. Studies also showed that, for 

the whole route (Danube – Rhine), the design 

having T < 2 m and B < 11.4 m is definitive, since 

the Rhine depth is larger than in case of Danube. 

Rhine is much more invested river in terms of 

infrastructure, so the bottlenecks has been irrelevant 

so far, although recent reports were disturbing. 

Therefore, according to the studies [11, 14], 

containerships could carry two layers on Danube 

during the whole navigable season, while three 

during all, except the upstream of critical Vilshofen. 

Consequently, four layers could be applied to lower 

parts of the Danube. Beam upper container limit 

abreast is four, in case of 11.4 m beam.  

Study [3] presented a state-of the art novelties 

that should be transferred to environmentally friendly 

and efficient design on Danube, especially noting the 

optimization propulsion drive (diesel electric and gas 

engines), hull (stern tunnel and skirt design), 

application of sandwich plate system for weight 

reduction, etc. A strong case is made that the research 

should be looking toward vessel concept change, 

rather than river adaptation. MoVeIT project [15] 

mainly targeted a modernization and retrofit of 

current vessels, largely in terms of hydrodynamic 

optimization and lengthening the hull. Furthermore, 

IDV [16] presented some technical solution of the 

fleet modernization, taking into account transport 

cost reductions and environmental impact. NEWS 

project [17] was more focused at optimization of the 

container transport on inland waterways in shallow 

waters with respect to hull and adjustable 

diesel/gas/LNG propulsion system. Majority of the 

self-propelled vessels investigated in these 

researches were around 90-135 m in lengths (mainly 

100-110 m), which appears to be most optimum 

taking into account allowable length to push a 

standard barge and still be able to pass locks. 

 

4. SHALLOW-DRAUGHT CONCEPTS 

 

Most of the investigated designs are related to the 

technology innovation or hydrodynamic optimization, 

however, all common recommendations include 

shallow-draught vessel possibility. Nevertheless, rare 

studies were performed in that regard. This “concept 

change” in inland vessel design is presented in [18] 

and [19] and highlighted in [20]. The aim of these 

designs was governed by the approach that, as 

mentioned in [21], the designer should follow the first 

principles instead of traditionally based “similar 

vessel design”, in cases where a new design is thought 

to be more different from the current one. Another 

solution is considered here – the use of lightweight 

materials, particularly sandwich plates, for the 

purpose of reducing the draught of the vessels. 
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4.1 E-TYPE AND X-TYPE VESSELS 

 

Study [18] proposed a self-propelled dry cargo 

vessel optimized for the Danube specifically, called 

E-Type, see top vessel in Fig. 2. The vessel 

dimensions, see Table 1, are obtained upon 

thorough analyses on feasible dimensions that 

could be competitive to current designs with respect 

length, draught and height variations, as well as 

deadweight ratio and transport costs. The draught 

of the vessel is obtained to be 2 m, which is 

operable on the whole Danube, allowing the vessel 

to navigate fully loaded in all areas. Length of 

103.75 m produced optimum solution in terms of 

the deadweight ratio, while the height is chosen 

upon minimum requirement on the freeboard for 

the navigation zone [22]. Such length also allows 

pushing the standard barge (L = 77 m) with overall 

length (E-Type + barge) being lesser than minimum 

lock length – 190 m located at upper Danube. Beam 

is extended purposely from 11.4 m to 15 m. Although 

giving up the lock at the most upper part of the 

Danube (small portion of the Danube waterway), the 

beam increase compensated the lower draught in 

terms of the displacement. Note that investigation 

presented in [23] also favored the beam extension but 

in the case of Rhine vessels. 

E-Type has larger L/H and L/T ratio to the 

same ratios found in standard designs. Annually, 

shallow-draughts would transport less cargo than in 

case of current designs, if the water level would 

allow deeper-draught vessels navigation. In contrast, 

in the emerging conditions governed by climate 

change effects, i.e., shallow water levels, such vessel 

would be more efficient than deep draught vessels. 

This turnover generally comes at around 3.0-3.1 

water depth, as deep draught standard vessels would 

have to navigate semi-loaded during the low water 

period, and therefore, less efficient. 

 

 
 

Fig. 2. Shallow-draught concepts: E-Type (top vessel), from [18] and X-Type (bottom vessel), from [19].  

 

 

Table 1. Vessels’ main particulars. 
 E-Type X-Type 

L [m] 103.8 103.8 

B [m] 15 13.9 

T [m] 2 2.3 

H [m] 2.15 2.5 

∆ [t] 2739 2919 

mDWT [t] 2112 2248 

 

Study [19] followed the same concept, but for the 

inland container vessel design for the Danube, named 

X-Type, see Fig. 2. The objectives were to design 

vessel for the continuous year-round reservice, as 

much as independent of environmental conditions, 

maximizing the container capacity and deadweight. 

The length was the same as investigated in previous 

study, while the beam was slightly reduced (B = 13.9), 

but still over the 11.4 m limit and able to 
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accommodate five containers abreast. Bear in mind 

that “beamy” container vessels, L/B = 7-9 (7.47 for 

X-Type, 6.92 for E-Type), were already found to be 

more advantageous in shallow water conditions, as 

elaborated in [11]. Draught is increased to facilitate 

more cargo capacity, while the height is chosen 

according to freeboard being just slightly over the 

0.15 m criterion. Block coefficient is 0.88 which is 

typical for inland cargo vessels. Moreover, X-Type 

also becomes advantageous considering transport 

performance at low water levels. As shown in Fig. 3, 

the comparison is made between X-Type and some 

successful deeper draught designs, for example: 

NEWS [17], IDV [16] and in WWF design [3].  

 

 
 

Fig. 3. Days to transport reference cargo, as a function of 

draught, from [19]. 

 

 

IDV vessel had the following particulars: L = 105 m, 

B = 11.4, T = 2.8 m, H = 3.1 m, mDWT = 2261 t, 192 

TEU. NEWS concept dimensions were: L = 110 m, 

B = 11.44, T = 2.97 m, H = 4.5 m, mDWT = 2299 t, 

156 TEU; while WWF study (Radojčić design) 

included vessel: L = 104 m, B = 11.65, T = 2.5 m, H 

= 3.1 m, mDWT = 1969.9 t, 192 TEU. The diagram 

shows the number of days needed for transporting 

the same amount of reference cargo. For draught less 

than 2.8 m, the X-Type becomes more efficient and 

needs less days for the same amount of cargo. 

For both E- and X-Type, their L/H is high 

and over the 35, which presents the criterion that 

most classification societies consider as a criterion 

to determine if the vessel is being considered 

unusual (unconventional). The rules generally do not 

cover L/H > 35, and therefore, ask for a direct 

calculation to prove the structural integrity of the 

vessel. Hence, extensive calculations have been 

performed, particularly regarding the longitudinal 

strength scenarios, buckling and finite element 

analysis of these vessels.  

Table 2 presents maximum bending moments 

(BM) predicted for E- and X-type vessels.  These 

values are calculated for various loading conditions: 

fully loaded, lightship and transitory condition that 

include loading/unloading in one run with partially 

loaded cargo. Furthermore, rule bending moment 

(BM rule) is calculated according to the rules of GL 

in case of E-Type and DNV-GL in case of X-Type 

vessel, while calculated bending moments (BM 

calculated) are derived from the direct longitudinal 

strength calculations according to the ship weight 

distributions. It can be seen that calculated BM are 

still far lesser than ones obtained from classification 

society formula – BM rule. Therefore, the direct 

calculation not only proved the structure design, but 

offered a potential for steel weight reduction since the 

rules of the classification societies generally allows 

certain reduction of thickness if strength checks are 

performed and the vessel hull satisfies structural 

criteria. 

 

Table 2. Bending moments (BM). 

 
 

4.2 NOVIMAR VESSELS 

 

Novimar project [24] presented innovative and novel 

concept that involves vessel train for the inland, sea-

river and coastal navigation. The aim is to increase 

transport flexibility in which more urban areas could 

be reached. Vessel train involves the lead ship and the 

vessels (followers) with decreased crew number or 

remotely controlled from the leader, to some extent, 

via digital connections and smart navigation. Crew 

decrease is one of the benefits of the vessel train.  

Moreover, the project is under the development of 

novel cargo handling vehicle for horizontal loading of 

containers. Two of the vessels designed for project are 

presented here. They include lead vessels (Fig. 4), 

designed with consideration of the shallow - draught 

concept. These variants of the lead vessels should be 

able to navigate in restricted waters. The vessels main 

particulars are L x B x T = 104 x 11.40 x 2 m. The 

height is relatively low and is 3 m, thus, L/H is 34.67, 
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which is already near to critical limit. This work is 

still in progress. 

 

 
Fig 4. Novimar vessels current design development, from [24]. 

 

4.3 LIGHTWEIGHT ATTEMPTS 

 

When it comes to contemporary structural attempts, 

they are mostly related to the weight reduction of the 

ship. Steel is the exclusive material because of the 

durability, strength and low price. For instance, 

inland vessel life in Danube is up to 50-60 years 

which suits perfectly for such material, as others did 

not appear to be competitive.  If needed, 

superstructure is to be made of high tensile steel due 

to large stresses in vessels having high L/H ratio.  If 

intended to reduce the weight, superstructure could 

be produced using aluminum or even sandwich plate 

system (SPS).  SPS consists of two outer steel 

plantings (minimum is 3 mm) and elastomer core in 

between (a few cm). SPS could be used instead of 

steel decks eliminating secondary stiffeners and 

making the structure simpler. Generally, sandwich 

plates are used during the repair of decks and 

superstructures. Comprehensive study on weight 

reduction possibilities, for the case of complete 

inland vessel made of SPS, is presented in [25]. The 

typical inland barge is analyzed, having L x B x T = 

77 x 11 x 2.8 m. Hull weight savings were between 

5 to 15% compared to steel (taking into account 

framing variations), while mean value in most cases 

was around 5-7%. Note that just longitudinal 

framing decreases the steel weight up to 10%, 

compared to mixed and transversely framed vessel. 

SPS could be used to achieve some reductions, but 

still just on the deck or certain other plane parts, yet 

not the whole ship. More on lightweight attempts 

can be found in [26]. 

 

4.4 STRUCTURAL ISSUES 

 

Shallow-draught vessels have larger L/T ratio, if the 

length is fixed. Lengthening would jeopardize 

longitudinal strength. Lowering the draught for the 

same length just directs the design towards beamy 

vessel, therefore reduced ratio - L/B. The width 

extension increases the weight, as bottom and inner 

bottom plating become enlarged while contributing to 

the total hull weight. Plating dimensions are 

influencing more on weight of the structure than 

stiffeners. If the difference in width is considered for 

E-Type (B = 15 m) and X-Type (B = 13.9 m), 

compared to the standard vessels (B = 11.4 m): just 

steel bottom plating weight increase would be 30% in 

the case of E-Type and 20% in the case of X-Type, not 

to mention additional stiffeners and potentially larger 

thickness due to extended transverse spans. 

Nevertheless, the width increase slightly strengthens 

the hull modulus. However, vessels are still prone to 

longitudinal strength issues. 

Height decrease would reduce weight because 

it governs the reduction of side and inner side plating, 

as well as frame spans. Therefore, an increased ratio 

L/H is acquired. Furthermore, L/H > 35 exceeds the 

applicability of the classification societies’ rules, as 

mentioned. The vessels are than considered as unusual 

or unconventional due to an extreme main particular 

ratio. Indeed, height reduction lowers the extreme 

distance between the bottom and deck (hatch 

coaming), to the neutral plane, which is then placed a 

little bit above the inner bottom. This distance is 

utmost importance to the hull modulus and 

longitudinal strength of the vessel. High L/H ratio 

vessels have large issues in structural capacity to carry 

the load and their hull weight. Even if the inland 

vessels do not exceed the L/H limit, most of them 

(shallow-draughts) are still close, and thus, with 

shallow-draught concept, the issue becomes more 

highlighted. Exceeding the rules’ applicability criteria 

means that scantling determination could not be 

performed using standard procedure involving 

prescribed formula.  The scantling determination is, 

then, performed upon such procedure and using direct 

calculations: longitudinal strength calculations, 

buckling and potentially finite element analysis. The 

scantlings become more governed by direct 

calculations rather than prescribed by rules. Therefore, 

standard scantling determination evolves into the 

structural design.  

The evolution of structural design with respect 

to shallow-draught concept is presented in Fig.  5.  

Altering dimensions from the standard inland cargo 

vessel firstly include widening the beam and then, 
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lowering the height of the vessel. Each of the step 

presents some structural issues that had to be 

assessed. Considering fixed length and height, 

widening the beam would increase hull weight, but 

deliver a bit higher section modulus and therefore, 

higher longitudinal and buckling strengths. On 

contrary, lowering the height would decrease the hull 

weight, but would also decrease hull modulus and 

make the vessels vulnerable to longitudinal stresses 

and buckling. Note that by changing the beam and 

height, the designer influences the spans (scantlings) 

of the floors and frames. Hence, every step in the 

process needs directly calculated structural check. 

Longitudinal strength is to be performed with 

respect bending and torsion. The second one is 

assessed only if needed, for the large length open 

deck vessels (container or general cargo vessels) 

having potential for asymmetric loading that can 

cause torsional moment. Large width and low height 

of the shallow-draught vessel produce larger width 

and lower height of its cargo hold, which increases 

the torsion issues. It could be corrected by ensuring 

the torsional rigidity through the extended double 

side width and double bottom height. Yet, what is the 

point of extending the double side and bottom space, 

if the idea was, at the beginning, to secure more cargo 

capacity? The solution relies in compromising the 

effects of all described phenomena. 

Bending response can be reduced by 

increasing the bottom and especially the deck-hatch 

coaming structure, due to their largest distance from 

the neutral plane. High longitudinal stresses in 

bottom structure due to hogging and, more 

significantly, in deck and hatch coaming structure 

due to sagging could lead to buckling problems. 

Thickness increase is the solution to some extent, but 

note that potential buckling failure can lead to large 

thicknesses which increase the hull weight 

significantly. The concept change should be done with 

respect to different stiffening arrangement: shortening 

the spans with transverse framing. Yielding checks 

also need not to be neglected, especially for bottom 

and deck-hatch coaming structure in case of sagging 

and hogging scenarios.  If classification societies 

require, for the particular design, a finite element 

analysis should be performed. Generally, a global, 

sparsely made, model should present a proper 

viewpoint on global stress gradients. 

As far as E- and X-type vessels are being 

considered, and according to DNV-GL and GL rules, 

scantling were calculated as net values, upon which 

the direct structural assessments were performed. 

When net thicknesses were proved for strength, the 

corrosion addition was added, in a range of 1-2 mm to 

determine gross scantlings, i.e., the scantlings that are 

to be included within the built structure.  

Prescribed rule formula determined deck 

thickness to be 8 mm, and hatch coaming thickness as 

10 mm, in case of E-type vessel. However, direct 

structural assessments, longitudinal and buckling 

calculations requested the final: 18 mm and 32 mm, 

respectively. Finite element analysis proved these 

structural designs with no need for further scantling 

increase. Consequently, the weight of the E-type steel 

structure was estimated to be in between 379.3-442.2 

t (515.3-545.5 t for X-Type), producing the 

lightweight of 561.9-606.8 t (650.5-680.5 t for X-

Type) and allowing the deadweight within 2103.2-

2148.1 t range (2225.7-2255.7 t for X-Type). The 

variations here are related to different structural 

arrangements. Consequently, these designs indeed had 

become competitive to standard Danube vessel 

designs. 
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Fig. 5. Shallow-draught cross section evolution for the fixed length. 

 

5. CONCLUSIONS 

 

Emerging effects of climate change is affecting the 

inland waterways through the increased period of 

extreme water levels. Low water level disturbs vessel 

navigation. Therefore, modernization attempts in 

design of inland vessels are presented with specific 

emphasis of shallow-draught concept.  

          Recent studies proved that vessels can be 

designed as competitive and efficient in both 

shallow- and deep-water conditions. No 

infrastructure investments should be made instead. 

Inland shipping companies should diversify the 

navigation with novel vessels with respect to specific 

route and adjustable designs. In the case of river 

Danube and especially considering low water 

constrains, the paper presented a solution that 

involves wide-beam shallow-draught vessel 

concepts. The designs introduced some structural 

issues, as L/H exceeded the applicability of current 

rules of the classification societies. Therefore, the 

design should be considered as unusual (or 

unconventional) with respect to main dimensions, and 

is to be assessed by case, using direct calculations such 

as longitudinal strength (bending, torsion), buckling, 

finite elements analysis. In such cases scantlings could 

not be determined by a traditional and prescribed 

formula. Scantling determination becomes the 

structural design of the vessel where the designer 

employs the “first principles”. Despite the fact that 

altered dimensions governs towards the cross section 

vulnerable to bending and torsion issues much more 

than in the case of standard vessels, the structural 

design approach, if profoundly assessed, could 

provide lesser hull weight, making the design 

competitive to current designs. 
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ISSUES ON THE 

STRUCTURAL 

DESIGN OF A 

MARINE VESSEL 

UTILISING 

NUCLEAR 

POWER 

Han Koo Jeong, Kunsan National University, Republic of Korea 

ABSTRACT 

Environment at sea has emerged as an important issue, and this brings an international attention on 

regulations on greenhouse gas (GHG) emissions from ocean going ships especially using conventional 

fossil fuels. IMO2050 plan for overall GHG reduction pathway clearly reflects the efforts being made to 

minimize environmental pollutants emitted from such ships and its pathway is connected with innovative 

measures including fuels and technologies. Renewable energies for shipping like hydrogen fuel cells, solar 

photovoltaics, wave energy and wind are currently considered as possible options and related technology 

development on these is actively underway. Meanwhile the size of commercial ships is continuously 

growing requiring new clean power sources such as renewable energy. Under these circumstances, research 

on the use of renewable energy as a power source of ships’ propulsion system pursuing eco-friendliness is 

being carried out. Renewable energy, however, has limitations in terms of stable energy supply and power 

generation prices, and these become critical factors for large ships like Ultra Large Container Ships 

(ULCS). Alternative to the above renewable energies, marine nuclear energy has recently considered as 

the means of a stable supply of environmentally friendly large-capacity energy. In this study, the issues on 

the structural design of a marine vessel utilizing marine nuclear energy is investigated by looking at the 

hull structural behaviors under the environment of marine nuclear reactor operation. Attention is paid to 

the material property changes of a ship hull material under the reactor operation environment. Effects of 

neutron irradiation on the material is reviewed and then the strength assessment of a hull structural member 

is performed. Young’s modulus, poisson’s ratio and allowable stress of typical high tensile strength steel 

used in ship hull are varied based on the research findings related with the topic of neutron irradiated steels. 

Rectangular double stiffened plated structures located in the bottom hull are exemplified for the strength 

assessment to understand their structural behaviors such as strength and stiffness. 

 

1. INTRODUCTION 

 

Efforts to minimize environmental pollutants 

emitted from ocean going ships using conventional 

fossil fuels are being made actively as the 

environment at sea has emerged as an important 

issue affecting maritime regulations on greenhouse 

gas emissions. Renewable energies such as 

hydrogen fuel cell, solar photovoltaics, wave 

energy and wind are currently considered as 

possible alternatives and related technology 

development utilizing these as new power sources 

is actively underway. Renewable energy, however, 

has some drawback in terms of stable energy supply 

and power generation prices, and these factors 

become critical for the case where the size of ships 

increases continuously. For example, it is reported 

that HMM Algeciras is the world’s largest 

container ship with 24,000 TEU capacity. A ship 

like HMM Algeciras requires new clean power 

sources and considering the limitations of renewable 

energies, marine nuclear energy has recently 

considered as the means of a stable energy supply of 

environmentally friendly large-capacity energy. 

Design rules and regulations of commercial ships 

based on the conventional propulsion system have 

been systematically established based on past 

experiences. While the design rules and regulations 

of ships utilizing marine nuclear energy exist but 

their application to commercial ships is found 

difficult except icebreakers. Thus, when marine 

nuclear energy is considered for large commercial 

ships, the development of convergence technology in 

design between nuclear and shipbuilding industries 

are required. In that sense, this study deals with the 

structural design of a ship utilizing marine nuclear 

energy by looking at the hull structural behaviors 

under the environment of marine nuclear reactor 
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operation. It is known that hull structural members 

close to the containment structure where the reactor 

is located are influenced by neutron irradiation 

generated during the reactor operation in some 

degree. Attention is paid to the material property 

changes of a ship hull materials in the reactor 

operation environment. According to the research 

results related with neutron irradiated steels, it is 

known that neutron irradiation affects steels by 

changing their material properties. Therefore, the 

effects of neutron irradiation on the hull material is 

reviewed and then the strength assessment of a hull 

structural member is performed. Young’s modulus, 

poisson’s ratio and allowable stress of typical high 

tensile strength steel used in ship hull, are varied 

based on the research findings related with the topic 

of neutron irradiated steels. A rectangular double 

stiffened plated structure located in the bottom is 

exemplified for the strength assessment to 

understand its structural behaviors such as strength 

and stiffness. The structure is designed to have 

multiple longitudinal and transverse girders, and 

DH36 is assumed as a building material for it. 

Material property changes of DH36 steel 

influenced by neutron irradiation are determined 

from the experimental data and theoretical 

estimation results of the neutron irradiated steels 

used in land based nuclear reactor facilities, and as 

a result, Young’s modulus, poisson’s ratio and 

allowable stress values are varied [1, 3, 5, 6, 10]. 

Developed material property change scenarios are 

applied to the strength assessment of the structure 

to calculate strength and stiffness through finite 

element analysis. Results from this study provide 

information on the effect of neutron irradiation on 

the hull structural behaviors of the ship using 

nuclear power in the content of hull structural 

design aspect. 

 

2. DOUBLE STIFFENED PLATED 

STRUCTURE AND ITS FINITE 

ELEMENT MODEL 

 

Double stiffened plated structure exampled in this 

paper is developed from the stiffened plate model 

in [8] which satisfies the buckling requirement of 

FSICR [2] and IACS Polar Class [4]. A general 

purpose commercial finite element program p 

ackage MSC Patran and Nastran is used to develop 

the structure and it is shown in Fig. 1. This structure 

is assumed as a bottom hull structural member 

located close to the containment structure, and it is 

assumed to have multiple cross-girder in transverse 

and longitudinal directions. The length and width of 

the structure are 10.44m and 10.44m. Structural 

details of the structure are shown in Table 1. Please 

note that girder dimensions are denoted as the order 

of web thickness × web height. 

 

Figure 1. Double stiffened plated structure model 

 

Table 1. Structural details of double stiffened plated 

structure 

 Dimensions 

Girder spacing trans. (mm) 720.0 

Girder spacing long. (mm) 720.0 

No. of trans. girders 15.0 

No. of long. girders 15.0 

Upper plate thickness (mm) 18.0 

Lower plate thickness (mm) 14.5 

Keel plate thickness (mm) 17.5 

Trans. girder dimensions (mm) 13.0×1,367.0 

Long. girder dimensions (mm) 13.0×1,367.0 

 

Assuming a ship operating in ice covered water, 

DH36, typical high tensile strength (HTS) steel for 

low temperature, is chosen as a building material for 

the structure, and its material property is shown in 

Table 2 [7, 9]. 
 

Table 2. Material property of DH36 HTS steel 

 Values 

Elastic modulus (GPa) 200.0 

Poisson’s ratio 0.29 

Allowable stress (MPa) 355.0 

Mass density (kg/m3) 7,850.0 
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3. MATERIAL PROPERTY CHANGE 

SCENARIOS OF DH36 STEEL DUE 

TO NEUTRON IRRADIATION 

For a ship having marine nuclear reactor, the effect 

of neutron irradiation on its building material needs 

to be understood. Through the studies related with 

the topic of neutron irradiated steels, it is known that 

when structural steels are used in nuclear 

environment, phenomena such as irradiation 

hardening and irradiation embrittlement occur due 

to neutron energy. For instance, if one looks at 

irradiation embrittlement, structural steels under 

neutron irradiation during the reactor operation, 

their tensile strength increases and upper shelf 

energy and fracture toughness decrease. This 

provides structural designers needs for reviewing 

the responses of the structural members close to the 

containment structure such as double bottom 

structures, as they can show different structural 

responses compared to those of the structural 

members of a ship using conventional fossil fuel. 

Fig. 2 shows engineering stress-engineering strain 

curves for type 304 stainless steel with respect to the 

different amount of neutron irradiation, from 0.45 

dpa (displacement per atom) in minimum to 3.0 dpa 

in maximum [5]. It is clear that the tensile strength 

and yield stress of the steel are increased while its 

ductility is reduced as the amount of neutron 

irradiation is increased. This hardening and 

embrittlement observation of the steel due to 

neutron irradiation becomes more evident if 

unirradiated and irradiated curves are compared to 

among other. Although it is not shown in Fig. 2, the 

research result [5] reveals that the yield stress of 

irradiated test specimen at about 5 dpa is increased 

up to 5 times that of the unirradiated test specimen. 

 

Figure 2. Stress-strain curves of neutron irradiated stainless 

steel [Jhung et al., 2013] 

 

 

 

Reduction in the ductility and fracture toughness of 

structural steels due to neutron irradiation is linked 

to reduction in the Young’s modulus and poisson’s 

ratio of the same materials. Straalsund and Day [10] 

used an ultrasonic technique to determine the 

changes in the Young’s modulus and poisson’s ratio 

of neutron irradiated type 304 stainless steel and 

estimated the percent decrease in those elastic 

properties theoretically with respect to the amount of 

neutron irradiation in the form of upper and lower 

bounds. In this estimation, the percent decrease in the 

Young’s modulus and poisson’s ratio was calculated 

as a function of void volume (volume change rate in 

percentage) ranging from 1% in minimum to 10% in 

maximum. The good agreement between 

experimental and theoretical estimation results for 

the changes in the Young’s modulus and poisson’s 

ratio of neutron irradiated type 304 stainless steel 

was obtained, and their results showed that, as the 

amount of neutron irradiation increases, the void 

volume percentage increases while the Young’s 

modulus and poisson’s ratio values are reduced. 

From this they concluded that, for practical purposes, 

their results are applicable to other structural steels 

having the effect of void volume changes due to 

neutron irradiation. In this study the exemplified 

structure constructed by DH36 steel is assumed to be 

located close to the containment structure that has a 

function of secondary shielding to nuclear radiation. 

Therefore, it is reasonable to have an assumption that 

the structure is subjected to the relatively low amount 

of neutron irradiation leading to the initial low level 

of void volume changes of DH36 steel. Based on the 

results from Straalsund and Day [10] and other 

research findings on the topic of neutron irradiated 

steels [1, 3, 5, 6], the percent decrease values in the 

Young’s modulus, poisson’s ratio and allowable 

stress of DH36 steel are decided. Table 3 shows the 

developed materials property change scenarios of 

DH36 steel with respect to the initial low level of the 

void volume fraction considering the assumed 

neutron irradiation level to the structure. 
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Table 3. Material property change scenarios of 

DH36 HTS steel 

% Void 

volume 

Elastic 

modulus 

(GPa) 

Poisson’s ratio Allowable 

stress (MPa) 

E % 

chnage 
ν % 

chnage 
𝜎𝑎𝑙𝑙𝑜𝑤 % 

chnage 

0% 

(MP0) 

200 0 0.290 0.0 355.0 0 

1% 

(MP1) 

196 -2 0.289 -0.4 355.0 0 

2% 

(MP2) 

192 -4 0.288 -0.7 355.0 0 

3% 

(MP3) 

188 -6 0.287 -1.0 355.0 0 

1% 

(MP4) 

196 -2 0.289 -0.4 443.8 +25 

2% 

(MP5) 

192 -4 0.288 -0.7 532.5 +50 

3% 

(MP6) 

188 -6 0.287 -1.0 710.0 +100 

 

MP0 denotes the materials properties of 

unirradiated DH36 steel while MP1~MP6 denote 

the material properties of irradiated DH36 steel at 

the void volume fraction levels from 1% in 

minimum to 3% in maximum, respectively. Note 

that the allowable stress variation of irradiated 

DH36 steel is only considered for MP4~MP6. For 

irradiated DH36 steel, Young’s modulus is 

decreased by 2%, 4%, 6%, poisson’s ratio is 

decreased by 0.4%, 0.7%, 1%, and allowable stress 

is increased by 25%, 50%, 100%, respectively. 

 

4. STRENGTH ASSESSMENT OF 

DOUBLE STIFFENED PLATED 

STRUCTURE UNDER THE 

INFLUENCE OF NEUTRON 

IRRADIATION 

 

Strength assessment of double stiffened plated 

structure is performed through finite element 

analysis approach (see, the developed FE model in 

Fig. 1) in conjunction with the developed material 

property change scenarios shown in Table 3. As 

loads applied to the structure, lateral pressure 

loads are considered and they are increased 

gradually until the allowable stress values of 

DH36 steel are obtained. Three different types of 

lateral pressure loads are considered, namely 

uniform load, circular load and rectangular load 

considering the weight distribution of marine 

nuclear reactor system, and these are shown in 

Fig. 3 ~ Fig. 5, respectively. In all three FE models, 

the four edges of the structure are assumed as 

clamped edges. Structural deformations of these FE 

models are shown in Fig. 6 ~ Fig. 8 with respect to 

MP6 case representing the most severe material 

property change of DH36 steel. 
 

 

Figure 3. Double bottom stiffened plated structure FE model 

subjected to uniform load condition 
 

 

Figure 4. Double bottom stiffened plated structure FE model 

subjected to circular load condition 
 

 

Figure 5. Double bottom stiffened plated structure FE model 

subjected to rectangular load condition 
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Figure 6. Structural deformation of the double bottom 

stiffened plated structure subjected to uniform load 

 

 

Figure 7. Structural deformation of the double bottom 

stiffened plated structure subjected to circular load 

 

 

Figure 8. Structural deformation of the double bottom 

stiffened plated structure subjected to rectangular load 

 

Summary of the results are shown in Fig. 9 ~ Fig. 

10 for different lateral pressure load conditions. 

Fig. 9 shows the comparison of the maximum 

flexural stresses of the structure with respect to the 

material property change scenarios. Fig. 10 shows 

the comparison of the maximum deflections of the 

structure with respect to the material property 

change scenario. 

 

 
Figure 9. Maximum flexural stresses of the double bottom 

stiffened plated structure subjected to material property 

change scenarios and different applied load conditions 

 
Figure 10. Maximum deflections of the double bottom 

stiffened plated structure subjected to material property 

change scenarios and different applied load conditions 

 

In general, the structural deformations of the 

structure show the maximum values when circular 

load condition followed by rectangular load 

condition and uniform load condition. This is due 

to the concentration of the lateral pressure load for 

the same weight of the reactor installed. In case of 

the structure subjected to circular load, for MP0 

scenario, the maximum deflection of 9.79mm and 

the maximum flexural stress of 252.0MPa are 

obtained. For the same structure, for MP1 to MP3 

scenarios where the elastic modulus and poisson’s 

ratio values are only changed, the structure’s 

maximum flexural stresses remain as 252.0MPa 

however, the maximum deflection value is 

increased to 9.99mm, 10.20mm and 10.40mm as the 

decrement of the elastic modulus and poisson’s 

ratio becomes large. MP4 to MP6 scenarios include 

the increment of the allowable stress values by 
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25%, 50% and 100% with the same material 

property changes as in MP1 to MP3 scenarios. 

From MP4 to MP6, the maximum flexural stress 

of the structure is increased to 315.0MPa, 

378.0MPa and 503.0MPa while the maximum 

deflection value of the structure is continuously 

increased with respect to MP4 to MP6 scenarios, 

and it is in the order of 12.50mm, 15.30mm and 

20.80mm. Very similar trend is observed for the 

double stiffened plated structure subjected to 

rectangular and uniform load conditions. Through 

the results obtained from the strength assessment 

of the structure, it is confirmed that the structural 

behaviors of the double stiffened plated structure 

under the influence of neutron irradiation are 

different compared to those of the structure of the 

ship using conventional fossil fuels. It shows that 

both strength and stiffness aspects are needed to 

be considered for the hull structures in the reactor 

operation environment. The results say that the 

amount of neutron irradiation is an important 

factor to be considered in understanding the 

structure’s behaviors. It should be mentioned that 

the reactor inside ship hull is normally covered by 

primary and secondary shield systems, and the 

containment structure has a function of secondary 

shielding. As mentioned earlier the double 

stiffened plated structure exemplified in this study 

is assumed to be located close to the containment 

structure, thus this structure would not be exposed 

directly to nuclear radiation. It is judged that, 

however, the structure is still exposed to nuclear 

radiation indirectly, and the influence of neutron 

irradiation to it should be considered even though 

the amount of neutron irradiation would be 

relatively low. Although it is not studied in this 

paper, the welding characteristics of the double 

stiffened plated structure subjected to the neutron 

irradiation effects is another issue to be explored. 

This is because of the decreased fracture 

toughness of the neutron irradiated steels, and this 

also affects fatigue crack growth rates. 

 

5. CONCLUSIONS 

 

In this paper, the effect of neutron irradiation to 

the material properties of the high tensile strength 

steel used in ship hull and the behaviors of the 

double stiffened plated structure built by the same 

steel subjected to different lateral pressure loads 

are investigated using finite element analysis 

approach. The structure is assumed to be located 

close to the containment structure where the low 

level of neutron irradiation is expected. 

Consequently, the material property change 

scenarios of the steel are developed with respect to 

Young’s modulus, poisson’s ratio and allowable 

stress considering the influence of neutron 

irradiation. Strength assessment of the structure is 

performed within linear elastic regime to 

understand its initial structural behaviors in terms 

of strength and stiffness capacities. Results show 

that the effect of neutron irradiation on the hull 

structure of the ship using nuclear power is evident. 

This information is interest to structural designers, 

and possibly can supplement the hull structure part 

from classification societies' rules and regulations. 
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ABSTRACT 

Deep manned submersibles are used for special purposes such as mineral exploration, study of 

hydrothermal vents, etc. The ability of these vessels to do complex underwater tasks using robotic arms 

makes them unique, compared to the present AUV’s. Since the vessel is a manned one and the 

environment is quite hostile, it is vital to ensure the submersible possesses enough hydrodynamic stability 

while in its intended operation at sea, hence an accurate determination of hydrodynamic stability of the 

vessel is crucial. In the present study, Planar Motion Mechanism tests in numerical environment are 

simulated to estimate the hydrodynamic forces and moments acting on the body, the results of PMM are 

expressed using Fourier series to extract the hydrodynamic coefficients, and the straight-line stability of 

the body is assessed in the horizontal and vertical plane. 
 

NOMENCLATURE 

Following are non-dimensionalised derivatives 

 

𝑌′𝑣 - Sway force w.r.t sway velocity 

𝑌′𝑟 - Sway force w.r.t yaw velocity 

𝑁′𝑟 - Yaw moment w.r.t yaw velocity 

𝑁′𝑣 - Yaw moment w.r.t sway velocity 

𝑍𝑤
′  - Heave force w.r.t heave velocity 

𝑍�̇�
′  - Heave force w.r.t heave acceleration 

𝑍𝑞
′  - Heave force w.r.t pitch velocity 

𝑍�̇�
′  - Heave force w.r.t pitch acceleration 

𝑀𝑤
′  - Pitch moment w.r.t heave velocity 

𝑀�̇�
′  - Pitch moment w.r.t heave acceleration 

𝑀𝑞
′  - Pitch moment w.r.t pitch velocity 

𝑀�̇�
′  - Pitch moment w.r.t pitch acceleration 

𝑚′ - Non-dimensionalized mass 

 

Abbreviations 

HPMM - Horizontal Planar Motion Mechanism 

VPMM - Vertical Planar Motion Mechanism 

 

1. INTRODUCTION 

 

A submersible which carries persons inside is 

classified as a manned submersible. They are 

designed usually to explore the availability of 

minerals at seabed in deep seas. They are also used 

to study climate change and polar science [1]. The 

well-proven ability of manned submersible to 

perform complicated intervention tasks in very 

deep conditions makes them unique. 

 

Manned submersibles must possess good 

maneuverability, as they are intended to operate in 

challenging environment in very deep operations. 

The vehicle should possess adequate directional 

stability to avoid excessive use of the thrusters, 

leading to increased battery use and consequent 

reduction in the vehicle operational endurance. 

 
Figure 1: Comparison of straight-line stable and unstable 

vehicle 

 

1.1 STRAIGHT-LINE STABILITY IN 

HORIZONTAL PLANE 

 

The vehicle's straight-line stability in the horizontal 

plane can be estimated using the linear stability 

parameter ‘C’ [2]. The expression for C is provided in 

Equation 1. 

 

𝐶 = 𝑌′𝑣 𝑁′𝑟 −  𝑁′
𝑣(𝑌′

𝑟 − 𝑚′)                                  (1) 

Where, 𝑌′𝑣  , 𝑁′𝑟, 𝑁′
𝑣 and 𝑌′

𝑟 are the non-

dimensionalized hydrodynamic coefficients. A 51



positive value of C indicates the vehicle possesses 

straight-line stability in the horizontal plane. 

 

1.2 STRAIGHT-LINE STABILITY IN 

VERTICAL PLANE 

Straight-line stability in the vertical plane is 

estimated by finding the stability indices, where the 

stability indices are the roots of the characteristic 

equation of the linearized mathematical model. The 

linearized heave and pitch equation of motion in 

matrix form is as shown in Equation 2 below. 

 

{[
𝑚′ 0
0 𝐼′𝑦𝑦

] + [
−𝑍′�̇� −𝑍′�̇�

−𝑀′�̇� −𝑀′�̇�
]} [

�̇�
�̇�

]

+ [
−𝑍′𝑤 −𝑍′𝑞

−𝑀′𝑤 −𝑀′𝑞
] [

𝑤
𝑞 ]

= [
0
0

]         (2) 

 

The characteristic equation is derived by 

substituting heave and pitch velocities as w = w0 e𝜎t 

and q = q0 e𝜎t. Where w0 and q0 represent the initial 

heave and pitch velocities respectively. In the 

equation, 𝜎 represents the stability index. A 

negative value of the stability indices indicates the 

hull possesses straight-line stability in the vertical 

plane. 

 

2. MATHEMATICAL MODEL 

 

In the present study, the vessel dynamics are 

represented by the nonlinear 6-DOF mathematical 

model [3] as shown in Equation 3. Two sets of 

coordinate systems are used to derive the 

mathematical model, and those are Earth fixed 

coordinate system (O-XE YE ZE) and body-fixed 

coordinate system (O-XB YB ZB), as shown in Figure 

2. 

 
  )()]()()([)( gvvnDDvCvCvMM

lARBARB
  

(3) 

Where, 

 

MRB - Rigid body inertia matrix 

MA - Added mass coefficient matrix 

CRB - Rigid body Coriolis and centripetal matrix 

CA - Added mass Coriolis and centripetal matrix 

Dl - Linear damping matrix 

Dn - Non-linear damping matrix 

g(η) - Hydrostatic force and moment matrix 

𝜏 - External force and moment matrix 

 
Figure 2: Coordinate axes systems 

3. PLANAR MOTION MECHANISM 

(PMM) 

 

PMM tests are the widely used captive model 

technique to estimate the velocity and acceleration 

dependent hydrodynamic coefficients present in the 

selected maneuvering mathematical model. During 

the test, the hull is subjected to a set of translational 

and rotational oscillations along with a constant surge 

velocity. The results of the PMM analysis are the time 

histories of forces and moments acting at the centroid 

of the hull. For the present study, the centroid is placed 

at the center of gravity of the vehicle. The predefined 

set of oscillations exerted on the hull determines the 

different modes of PMM, namely pure sway, pure yaw 

in the horizontal plane for a surface vessel [4], and for 

an underwater vehicle along with horizontal PMM 

modes, there will be pure heave, pure pitch in the 

vertical plane. The details of these modes are provided 

below. 

 

3.1 PURE SWAY 

 

This mode of oscillation is used to derive the sway 

velocity and acceleration dependent hydrodynamic 

coefficients. Figure 3 shows the path of the body 

during this mode. The hull oscillates sinusoidal along 

the transverse direction of the towing tank, and 

throughout this mode, yaw velocity and acceleration 

will be zero. 

 

 
Figure 3: Pure sway mode 
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3.2 PURE YAW 

 

Pure yaw mode is used to derive the yaw velocity 

and acceleration dependent hydrodynamic 

coefficients. Along with the transverse oscillation of 

the hull in the towing tank, the body is rotated about 

the origin (Figure 4). Throughout this mode sway 

velocity and acceleration are zero. 

 

 
Figure 4: Pure yaw mode 

 

3.3 PURE HEAVE 

 

Heave velocity and acceleration dependent 

hydrodynamic coefficients are estimated from the 

pure heave mode. Figure 5 shows the path of the 

body during the pure heave case. This mode is very 

similar to the pure sway case, except it is conducted 

in the vertical plane. 

 

 
Figure 5: Pure heave mode 

 

3.4 PURE PITCH 

 

This mode of oscillation is used to derive the pitch 

velocity and acceleration dependent hydrodynamic 

coefficients. Heave velocity and acceleration are 

zero in this mode. Like the pure heave mode, this is 

similar to the pure yaw case from HPMM. Figure 6 

shows the patch of the hull in pure heave mode 

 
Figure 6: Pure pitch mode 

 

3.5 PURE ROLL 

 

Additionally, pure roll case is simulated to derive the 

roll dependent hydrodynamic coefficients as the roll 

dependent hydrodynamic coefficients can’t be derived 

from any other earlier defined modes. The hull is 

subjected to roll sinusoidal oscillation along with the 

constant surge velocity. 
 

4. FOURIER REPRESENTATION 

 

The time history of forces and moments obtained from 

each mode of PMM analysis has been represented in 

terms of the Fourier series [5]. Generally, any periodic 

function can be represented using the Fourier series as 

shown in Equation 4. 

 

)sincos()(
1

0 tnbtnaatF n
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                     (4) 
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𝜔 is the oscillation frequency of PMM. a0, an and bn 

are called as the Fourier coefficients. For the present 

study MATLAB Curve fit tool is used to extract 

Fourier coefficients from the time histories of forces 

and moments obtained from PMM tests 

 

5. NUMERICAL SETUP 

 

A Commercial Software Star-CCM+ is used to 

perform the numerical simulations. The software 

numerically solves the Reynolds Averaged Navier-
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Stokes Equation (RANS) using Finite Volume 

Method (FVM). Table 1 shows the solver settings 

used for the numerical study [6]. The RANS equation 

is solved in three-dimensional space with an implicit 

unsteady solver. Semi-Implicit Pressure Linked 

Equation (SIMPLE) algorithm is used to solve the 

pressure and velocity coupling [7]. The turbulence in 

the flow is captured with k-ε model. The shear stress 

on the wall is calculated by two layer all wall y+ 

treatment. A second order unwinding scheme is used 

to solve the equation iteratively. 

 

Table 1: Solver parameters 

Physics parameters Solver settings 

Space 3D 

Time Implicit unsteady 

Turbulence model Realizable k-ε 

Wall treatment 2 equation wall y+ 

P-V coupling SIMPLE 

Momentum discretization 2nd order upwind 

Turbulent kinetic energy 

Turbulent dissipation rate 

 

Meshing has been done in a hexahedral fashion with 

trimmed cells near the hull surface. The trimmed 

cells are used to capture the curvature of the hull 

accurately. 2.8 million finite volume cells are used to 

define the fluid domain. A total of 6 prism layers 

have been used to capture the boundary layer 

correctly, and the growth factor was set to 1.2. The 

extent of the domain is shown in Figure 7. The 

dimensions of the domain are selected based on the 

ITTC criteria [8]. 

 

 
Figure 7: Extent of domain for numerical simulation 

The Boundary conditions used for the numerical 

simulations are given in Table 2. Velocity inlet 

condition is employed for inlet patch, pressure outlet 

condition is used for outlet patch, top and bottom 

patches are defined as slip walls and stbd-port walls 

are defined as velocity inlet for HPMM, and vice versa 

in case of VPMM. Finally, no-slip wall condition is 

used on hull surface and this will induce boundary 

layer around the body. 

 

Table 2: Boundary conditions 

Boundary conditions 

Inlet Velocity inlet 

Outlet Pressure outlet 

Top and bottom Slip wall (HPMM) 

Velocity inlet (VPMM) 

Starboard-Port Slip wall (VPMM) 

Velocity inlet (HPMM) 

Body No slip 

 

6. RESULTS AND DISCUSSIONS 

 

The outputs of PMM analysis is the time history of 

hydrodynamic forces and moments acting on the hull 

surface. The plots of forces and moments from HPMM 

and VPMM are provided in Figure 8 and Figure 9 

respectively. 

 

In Figure 9, sway force (Y), roll moment (K) and yaw 

moment (N) are zero for pure heave and pure pitch 

modes. This is due to the present manned submersible 

possess starboard-port symmetry. The obtained values 

of non-dimensional hydrodynamic coefficients for 

straight-line stability analysis in horizontal and vertical 

planes are provided in Table 3 and Table 4, 

respectively. 

 

Table 3: Hydrodynamic coefficients for calculating 

stability in the horizontal plane 

Hydrodynamic 

coefficient 

Value 

𝑌′𝑣 −0.283 

𝑁′𝑟 −0.031 

𝑁′𝑣 0.125 

𝑌′𝑟 0.012 
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The value of linear stability parameter ‘C’ is found 

to be 0.02. Since the C is a positive value, the vehicle 

possesses straight-line stability in the horizontal 

plane. 

 
Figure 8: Forces and moments in HPMM case 

Table 4: Hydrodynamic coefficients for 

calculating stability in the vertical plane 

Hydrodynamic 

coefficient 

Value 

𝑍�̇�
′  −0.173 

𝑍�̇�
′  -0.012 

𝑀�̇�
′  -0.023 

𝑀�̇�
′  -0.012 

𝑍𝑤
′  -0.203 

𝑍𝑞
′  -0.012 

𝑀𝑤
′  -0.100 

𝑀𝑞
′  -0.030 

 

 
Figure 9: Forces and moments in VPMM case 

Substituting the heave and pitch velocities as w = w0 

e𝜎t and q = q0 e𝜎t in Equation 3 and then substituting 

the values of hydrodynamic coefficients provided in 

Table 4, The characteristic equation is found to be as 

given in Equation 5. 

 

0.125 𝜎2 + 0.104 𝜎 + 0.005 = 0 (5) 

 

The roots of the above quadratic equation are found to 

be 𝜎1 = -0.78 and 𝜎2 = -0.05. Since the stability indices 

are negative, the vehicle possesses straight-line 

stability in the vertical plane. 

 

7. CONCLUSION 

 

PMM tests are carried out in horizontal as well as 

in vertical planes. The output of PMM analysis, i.e. 

the time histories of forces and moments, is 

represented using the Fourier series method to 
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obtain the values of hydrodynamic coefficients. 

Straight-line stability analysis is carried out in the 

horizontal plane by estimating the value of 

stability parameter ‘C’, and a positive value is 

obtained. In the vertical plane, straight-line 

stability is assessed by formulating the 

characteristic equation of the linearized 

mathematical model and checking that the values 

of stability indices are negative. It was found that 

the present manned submersible possesses 

straight-line stability both in horizontal and 

vertical planes. 
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ABSTRACT 
 

As shipping evolves into a “Big Data” industry, ClassNK and its subsidiary Ship Data Center Co., Ltd. (ShipDC) 

are supporting the maritime community by providing the platforms to reap the benefits in partnership with the 

consortium partners in Japan in utilising the data. This platform is called Internet of Ships Open Platform (IoS-

OP) and the details of this platform are described in this paper. 

 
 

1.     INTRODUCTION 
 

ClassNK and its subsidiary Ship Data Center Co. Ltd. 

(ShipDC) have investigated how the industry can 

utilize the so-called big data, teaming up with 

shipping companies, shipbuilders, suppliers, ICT 

companies, and other related parties. For sharing the 

data in the maritime industry, the shipping companies 

which are the data source have pointed out the 

necessity of common rules for data prorietary and 

distribution as well as a secure data center. 

Responding to these needs, ClassNK and ShipDC 

have designed a scheme in which shipping 

companies are able to provide the data with less 

concern, and data users in the industry can utilize the 

data for development and improvement of their 

products and services.  

 

This paper describes the above-mentioned scheme of 

“Internet of Ships Open Platform (IoS-OP)” 

consisting of the data center with various functions to 

encourage the data use and “the common rules” to 

store, exchange, and utilize the data, as the model of 

data sharing and distribution in the maritime industry. 

 

2.     THE ERA OF DATA 

 

Big Data has been called “the oil of the 21st century” 

to emphasize the wide spread of data flow brought 

about by the new era of digitization. ‘Internet of 

Things’ is expected to comprise between 20-30 

billion devices by 2030 depending on who is doing 

the forecasting but keeping pace with data flows is 

certainly challenging.   

 

Once considered a very “low data” industry, the 

maritime industry is now vigorously waking up to the 

new digital age. Thanks to rapid advances in the 

development of information and communication 

technologies, it is now possible to collect large 

volumes of data on a diverse range of items related to 

ship operations. The information acquired from 

sensors of equipment, machinery and any other 

onboard devices can be recorded as digitalized data. 

The generated data connected to the internet as IoT 

can be accumulated as Big Data, which can be the 

basis of digitalization in the maritime industry. 

Remote access monitoring, condition-based 

maintenance, data analytics and forecasting are 

significantly improving and optimizing numerous 

functions in operation and ship management. As a 

result, the international shipping industry is 

beginning to embrace the tangible opportunities that 

the growth of big data presents. 

 

In addition, regulatory requirements also pose the 

necessity of data collection. The implementation of 

fuel consumption data reporting regulations has been 

ongoing in an effort to reduce Green House Gas 

(GHG) emissions and the European Union - 

Monitoring, Reporting and Verification (EU-MRV) 

regulations for ships operating in the EU area began 

in 2018. The IMO Data Collection System (IMO 
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DCS) regulations require all globally operating ships 

over 5,000 GT to collect fuel consumption data and 

create an annual fuel consumption data report to 

submit to their flag administration or recognized 

organization for verification.  
 

More recently, the IMO has set the goal to reduce 

carbon intensity by 40% by 2030 and by 50% in total 

(70% intensity) by 2050 as per the Green Gas 

Strategy of 2050. Two associated IMO indexes - 

Energy Efficiency Existing Ship Index (EEXI) and 

Carbon Intensity Indicator (CII) - will provide 

shipowners with a reference point to reduce their 

CO2 levels and get on course to meet IMO targets. 

The EEXI specifically targets vessels above 400 GT 

that fall under MARPOL Annex VI. The EEXI is 

described in terms of per cargo ton mile. It is a 

function of fuel oil consumption character of the 

main engine and auxiliary engine.  The CII is 

applicable to in-service ships over 5000 GT. Ship 

will be rated on a scale of A to E based on the annual 

operational CII. A ship rated D for three consecutive 

years, or E, would have to submit a corrective action 

plan. 

 

While more shipping companies need and are willing 

to share information with a view to reaping the 

benefits of big data or complying with the 

international or local regulations, the approach to 

data capture remains very fragmented as seen in Fig. 

1. Similar data is routinely sent to several vendors 

and analysis is still being carried out almost entirely 

on a ship-by-ship basis, in processes that are both 

time-consuming and inefficient. 

 

Fig.1 Fragmented data capture 

 

To make larger gains, an effective platform capable 

of centralizing and managing such diverse data was 

considered essential. However, creating and 

maintaining this kind of platform is costly, time-

consuming and unrealistic for some organizations. 

Furthermore, special care needs to be given to the 

handling of data to ensure confidentiality of 

information; hence it is also necessary to establish a 

secure yet effective platform from an impartial 

perspective. 

 

3.     TIMELINE AND THOUGHTS 

 

ClassNK has long served the maritime industry 

through its technical and third-party service 

responding to industry needs. Its longstanding 

commitment to helping shipping realize the potential 

of big data is summarized as follows. In Dec. 2015 

Ship Data Center Co., Ltd. (ShipDC) was established 

as a separate entity from ClassNK. It started to store 

shipping data in May 2016 as a trial, and 

simultaneously, ShipDC started to receive marine 

weather information from Japan Weather 

Association. Through Japan Weather Association’s 

free provision of real-time marine weather 

information such as offshore wind (direction, speed), 

waves (height, frequency, direction) and ocean 

currents (direction, speed), the comprehensive 

analysis of voyage data from vessels at sea and 

marine weather information was made possible. 

 

As seen in Fig. 2, in Aug. 2016, the trial for calling 

the data started. While ShipDC was preparing for the 

data center operation and technical trial to transmit 

the ship data to shore, it discussed with industry 

players how to best utilize the data related to ships. 

By 2021 the related conferences were held with more 

than 3500 attendees in total, and the “Internet of 

Ships Open Platform Promotion Council” was 

established to deepen the discussion.  
 

 
Fig.2 Summary of ShipDC activities 
 

Without data collection beyond the border of 

companies, the data cannot become real Big Data. 

However, a giant platformer’s monopoly on data and 

data use for their own business, which is often seen 

today in other industries, is not appropriate for 
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industry platforms containing highly confidential 

information. There must be clear rules for fair data 

use between data owners and data users, and 

confidentiality of the data has to be strictly guarded. 

With this kind of framework, players especially who 

own the data can be willing to pass and share it. The 

conclusion from the discussion confirmed the 

necessity of common rules for data proprietary and 

distribution, and a fair, reliable, and independent 

scheme.  

 

4.     IOS-OP AND IOS-OP CONSORTIUM 

 

In May 2018, for satisfying the above-mentioned 

requirements, the “Internet of Ships Open Platform 

(IoS-OP)” was launched as the common platform to 

share and distribute the operation data of ships to 

enable shipbuilders, manufactures and other 

stakeholders to access the data without infringing on 

data providers’ interest. IoS-OP consists of the data 

center service and the common rules for data 

distribution agreed among the industry. The initiative 

is aiming to co-create data-driven new values, new 

solutions, and foster innovation. 

 

In order to operate IoS-OP as the neutral platform, 

and avoid any monopoly of the data, an association 

was formed by the members of ShipDC users which 

is called as “IoS-OP Consortium”. ClassNK is also a 

member of IoS-OP Consortium and any important 

decisions to operate IoS-OP shall be made by the 

prescribed procedures of IoS-OP Consortium. This 

ensures sound and permanent management of the 

IoS-OP. The IoS-OP Consortium currently consist of 

65 shipping companies, shipbuilders, marine 

manufacturers, ICT and other organizations from 

Japan, Denmark, Korea, Singapore and the United 

Kingdom.   

 

On IoS-OP, data will be collected from multiple 

vessels, regardless of class or company, through data 

collection devices onboard. A simplified and 

integrated data capture system is utilised as depicted 

in Fig. 3. Companies will be free to choose what they 

want to share and to specify whether they want it 

shared with engine makers, equipment manufacturers, 

shipyards or other stakeholders who might benefit. 

 

In 2018 the IoS-OP was available to the IoS-OP 

Consortium members located mainly in Japan. In 

2019, the data stored was used in actual business, 

such as data storage and buying and selling data 

usage rights. The Japanese Government authorized 

IoS-OP as a common data-sharing platform that can 

utilize the public data provision system.  

 

Fig.3 Simplified and integrated data capture 
 

 

5.     OUTLINE AND ROLES ON IOS-OP 

 

The players on IoS-OP are described in Fig. 4. 

Fig.4 Outline of IoS-OP 
 

Platform User (PU):  

The PU should mainly be a ship owner. A shipyard 

and Solution Provider (explained later) may also take 

this role. The PU bears the cost of data collection 

(data ownership). Costs here means shipboard server 

cost, data communication cost and data storage cost, 

etc. The PU is the entity who has the authority to 

utilize data on the IoS-OP. The PU manages data 

access rights and data collection. The PU provides 

and authorizes solution user and data set range.  
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Platform Provider (PP): 

The PP is a service provider of data collection to the 

PU, which should be a sales company of shipboard 

servers or service provider of shipboard data 

collection.  

 

ShipDC (DC):  

Through devices and services of the PP, the data shall 

be transmitted to the data center operated by DC. DC 

is storing the collected data securely and providing 

RESTfull API for the data distribution. Furthermore, 

it harmonizes the data captured from ships, as seen in 

Fig. 3, by converting the specific data format of a 

software service provider or system into a 

standardized ISO format: “ISO19848:2018 Ships and 

marine technology — Standard data for shipboard 

machinery and equipment”, which was originally 

developed by Smart Ship Application Platform 

(SSAP). SSAP is the project of Japan Ship 

Machinery and Equipment Association (JSMEA).   
 

Solution Provider (SP):  

The SP provides the data analysis or any value-added 

service utilizing the transmitted data such as remote 

maintenance, performance report, condition 

monitoring, and so on. SP will use ShipDC’s 

RESTfull API as the data access interface.  

 

Solution User (SU):  

The beneficiary from SP and their service is 

categorized as SU, who should be a ship owner, 

operator, ship manger, or crew.  

 

Data Buyer (DB) 

The DB uses the data for improvement of its own 

product/building ship, big data analysis, performance 

analysis, and so on under the authorization of PU. DB 

could be a shipyard, marine manufacturer, weather 

company, or insurance company. 

 

For ensuring fair and transparent data use, 

membership in IoS-OP Consortium and company 

registration are required for the PP, SP and DB. On 

IoS-OP, each stakeholder can focus on their own 

business by using the common platform for data 

collection and storing process. 
 

6.     RULES FOR IOS-OP 

 

IoS-OP provides common and individual rules 

corresponding to the role and relationship of each 

stakeholder in order to distribute IoS-OP data among 

stakeholders fairly. For the time being, nine sets of 

rules are stipulated (see Fig. 5).  

 
 

Fig.5 Rules for IoS-OP 

 

[0] Contracts model for data utilization right  

The contract model is for ship owner and PU to 

reduce the related negotiation of data ownership 

and data utilization rights. 

[1] Common Rule for IoS-OP service 

The rule is a basic one to be applied to all IoS-

OP users. It will be applied between ShipDC and 

each stakeholder.  

[2] Rule for data storing service (for PU) 

[3] Rule for data utilization service (for SU) 

[4] Rule for dataset utilization service (for DB) 

[5] Rule for platform service (for PP) 

[6] Rule for platform service (for SP) 

These rules contain requirements for 

participation qualification, registration condition, 

use condition, observance matters and prohibited 

items by each role. 

[7] Rule for data utilization right between PU and SU 

[8] Rule for dataset utilization right between PU and 

DB 

These rules are for relative transaction between 

PU and SU/DB for data/dataset utilization right. 
 

7.     SHIPDC’S SERVICE ON IOS-OP 

 

The primary role of ShipDC is data center operation 

of IoS-OP, centralizing the data from ships to shore. 

However it provides additional service for smooth 

distribution including data standardization. 

 

On IoS-OP ShipDC provides the following functions 
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to receive data from various equipment, facilities, 

and systems onboard: 

‧ Automatic data registration from attached data 

files based on the file naming rule  

‧ Support multiple onboard devices 

‧ Support data other than text-format data files 

‧ Support confidential data for maker 
 

In order to accept and process various data, ShipDC 

has introduced a data structure as seen in Fig. 6. 

 
Fig.6 Data structure concept 
 

“Data Class” defines the attribute of the data as seen 

in Fig. 7. 
 

 
Fig.7 Data Class 
 

‘Data Type’ is for specifying the data definition in 

"IoSData" and "RepData". 

 

As the information hub for the maritime industry, 

security measures are taken for safe and secure 

distribution of data such as protection from 

unauthorized writing by specifying senders of data 

transmission mail, data key distribution by encrypted 

file, communication protection in data call, enhanced 

authentication for data access interface, etc.  
 

For data access control ShipDC provides sub-user 

setting function to grant access authority based on 

data ownership and schemes to detect/correct error 

data. ShipDC issues and distributes data keys with an 

access range set by ShipDC based on the request of 

data ownership holder. Users access data using the 

data key via software/application authorized by 

ShipDC. For data quality improvement, it also 

provides an error data detection/notification scheme 

to mechanically detect/notify errors including email 

non-delivery, data file damage, numerical data 

blanks and notification. 

 

8.    REQUIREMENT OF SHIPBOARD  

DEVICES (PP) 

 

From onboard to shore, the data is stored in the 

database automatically by the email from a shipboard 

device to ShipDC with an attached data file as seen 

in Fig. 8. The following processes are necessary with 

the shipboard device.  

‧ Data output: output text and file data in 

designated format 

‧ ZIP: compress data files in a ZIP file 

‧ Authentication key code: generate 

authentication key code by each sending 

action to prevent manipulation and 

unauthorized update 

‧ Send mail: send mails to ShipDC with ZIP 

file and authentication key code file for data 

storage 
 

 
Fig.8 Requirement of Shipboard Devices (PP) 
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9.     RESTFUL API SERVICE  

 

For SP, utilizing the data for their service or solution, 

RESTful API is provided as the data access interface.  

These API are: 

 

‧ DataSet API: GET available ships and data type 

list 

‧ DataClass API: GET accessible data with data 

key 

‧ Weather API: GET free marine weather 

information mapping to ship position/ date & 

time in time series data provided by Japan 

Weather Association 

‧ Maker API: GET specific data sending/storing 

available for maker confidential data 

‧ Other API: GET supplementary data such as 

data type definition (meta information) 

 

10.     CONCLUSIONS 

 

IoS-OP is the adaptive scheme to best utilize the big 

data in the maritime industry. IoS-OP consists of the 

data center with various functions to encourage the 

data use and “the common rules” to store, exchange, 

and utilize the data. Following its establishment in 

2018, ShipDC data center and other operation for 

IoS-OP and partners had expanded the IoS-OP 

activities at the global level. In 2021, we are actively 

promoting the actual business case of data utilization. 

While the first 5 years, 2015-2019, was defined as 

IoS-OP1.0, where the focus was on developing 

digital infrastructure of the maritime industry, the 

next 5 years will be defined as IoS-OP 2.0, where the 

focus will be on data utilization in the actual business. 

 

IoS-OP is promoting the new business model of data 

transaction (buying/selling). IoS-OP is meeting the 

demands of SDGs and ESG. It will support the 

maritime industry for the digital transformation and 

meeting the IMO targets for GHG emissions.  
 

 



Zero Emission Shipping

Christian Veldhuis
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Air emissions

Sound
Lubricants Anti-fouling

Ballast water
Spills

What emissions? What is zero emission?

Zero emission: no emissions (GHG+hazardous) in production and use of fuels (well-to-wake)

Climate neutral: fuel is produced with captured CO2 and emitted during use.

solutions can be 50, 60, 70, …….100 climate neutral

Zero Emission shipping: Focus on GHG emissions
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THE IMO STRATEGY ON REDUCTION OF EMISSIONS FROM SHIPS

A REDUCTION BY AT LEAST

50% IN GHG

BY 2050, COMPARED TO 2008

THE EU AIMS FOR

CLIMATE NEUTRAL BY 2050

We need well integrated combinations of techniques to reach our goals

‘Tank to wake’ percentages
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Emission predictions

Source: Sintef

Climate neutral by 2050 needs much more, drastic changes!66



Green electricity demand 
sufficient?

Dutch Zero Emission Ambitions
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Yearly fuel consumption world fleet

~300MT fuel in 2018 ~3,300TWh

World production: ~160,000 TWh

 shipping takes about 2% of total 
energy need

What if shipping uses green fuels, made 
with green electricity?

Sources: Fouth IMO Greenhouse Gas Study 2020 AND Sintef
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Well to Tank production efficiency

• Production efficiency about 50% for 
green fuels

• Scenarios predict up to twice the 
energy need in 2050

• So, 3300TWh energy results in 
6600TWh green electricity demand 
for production in 2018
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Resume, green electricity demand

• Shipping 2018 uses ~3,300TWh fuel per year

• If produced green with a production efficiency ~50%  ~6,600TWh green electricity needed

• Shipping takes about 2% of world’s yearly energy production

• With increasing energy demands (double in 2050?) the world wide green electricity demand 
reaches over several 100,000TWh. That is far away from the predictions.

~35,000TWh in 2050

~8,000TWh in 2018
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We need a clever energy mix, carbon capture, …….

Source: Sintef, Net Zero by 2050 (IEA) Shell Sky 1.5 degree scenario, 71
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Many combinations possible to power a ship

Source: https://sustainablepower.application.marin.nl/72

https://sustainablepower.application.marin.nl/
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Emission reduction varies 

Diesel 2 stroke reference

NH3 LT PEMFC

e-NH3 LT PEMFC

e-NH3 (95%) 2-stroke

Diesel from palm oil.
Much GHG contribution due 

to land claim

Diesel  from household 
waste stream and crop 

residuals 
Not easy to upscale
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The energy density challenge
Gross hull volume = 4500 m3

Reference displacement

74



13

Total system volume/weight
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Challenges ahead….

Sailing zero emission (from well to wake) is much more than 
converting a ship and supplying a clean fuel.

We need to:
• Be able to consider many fuels and systems

• Cope with the lower energy and power density of those systems

• Reduce energy usage (and increase efficiency)

• …… use additional power like wind
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Zero Emission Shipping research areas

Wind Assisted Ship
Propulsion (WASP)

Hydro Systems 
Integration

Integrated
Ship Design

Hydrodynamic & Operational Optimisation77



Hydrodynamic Efficiency

Savings up to 15% for a large area integrated propeller hull design can be reached78



Hydrodynamic Efficiency

17

Distributed propulsion as a means to increase hull efficiency
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Wind assisted propulsion on ships

Sailing:

Announced:
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Two systems most common

Flettner (Magnus) Rotor

Dynarig:
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How does a Flettner rotor work?

A rotating body creates a side force, the „Magnus” effect.

WITHOUT SPIN

Source: https://www.youtube.com/watch?v=QtP_bh2lMXc
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How does a Flettner rotor work?

Source: https://www.youtube.com/watch?v=QtP_bh2lMXc

A rotating body creates a side force, the „Magnus” effect.

WITH SPIN
83
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How does a Flettner rotor work?

Force

Air flow

Source: Bartosz Kosiorek https://tinyurl.com/ya74rv75

A rotating body creates a side force, the „Magnus” effect.
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Wind Assisted Ship Propulsion

In the basin with waves and ‘artificial wind’
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Towards zero emission with wind assisted propulsion

“Wind Assisted Ship Propulsion” (WASP) can save between 5% and 40% on emissions, but 
route should be optimized
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Aberdeen-Oostende

Oostende-Aberdeen

Gibraltar-Skagen

Skagen-Gibraltar
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Fuel Consumption [t/day]

Fuel consumption

Wind assisted; Optimized

Conventional; Optimized

CO2 emission per mile
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Conventional; Optimized
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Hydro Systems Integration

“Zero emission” power train
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Severe propeller loading variations

26
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https://youtu.be/YNlqr74xYi0?t=90
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ZERO: Background & Objectives

ZERO JIP Objective:

to design, build and test the prototype Engine Rooms of the Future 
to assure reliable future operations in realistic conditions while 

meeting functional and emission requirements.

• Which power & energy system will impose itself?

• How to assure robustness of those systems in dynamic maritime environments?

• How will energy be stored on board, distributed and managed?
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The Consortium

91



Propulsion
control panel 

Connection to
400 VAC shore grid

Battery set

SupercapsICE generator

Hybrid propulsion set

ICE engine

E-motor/generator

Grid
converter

CPP

Electric power

Control

Power supply to the DC grid

Power consumption or charging

Aux consumers

Hydrogen
fuel cell

Gearbox

kts

Speed setpoint

Propulsion mode

• Automatic
• ICE direct
• ICE electric
• Battery electric
• Off

Elec. Power mode

• ICE generator
• Zero emission
• Off

• ICE direct

Power suppliers

Power consumers

CH3OHDMEDiesel

Engine room of the future configurator
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Ship types studied in JIP ZERO

Inland patrol, work vessel Sea going research, work vessel Tug boat

Large transport vessel

Mega Yacht, Explorer cruise vessel

Surface combatant

Medium size Motor Yacht

Heavy lift vessel

More on the ZERO JIP: https://www.marin.nl/jips/zero, https://vimeo.com/showcase/zero-jip

Or contact Christian Veldhuis (c.veldhuis@marin.nl)93

https://www.marin.nl/jips/zero
https://vimeo.com/showcase/zero-jip
mailto:c.Veldhuis@marin.nl


Air emissions

Sound

Hydrodynamics

Wind propulsion

Propulsion Power Energy

Battery

After treatment

ICE

Electric distribution | Management & Control 

Fuel cell
Energy carrier 

storage

Energy carrier
production

Harbour (routing) and multi-
modal logistics

(Weather) 
routing &
Operational
scenario 
simulation

Safety & regulations
w.r.t.:
• Energy carrier
• Systems
• Ship design

Interaction

(Safe)
Energy carrier
infrastructure

Bringing a ship to Zero Emission
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Zero emission shipping at fleet level

Fleet assessment and Port logistics necessary to get 
full picture on emission reduction targets

 Techno-economical scenario models to study the 
effect of the ‘variables in zero emission shipping’
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Zero Emission Shipping

• Integrated ship solutions are key to reach ZE shipping

• The holistic picture at fleet scale from fuel supply chain to 
transport capacity has to be well understood to make the right 
choices.

We face challenging times in which cooperation is even more 
important to stay relevant and become leaders in green transport.
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Thank you!
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CONCEPT DESIGN OF QUARANTINE HOSPITAL SHIP 

Nisanth Santhakumar Pai, Department of Ship Technology, Cochin University of Science and 

Technology, India, 

Yashwant R. Kamath, Oshima Shipbuilding Co., Ltd., Japan 

K. Sivaprasad, Department of Ship Technology, Cochin University of Science and Technology, 

India. 

 

ABSTRACT 

The rising virus outbreak has led to the death of lots of people in various countries in the world even after 

the development of vaccines. The fast and rapid spread after the outbreak is fretful for many. As difficult as the 

prevention of the outbreak is in the prevention of further spread. Hospitals fall short not by the limitation of 

technology, but by the basic resource of space required for isolation from those unaffected. The paper will discuss 

the concept design of quarantine hospital ships, which can provide alternatives for the issues including, but limited 

to the above mentioned. The ship is intended to provide the basic facilities as in a normal hospital namely wards, 

pharmacy, laboratory services, emergency department, ICU, operating theatre, etc. along with highly skilled 

doctors and nurses. Foreseeing the event of unforeseen circumstances, methods for proper storage and disposal of 

dead bodies with no direct human contact. Airlocks are intended to be included in the concept. The design consists 

of an oxygen plant as oxygen may be required by patients for a long time due to infection. As important as it is in 

the prevention of the outbreak and saving lives is the feasibility of the project from both an economic and 

ecological point of view. Thereby suitable Eco-Friendly methods to be incorporated in this concept. Finally, the 

practicality of such a project is addressed in this paper. 

 

1. INTRODUCTION 

From the period of existence of human beings on 

earth, we have been falling prey to many diseases. 

The transformation from hunter-gatherers to trading 

societies has favoured the spread of infectious 

diseases in the human population. The increase in 

contact with animals by milking, petting, breeding, 

hunting and poaching, etc have caused the 

transmission of infectious disease-causing 

pathogens. Thereafter, their expansion to cities, 

extended trade territories, increased travels have led 

to the easier spread of diseases causing a pandemic. 

Throughout history, there have been many cases of 

pandemics and epidemics, such as cholera, flu, 

plague, etc. which have drastically affected human 

lives. After each pandemic, the human lifestyle has 

changed and revolutionised. 

For centuries, the correct method to prevent and 

contain these diseases was unknown. But eventually, 

isolation, quarantine and border control measures 

were taken to contain the spread. As we know, these 

containment methods are still being used. The clear 

understanding of how the pathogens is transmitted 

between organisms allowed the establishment of 

methods to prevent and control infections and to 

discover vaccines. 

For an efficient response in the instance of a 

pandemic, new technology for fast testing, contact 

tracing, and the production of medications and 

vaccinations are required. 

With countries spending on bio-war research, there is 

a high probability that the upcoming wars may not be 

by weapons but would be through diseases. 

Infectious agents like bacteria, viruses, protozoans, 

parasites, fungus, chemicals, or even toxins could be 

used as bioweapons and could thus constitute threats 

to humanity. It could affect the opposition country 

even without any knowledge of the attackers. It can 

even be a very extreme condition wherein the attack 

may spread like a nuclear reaction and all people 

around the globe are affected. It hence can affect the 

attackers also. Therefore, governments should be 

prepared for biowarfare, bioterrorism and bio crimes 

to protect the population. 

These infections emerge from one location and 

spread all over the world because of inexorable 

commerce demand. Though putting a break to the 

trade is not a permanent solution, an effort can be 

taken to isolate the patients and their contacts. 

 

2. STATE OF ART 

 

The current standard operating procedures followed 

in case of an epidemic/Pandemic is as follows: 

 

1) Confirm that there is an outbreak. 

2) Early diagnosis and treatment. 

3) Determine the most effective and practical 

method to control the outbreak and avoid 

spreading to neighbouring blocks. 

 

According to the World Health Organization, “A 

disease outbreak is the occurrence of cases of a 
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disease in excess of what would normally be 

expected in a defined community, geographical area 

or season. An outbreak may occur in a restricted 

geographical area or may extend over several 

countries. It may last for a few days or weeks or 

several years” 

 

During an infectious disease outbreak, the first thing 

that is done after that detection of the pathogen is 

triage-The sorting out and classification of patients or 

casualties to determine the priority of need and 

proper place of treatment. The risk category of the 

disease is understood, then the rules and guidelines 

are released by the government regarding the ways to 

prevent the transmission.  

 

In India, the communication process in case of an 

outbreak is passed on from the lower hierarchy of 

Block Medical officer to the National authority, via 

the District and State Programme Officer 

 

 As soon as Diagnosis is confirmed, treatment is 

ensured as per national guidelines. In addition, an 

active house-to-house search is also conducted. A 

medical camp may be set up in the affected area, 

maintaining surveillance in affected areas and 

ensuring the availability of adequate drugs, 

diagnostics and insecticides. 

 

2.1. CHALLENGES IN THE CURRENT SOP 

 

A major challenge faced by the authorities is the time 

taken to analyse the outbreak of such epidemics or 

pandemics. Proper rules and guidelines require time 

to be published. In case of emergency, the 

containment zones are formed which are closed 

completely.  

During the Grey Zone between Outbreak and 

Identification and formation of SOP by concerned 

authorities, it is also important to prevent spread in 

that initial stage too. Until a safe and preventive SOP 

is formulated, the spread and its prevention and 

degree of isolation required are still in question.  

 

3. PROPOSAL 

 

Quarantine hospital ship is what the name suggests. 

It is an alternative way of how people can be isolated 

from the rest and taken special care of. As far as the 

concept is concerned it is a floating body that can 

carry passengers who are affected by any kind of 

acute infectious disease. All kinds of medical 

equipment will be available with the best doctors by 

the government on board to treat them as soon as 

possible. 

 

In case of an outbreak of a disease, proper border 

controls can be made into effect. Then patients along 

with identified contacts shall be moved onboard the 

vessel. Further, the vessel can move either offshore 

or isolated inland water. The vessel then becomes an 

area for research of the disease, it can help to identify 

the method of transmission which is important for the 

discovery of vaccines. 

 

3.1 FACILITIES AND THEIR NEEDS 

 

● Medical equipment 

● Highly skilled doctors  

● Highly skilled nurses 

● Virology laboratory  

● Pathology laboratory 

● Isolation wards 

● ICU 

● Mortuary 

● Electric Crematorium 

● Scanning facilities 

● Accommodation facilities  

● Helipad 

 

3.1.1 MEDICAL EQUIPMENT 

The vessel will carry all major equipment from PPE 

to minor surgical apparatus. These will be required in 

case of an emergency that may arise.  

 

3.1.2 DOCTORS  

Doctors on board will be professionals who are also 

trained for sea-going vessels (under STCW). They 

would be the finest in the country who are willing to 

do the duty for the nation. In case any specialised 

doctor is needed, they may be transported on-board. 

They will have a duty room for work and work will 

be in shifts. 

 

3.1.3 NURSES 

Nurses onboard will be professionals to assist doctors 

who are trained for sea-going vessels (under STCW). 

They will also be doing their duty for the nation. They 

will have a duty room for work and work will be in 

shifts. 

 

3.1.4 VIROLOGY LABORATORY 

Clinical Microbiology labs are provided round the 

clock to do basic tests like Antigen tests, Nucleic acid 

tests, etc. For complex tests, samples may also be sent 

onshore to major labs. 

 

3.1.5 PATHOLOGY LABORATORY  

Basic pathological tests will be conducted onboard 

like Blood tests, Liver function tests, etc. For 

complex tests, samples may also be sent onshore to 

major labs. 

 

3.1.6 ISOLATION WARDS 

The patients affected by the contagious disease are to 

be separated from the others. They would have 

different rooms. 
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3.1.7 INTENSIVE CARE UNIT (ICU) 

The patients whose conditions are critical and require 

intensive care are shifted to ICU where there will 

always be a doctor on duty. 

 

3.1.8 MORTUARY 

The dead body of humans if needed shall be 

preserved in the mortuary either to study the disease 

or if the body can be given out to relatives for rituals. 

A powerful refrigerator can be used to delay the 

decomposition of the corpse. 

 

3.1.9 ELECTRIC CREMATORIUM 

The body is prepared and placed into a proper 

container. The container with the body is moved to 

the retort. After cremation, the remains are treated 

and then grounded. The “ashes” are transferred to a 

temporary container. The exhaust gas will be allowed 

to pass through the common exhaust after treatment. 

 

3.1.10 SCANNING FACILITIES 

There shall be facilities for scanning of the body such 

as Computed tomography, Magnetic resonance 

imaging, X-ray scan, etc. 

 

3.1.11 ACCOMMODATION 

Area for the accommodation of doctors, nurses and 

crew. 

 

3.1.12 HELIPAD 

The helicopter remains one of the only means to 

transport amenities, patients, etc. 

 

3.1.13 RAMP 

A roll-out ramp is available on this ship. This ramp 

makes the transportation of goods and casualties 

more efficient. This feature can be used only if the 

vessel approaches land. 

 

3.1.14 AIR CONDITIONING 

There should be a Central Air Conditioning system. 

Using HEPA (High-Efficiency Particulate Air) filters 

will prevent transmission of disease through the air 

through the conditioner. HEPA filters are made out 

of randomly oriented fibres such as polypropylene or 

fibreglass that function as a 0.3-micrometre sieve, 

filtering 99.97% of particles with a diameter of 0.3 

micrometres or bigger. HEPA filters are essential for 

preventing infections caused by airborne bacterial 

and viral pathogens. In hospitals, HEPA filters are 

used in conjunction with UV lights to destroy living 

bacteria and pathogens, which are then caught by 

HEPA filters. In addition to HEPA, providing cotton 

covering and a carbon layer in the openings of air 

ducts will act as double prevention towards 

spreading. 

Negative pressure has to be maintained throughout 

the rooms so that viruses do not spread to other 

cabins. Further, the inlet of exhaust and outlet of air 

conditioning is to be placed at the farthest from each 

other and should have filters and UV filters. Air 

should be changed 12 times a day. Isolation wards 

and rooms may have standalone air-conditioning 

systems.  

 

 

3.1.15 AIRLOCKS 

It is an area that has doors used to separate a 

controlled environment. Proper care should be taken 

while opening doors as opening more than one door 

would lead to contamination of the environment. The 

Figure 1:General Arrangement 
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locks are placed in the Isolation ward and Isolation 

rooms.  

 

3.1.16 GALLEY 

There will be a kitchen/ galley in the QHS. Food will 

be made according to dieticians’ instructions. There 

will be a daily plan about the food that is given to the 

patients. Eliminating waste and providing an 

infection-free environment is one of the greatest 

tasks. The ship facilitates the disposal of waste in an 

eco-friendly manner. 

 

3.2 CONVERSION 

 

A passenger vessel can be converted to a QHS in a 

short period without drydocking during an 

emergency. Suites can be used by patients as rooms 

to stay. 

 

 

4. WHY HOSPITAL SHIP 

 

Hospitals have their limitations with these new virus 

attacks coming to screen. They may not be willing to 

even permit the affected. One of the major reasons 

why a hospital ship can be used in case of a pandemic 

is that the patients suffering from other diseases may 

not be willing to enter a hospital that has patients with 

the disease that broke out recently. That is, it causes 

social stigma related to this. 

A major share of revenue of the hospital comes from 

inpatients who are willing to undergo operations and 

surgeries. If the hospital is converted into a 

Contagious disease treatment hospital, the stream of 

revenue that they generate are reduced drastically.  

 

5. CASE STUDIES 

 

5.1 CASE STUDY-1 (Nipah) 

 

A total of 19 Nipah virus cases were reported from 

Kerala, India in July 2018 of which 17 were 

concluded as deaths. The impact of the disease was 

restricted to two districts in Kerala: Kozhikode and 

Malappuram. The outbreak was contained in 2 

months. 

 

Government. Response: 

● A team from the National Centre for Disease 

Control was sent to Kerala to help the state 

government officials. 

● A lot of close contacts were identified, of 

which symptomatic contacts were 

investigated and tested. Syndromic 

surveillance was enhanced in Kerala. 

● The tests were carried out at the National 

Institute of Virology and Manipal Hospital. 

● The central government provided Kerala 

officials with suitable guidelines and 

materials regarding Nipah virus. These were 

then made public. The right technique for 

collecting samples, disposing of bodies, and 

so forth was established. The media also 

aided in the dissemination and public 

awareness of information. 

● Government and private bodies had to work 

together to maintain a peaceful atmosphere. 

● The Central Ministry of Health provided 5000 

Personal Protective Equipment kits (PPEs) 

and 100 body bags. 

● Samples from animals were tested at the 

National Institute of High-Security Animal 

Diseases Laboratory in Bhopal during the 

Nipah outbreak and were found that Pteropus 

giganteus bats were the source of NiV 

infections. 

 

Solution- 

If a Quarantine Hospital Ship was in action, after the 

detection of the first two cases, stringent measures 

could be taken on the boundaries. After confirmation 

of the outbreak, patients along with potential contacts 

could be moved on-board. Proper care and treatment 

could have been done fast. 

 

5.2 CASE STUDY-2 (Diamond Princess) 

 

More than 700 people, including a nurse, were 

infected after a single case of Covid-19 patients 

departed on the cruise liner "Diamond Princess" on 

February 1 2020 anchored at Yokohama port in 

Japan. 

 

● Initially, the authorities assumed that the 

infection was not spreading aboard and 

advised that anyone who tested negative for 

the virus or was asymptomatic should 

evacuate immediately. 

● More than 3000 tests were undertaken by 

Japanese officials. 

● 18% of the ship's afflicted passengers 

showed no signs or symptoms. 

● Decisions taken onboard- 

● Cabin quarantine- To prevent further spread, 

strict quarantine and isolation measures were 

implemented in the cabin. 

● Studied the transmission of the virus through 

A/C and wastewater systems. 

 

Summary - Case study 2 shows that a quarantine 

hospital ship can work in the case of an outbreak and 

can drastically prevent further spread. 
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6. MERITS AND DEMERITS 

 

The current proposal serves the purpose of isolation 

in an effective way from the herd. This Quarantine 

Ship will be the ideal solution when the authorities 

are yet to stipulate the strategies for prevention of 

spread before the identification and knowing the 

transmissibility of the bioagents. The Quarantine 

Ship is always an isolated zone.  

 

The transportation of patients/persons in observation 

to the vessel remains a challenge.  

● Proper way to use when the outbreak is away 

from the coastal region. 

● Transportation of patients into the ship is still 

a challenge. 

● Use of vessels during non-pandemic or non-

epidemic time. 

 

7. FUTURE SCOPE 

 

● The vessel can be run by the Navy or the 

Government and used by them in case of 

war.  

● Proper conversion of a passenger’s vessel to 

a quarantine hospital ship needs to be 

researched upon. 

● The vessel in case of non-pandemic or non-

epidemic time may be used as a luxury 

floating hospital that can be used for medical 

tourism. This option is most viable when the 

ship is owned by a private establishment.  

● The vessel can be used for disaster relief. It 

can be used as temporary housing. 

 

8. CONCLUSION 

 

The concept design of the Quarantine Hospital Ship 

discussed in this paper gives a rough idea by which 

we can overcome the spread of disease. It takes into 

measure the current practices and analyses its 

challenges and an appropriate solution is delivered.  

 

Further, the proposed idea is explained in detail 

including a rough General Arrangement and all the 

main facilities. Finally, the future scope of this 

proposal is also mentioned. 
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ABSTRACT 

  
The challenge of ensuring environmentally friendly shipping and ports is forcing authorities to 

establish appropriate and safe technical systems for the distribution and supply of LNG in port 

areas that meet the requirements of Seveso Directive. As the process of LNG bunkering is similar 

to the classical oil bunkering or liquid cargo handling, the technical and safety challenges are 

much more subject of investigation. The safety aspect is studied in this paper due to the various 

reasons for LNG spillage during bunkering. The most important one is the safety of the 

neighbouring population as some terminals are located in close proximity to populated areas. The 

paper contains the comparison of the results for two different models, one UDM model (PHAST) 

and two CFD models (FDS) in the same case scenarios. The geometry, initial and boundary 

conditions are assumed as much as possible according to the constraints of the respective 

software. The micro location for the model is the for cruise ships termina in the port of Koper. 

The results of the model verification provide valuable information for the further setup of similar 

LNG leakage and dispersion model simulations in ports or similar facilities. 

1 INTRODUCTION 
 

The main problem in planning LNG bunkering in ports is the concept of safety distances 

(exclusion zones) that must be established and guaranteed to prevent possible damage to the 

neighbouring port or other civil activities in the vicinity (ISO, 2015). Recent work and studies 

(Alterman, 2005; Aneziris et al., 2014; Sun et al., 2017; Jeong et al., 2017, 2018; Animah, I., Shafiee, 

M., 2020; DNV, 2012; Rambøll, 2013) indicate that this is a challenging task - here are the main points: 

1. During bunkering (either as lorry-to-ship (TTS), pipeline-to-ship (PTS) or ship-to-ship (STS) 

implementation), a potential LNG release at the bunker interface (cargo hoses or arms used) is 

most likely due to a connexion failure (internal or external cause). A variety of leak sizes or 

ruptures can develop, of which a full rupture at the liquid phase line should be considered a 

conservative case. 

2. Released LNG forms a jet and flows into the pool that forms (onshore or offshore) below the 

release point. Due to the much higher temperature of the environment, the LNG will quickly 

vaporise and form a flammable cloud that will be carried away by the wind (note that RPT - a 

rapid phase transition, a local physical explosion at sea is also possible). 

3. Flammable clouds are subject to movement and dispersion in the surrounding air, depending on 

terrain geometry (e.g. port infrastructure, ships, coastal elevation, etc.).  

4. If the flammable cloud is ignited before it has dispersed below the lower flammability limit in 

the air (about 5% by volume), it will burn back to the source as a stub flame, resulting in the 

additional phenomena of jet fire, pool fire, and vapour cloud explosion (only in congested 

areas). There is clear agreement in the literature that a jet flame fire has by far the greatest 

potential impact distance of all and is therefore of greatest importance. 

 

First, a review of the available studies describing the methods and tools used to evaluate the evaporation 

rate of a pool formed over water (sea). Indeed, there is work and experimental data suggesting that the 

formation of the LNG pool over deep water is a complex process and that its modelling and consideration 

of the total evaporative flux (starting point for the dispersion of the flammable gas) deserves special 

attention (Fay, 2007; Horvat, 2018). Secondly, port-specific safety studies (e.g. DNV, 2012; Rambøll, 
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2013) usually use simple UDM models, such as those used in PHAST/SAFETI tools (DNV GL, 2020, 

2017a), which cannot account for complex terrain geometries and spatial obstacles in the model domain, 

as mentioned in the points above. To this end, many papers and some case studies additionally use some 

of the available CFD modelling tools that can adequately account for complex geometries in a 3D model 

of the case (Hansen et al. 2009; Jeong et al., 2017, 2018). 

In this paper, we will examine the problems associated with realistic STS bunkering operations between 

the bunkering ship and the large cruise ship. In particular, we will examine the available information on 

the LNG evaporation rate from the pools formed above the sea surface, the available UDM and CFD 

dispersion models, and the effects of bunker micro-locations and local meteorological conditions on 

dispersion into the ambient air. 

2 SIMULATION METHODS 
 

There are few data on small-scale LNG releases in the literature. According to Luketa-Hanlin et al. 

(2007), the mass evaporation rate 𝑚𝑒𝑣
′′   can vary between 0.029 and 0.185 kg s-1 m-2 as an average value. 

This range of values could be used for CFD or other purposes in the absence of more accurate values. 

Clearly, uncertainties arise from the size of the pool (influence of Reynolds number), pool formation 

(discharge rate), and atmospheric conditions. However, the range given is confirmed by several 

experimental tests. In general, the pool is considered to be at 112 K, and the atmospheric and water 

temperatures (if applicable) are 298 K and 293 K, respectively. The Bureau of Mines experimental tests 

reported by Burgess et al. (1970, 1972) gave a value of 0.181 kg s-1 m-2 and 0.155 kg s-1 m-2, respectively, 

and Sandia (2004) measured a value of 0.195 kg s-1 m-2. In contrast, Luketa-Hanlin (2006) measured a 

value of 0.085 kg s-1 m-2 in the well-known test of Maplin Sands (possibly due to the large pool size and 

inverse relationship with pool radius). Most of the simplified studies have adopted 0.181 kg s-1 m-2 as 

the reference value, in agreement with a conservative approach. However, similar evaporation rates have 

also been widely assumed for the case of an LNG pool fire (Fay, 2006). Therefore, the application of 

similar values for the dispersion/potential flash fire scenario implies a reasonable assumption that the 

heat generated by the flame above the pool has a negligible effect on evaporation. From this perspective, 

the adoption of a more fundamental approach is desirable. Among others, Klimenko's model (Klimenko, 

1981) estimates the heat transfer coefficient based on the Nusselt, Prandtl and Archimedes numbers for 

the evaporation of liquids on a still liquid surface. 

 

2.1 UDM DISPERSION MODEL 
Standard methods and tools are often used to model the consequences of releases of hazardous 

substances. In this respect, we used an integrated software package DNV GL PHAST version 8.22 (DNV 

GL, 2020). The programme tool already contains a database of properties of pure substances. The 

programme uses the Unified Dispersion Model (UDM) to model jets, dense, buoyant and passive 

dispersion including droplet rainfall and re-evaporation (DNV GL, 2017a). The model allows for 

continuous, instantaneous, constant, time-limited and generally time-varying releases. However, time-

varying releases are treated as a series of maximum 10 pseudo-state steps, allowing only a rough 

representation of the temporal trend of release characteristics. 

 

2.2 CFD DISPERSION MODELLING 
 

A 3D layout representative of the bunker terminal and nearby town was implemented in the Fire 

Dynamics Simulator (FDS) (McGrattan et al., 2017) for the characterization of an accidental release of 

LNG on the water using the PyroSim user-friendly interface (Thunderhead Engineering, 2015). The 

time-dependent properties were visualized using the SmokeView (SMV) tool. FDS is an open-source 

software developed by National Institute of Standards and Technology (NIST) suitable for modeling 

low-mach problems. It is based on the Large Eddy Simulation (LES) approach as a low-pass filter for 

Navier-Stokes equations and has been extensively validated for accidental release of LNG (Parihar et 

al., 2011; Pio et al., 2019; Chen et al., 2020). 
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2.3 MODEL GEOMETRY 
 

Figure 1 shows the 3D model of the computer-aided design (CAD) for the general layout of the geometry 

model including the LNG bunker ship, the harbour basin and the nearby city. The geometry is imported 

into PyroSim software (Thunderhead Engineering, 2018) where natural gas dispersion is simulated using 

code FDS 6. The geometry was designed in real size and covers the area of the container terminal, the 

port basin, the cruise terminal and the populated area of the city centre. The main obstacles that could 

affect the dispersion of the gas are included in the 3D model and represent container blocks, warehouses 

and other elevated buildings. All obstacles are geometrically square blocks and are thermally inert. The 

Triple E-class container ship is moored at Pier 1 at Berth 7 and has a 100 m LNG bunkering vessel 

moored to its starboard side.  

The geometry of the town centre was designed according to the actual elevations and location of 

buildings and main roads. The configuration of the town centre is hilly with the highest point about 15 

metres on the side facing the container terminal. 

 

 
Figure 1: Model geometry 

The 3D domain has a size of 1200×1000×80 m and was discretized using finite volume meshes with a 

resolution of 2×2×0.7 m. After analysing the grid independence for gas dispersion, a total of 24,000,000 

cells were used, and the aspect ratio of the cells was set to 3×3×1 in the Cartesian coordinate system. In 

the x and y directions, the size of the cells is not optimal, but it fits the convergence criteria of the 

simulation. 

The transient calculation was set to 400 seconds because the results later showed that the LFL/2 

concentration is not present after this time. The main observation points are the methane concentration 

distributions at 5 and 2.5 volume percent, which correspond to the LFL and LFL/2 concentrations, 

respectively. 

3 CASE STUDY 
 

The relevant meteorological data for the port of Koper were obtained from the port's automatic 

meteorological stations. The profile of the wind rose for the year 2020 is shown in Figure 2. It can be 
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concluded that the prevailing wind speed is about 2 m/s, the prevailing wind direction is east-southeast 

(at about 110°), followed by west-northwest (at about 300°). 

 

3.1 RELEASE SCENARIO 
 

The technologies usually take into account operation with LNG stored at about -164 °C (109 K) 

and 6 bar pressure difference at the interface between ship and bunkering (Rambøll, 2013; Scandpower, 

2012). The hoses used have a size of DN150 and a typical flow rate of 350 m3 h-1 delivered by the 

submersible centrifugal pumps. In case of hose rupture, the release from the liquid phase branch is most 

important and due to the pump impeller, the flow rate can increase by a maximum factor of 1.2 to 1.5 

due to the pressure drop (Rambøll, 2013), whereas in this paper we consider a factor of 1.3. Considering 

the LNG density of 420 kg m-3, the expected release rate is about 53.2 kg s-1. On the other hand, many 

safety systems are provided to stop small and large leaks, including the presence of operators. As a rather 

conservative estimate, we assume that the rupture will be stopped within 120 s after launch. 

 
Table 1: Modelling parameters of the release scenario 

Parameter Unit Value 

Source term data   

Model substance released - methane 

Temperature °C -164 

Pressure difference at the release point (head) bar 6 

Hose diameter mm 150 

Release rate kg s-1 53.2 

Release duration s 120 

Meteorological situation   

Wind speed m s-1 2 

Wind stability category (PG) - D 

Wind direction(s) ° east south-east 

(110°); 

west north-west (300°) 

Air temperature °C 25 

Location data   

Substrate type - deep water 

Bund presence - none 

Substrate temperature °C 25 

Substrate surface roughness parameter (z0) m 0.005 

4 RESULTS AND DISCUSSION 
 

For example, looking at the dispersion in ambient air, the LFL and LFL/2 concentrations are 

reached downwind at about 205 and 377 meters, respectively. Figure 2 indicates that the flammables 

could reach large areas within the port, such as the container terminal north of Berth 1 or the fruit 

terminal west of Berth 1, as well as areas outside the port (shown as a dashed red line). In comparison: 

the west-northwest wind (at 300°). 
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Figure 2: UDM modelling results 

 
Table 2: UDM modelling results for the release scenario 

Parameter Unit Value 

Max. downwind distance to the concentration of interest a   

UFL m 85 

LFL m 231 

LFL/2 b m 420 

LNG pool formed on sea   

Max. diameter (considering early/late ignition) m 14/28 

Max./stationary pool inventory kg 540/120 

Time till pool reaches stationary diameter s 40 

Overall pool duration s 135 

Note: 
a – Results are same for both wind directions (from east and west north-west). 
b – Flammable cloud duration is until about 290 s. 

 

4.1 RESULTS CONSIDERING THE REAL TERRAIN 
 

Geometrically, the flow dynamics around the ship are mainly influenced by the type of ship and 

its particular freeboard. The large freeboard is an obstacle to downwind flow and a significant source of 

eddies on the leeward side. This is especially the case for a container ship exposed to a north or northwest 

wind. The influence of the ship has a great impact on the dispersion of the gas cloud, its shape and 

length. The figure shows the LFL cloud concentration at different time steps, but the shape of the cloud 

is not even downwind, but thins out due to the vorticity before it reaches the main wind flow. 

The case assumes that the ship is at the passenger terminal on the south side of the basin. The 

wind is assumed to be from the north (300°) in a second case and from the east (100°) in the third case. 

According to the wind rose, the east wind is the most frequent in the harbour basin and therefore had to 

be analysed.  

The dispersion results obtained by FDS for the passenger terminal (Berth 1), the wind direction 

from the east (100°) and the conventional LNG evaporation rate are shown for time snapshots during 

the release in Figure 3. 

 

The dispersion of the gas cloud concentration is observed for the LFL concentration. The cloud 

is directed downwind along the ship's side and reaches a distance of about 400 m from the pool. In this 

case, the cloud does not reach the populated area but remains and dilutes along the seaward side. 

According to Figure 4, the dispersion velocity of the cloud is constant along its path. The area covered 

by the gas cloud is at most about 16.000 m2, which is more than three times larger than in scenario 1, 

but close to the area of the test case. The reason for this is that the dispersion of the gas is less affected 

by the surrounding geometry. The position of the ship along the wind direction acts as a channel and is 
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not a source of larger eddies that would contribute to a faster dispersion of the gas. This influence is 

observed mainly because the ship is much larger than the bunkering ship and the pool size and 

geometrically covers most of the observed gas cloud. 

 

  

  

  
Figure 3: FDS modelling obtained views to the methane concentrations for second micro-simulation 

(passenger terminal, wind from east (100°)  



111 

 

 
Figure 4: FDS modelling obtained LFL iso-concentration cloud downwind distances and cloud area 

vs time profiles for second micro-simulation (passenger terminal, wind from east (100°) 

The third case assumes that the ship is back at the passenger terminal, but exposed to a north wind. This 

case is particularly sensitive because it is in close proximity to the populated area. The observation of 

5% vol. frac. of isosurface at different time steps is shown in Figure 5. Even when the wind is directed 

towards the city, the size of the ship acts as a barrier and redirects the airflow along the port side of the 

hull towards the general cargo terminal. In either case, the gas cloud does not reach the fence of the port, 

but remains within the port area. 
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Figure 5: FDS modelling obtained views to the methane concentrations third micro-simulation 

(passenger terminal, wind from west north-west (300°) 

 

Figure 6: FDS modelling obtained LFL iso-concentration cloud downwind distances and cloud area 

vs time profiles for third micro-simulation (passenger terminal, wind from west north-west (300°)  
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The comparison of the presented results from the different scenarios shows that either the extent of the 

flammable area or the maximum downward distance with flammable mixtures are mainly influenced by 

the jam, with a limited influence of the considered evaporation rate. Regardless of the implemented 

submodel and layout, the evolution of cloud size over time can be represented by three phases: initial 

growth, pseudostable state and decay. 

5 CONCLUSION 
 

The simulations of LNG spill and gas dispersion presented in this paper are limited to the most likely 

case. The limits of the spill are based on marine equipment engineering guidelines and standards and 

are assumed to apply to engineering failures and marine casualties in ports. In all these cases, the LNG 

spill is predictable and controlled by the ship's safety system including the emergency shutdown of the 

bunkering process. The leakage time, leakage quantity and pool area boundaries assumed in the model 

are derived from the assessed bunkering process and represent the boundaries for the safety assessment. 

According to these assumptions, the three case scenarios are verified using three different models, a 

UDM and CFD. The results show that all three models provide comparable results for gas dispersion 

distance on a flat terrain. The results of the analysis show that the geometry around the LNG pool has a 

significant influence. For example, the large ship acts like a barrier increasing the vorticity when it is 

upwind of the pool and like a channel when it is downwind of the pool.  

CFD should be considered for gas dispersion in these cases with a defined gas evaporation rate obtained 

from experimental tests or simulated separately and validated for a specific spill case. 
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ABSTRACT 
 

In our previous paper (Kumar & Vijayakumar, 2019) effect of stern flap curvature on the pressure recovery 

at the transom stern in the low, intermediate and high Froude no regimes have been studied numerically. 

Discussion on the findings revealed that at low Froude numbers the flow was not influenced by flap 

curvature effects and pressure recovery was marginal. In the intermediate and high Froude number regimes, 

pressure recovery increased with an increase in flap angle. The current study is a continuation of the earlier 

study on the behaviour of the pressure variation in the presence of stern flap. A series of Experimental 

studies were conducted at the Indian Institute of Technology, Madras towing tank facility. Hull pressure 

was measured using pressure taps. Evidence recorded during experimental investigations revealed that in 

the pre-ventilation regime (wet transom, Fn 0.19-0.27) of the transom, the pressure was seen to decrease 

with an increase in Froude no. However, with the onset of transom ventilation (Fn-0.30) dry transom, 

pressure approached atmospheric pressure and thereafter displayed a constant trend with the increase in 

Froude no (Fn>0.30). Flap curvature leading to pressure increase and resistance reduction was seen only 

in the post-ventilated flow regime.  

 

 

NOMENCLATURE 
 

θ    Flap turning angle (degrees) 

LOA   Length Overall  

LBP               Length between Perpendiculars 

  Density of water (kg/m3) 

R  Radius of Curvature 

RT     Total Resistance (KN) 

P  Pressure on the hull (N/m2) 

Ps  Static Pressure (N/m2) 

Fn               Froude Number 

U               Freestream velocity (m/s) 

Tr               Transom Immersion (m) 

MRU               Motion Reference Unit 
 

Subscript 

m             Model 

 

1. INTRODUCTION 

 

1.1 Previous Works 

 
Several research groups(Karafiath et al., 1999), 

(Cave, 1993),(Cusanelli & Karafiath, 2012),  

(Thornhill, Hally, 2006) (Kevin John Maki, 2006) & 

conducted systematic model tests and parametric 

investigations to determine optimum stern flap 

geometry and hydrodynamics involved in decreasing 

the ship resistance. While research has been 

conducted on the effect of stern flaps in resistance 

reduction, a targeted fundamental study on the 

influence of flap geometrical parameters on the 

physics of flow modification in the transom stern 

region was taken up by the authors in the previous 

study. Important aspects of streamline curvature 

effects causing radial pressure gradients and their 

relationship with the reduction in resistance were 

discussed (Kumar & Vijayakumar, 2018-2020). The 

study analysed the flow behaviour under a stern Flap 

with the help of CFD. Effect of flap turning angle on 

various flow parameters viz. pressure rise at the 

inflexion plane caused by the flap was closely 

studied. Additionally, other governing phenomena 

such as flow velocity and development of flow at the 

far-field after leaving the transom were also 

considered. Discussion on the CFD findings of the 

previous work concluded that an increase in the flap 

turning angle decreased the flow velocity along the 

concave curvature introduced by the Stern flap. 

Further, Static pressure recovery increased at a point 

where the flap meets the transom hull as the turning 

angle increased. Thereby increasing the forward 

component of pressure force.  

 

1.2 Current Work 
 

In continuation of the previous work, in this paper, 

we will present the experimental results of hull 

pressure measurements of a series of experiments 

that were conducted to investigate the 

hydrodynamics at transom stern fitted with stern 

flaps. The set of experiments on a high-speed 
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displacement ship model were conducted at the 

Towing tank facility at IIT Madras. The purpose of 

this work was to experimentally capture the onset of 

pressure variation at the transom and the influence of 

the transom ventilation on pressure variation. The 

details of model hull form and flaps are indicated in 

Fig. 1(a) & 1(b). 

 

 

 

 

 

 

 

 

 

 

 

             Fig 1(a). CAD Model of Hull Form 

 

 
 

           Fig 1(b). Manufactured Hull Form and Various    

Configurations of Stern Flaps 

 

2.        HULL PRESSURE MEASUREMENT 
 

2.1      Experimental Set up 

 
The model experiments were performed both with and 

without a stern flap on a high-speed displacement type 

hull in the IITM towing tank. The goal of these 

experiments was to examine the pressure along the hull 

and the effects of the flap on the hull pressure. Model 

resistance and trim were measured, along with pressures 

on the centreline buttock in the aft end of the vessel for 

twelve Froude no’s, covering its operating range. The 

FRP model was fabricated with a scale factor of 1:35 and 

was ballasted to a 110.74 kg model scale in freshwater. 

The model was towed unappended with an even keel and 

zero heel. To stimulate turbulence, a tripwire was used. 

The principal characteristics of the ship and details of the 

model can be found in Table 1. 

 

Table 1: Main particulars of the ship model 

 

 

 

 

 

 

 
 

Although the experiments were conducted for 16 flap 

configurations, in this paper results about one flap for 

which the analysis has been completed at the time of paper 

is presented. The flap has a chord length of 1% of the LOA 

and was affixed with an angle relative to the centreline 

buttock of 5o,10o,15o. The span of the flap was 60% of the 

beam of the transom, with rounded corners. Pressure taps 

were placed along the ship’s centreline. To measure 

pressure, 2 mm inside-diameter brass tubes were mounted 

flush to the hull. Transparent flexible tubes were used to 

connect the brass tubes to the pressure transducers which 

were mounted on the carriage. To measure resistance, the 

20 Kg beam type load cell with a 50 Hz sampling rate was 

used. Trim measurement has been done using X-Sens 

make Inertial Measurement Unit (IMU) with a 10Khz 

sampling rate. Trim values (in degree) are recorded for the 

Steady part of the run. Quantum X data acquisition system 

was used for capturing pressure and HBM data acquisition 

system was used for recording trim and resistance. The 

schematic of the Experimental setup is indicated in Fig.2.    

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Schematic of Experimental Set up 

Fig.3. Pressure Taps flushed to the Hull model and 

connected to Pressure Sensors. 

  

2.2 Pressure Transducer Calibration 

  

Calibration of Pressure transducers (08 in no.) was undertaken 

using a calibration tower, by progressively increasing the 

water column in steps of 10cm and Corresponding voltage 

was measured for all the transducers. 

 

Particulars Model Units 

LOA 4.1 m 

Breadth (B) 0.48 m 

Draft (T) 0.12 m 

LWL 3.87 m 

Displacement (Δ) 110.74 Kg/tonnes 
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   Fig 4.  Calibration Setup for Pressure transducers 

 

Table 3: Calibration Constants obtained for Pressure 

Transducers 

 

Fig 5. Pressure Transducer calibration graph 

 

2.3 Results 
 

To present the data from the pressure measurements the 

readings from the pressure taps on the hull were zeroed before 

the start of each run in the towing tank. Therefore, the values 

of the pressure plotted represent the dynamic changes relative 

to the initial condition. The pressure was measured on the 

centreline buttock from the aftmost location on the flap up to 

0.3 m on the aft cut up from the transom edge of the hull.  

From the previous studies, it is well-established that the 

presence of a stern flap with a downward angle (concave 

curvature) causes pressure recovery. However, transom 

ventilation counteracts this pressure recovery and thus the 

efficacy of the stern flap.  Literature [2] suggests that transom 

ventilation is a function of ship speed represented by Froude 

number and the effects of ventilation are felt strongly at the 

transom end and the trailing edge of the flap. Due to the 

significant influence of Froude no on transom ventilation 

which in turn influences the  pressure distribution, the results 

are discussed in two regimes, pre-ventilated flow and post-

ventilated flow(rather than in terms of low, intermediate and 

high Fn regimes as was done in the previous study  (Kumar & 

Vijayakumar, 2019)) 

 

Pre-Ventilated Flow (Fn<0.30) 

 

At speeds where Fn<0.30, some part of the transom plane is 

always below the free surface. In this regime, the general 

trend observed was that pressure decreases with an increase 

in Froude number, which is in line with the findings of (Kevin 

J Maki et al., 2006).  

 

 
 

Fig 6. The trend of decrease in Pressure with the increase in 

Fn 

 

Post-Ventilated Flow (Fn=0.30; Fn>0.30) 

 

Fig. 7 below shows the pressure along the hull at a Froude 

number Fn = 0.31 at the centreline buttock, with flaps 

(5o,10o,15o) and without a flap. This speed corresponds to the 

transom being very close to being fully unwetted/ventilated 

from visual inspection. In without flap condition, the pressure 

near the transom end of the body (PT-1) approaches the 

atmospheric pressure. The addition of a flap increases the 

pressure leading to pressure recovery. From the Figures, it is 

evident that the pressure recovery increases with an increase 

in the angle.  

 

 
 

Pressure Transducer Calibration 

Constant (mm/V) 

PT-1 5127.408 

PT-2 5141.388 

PT-3 5231.037 

PT-4 5256.452 

PT-5 5153.030 

PT-6 5149.813 

PT-7 5133.789 

PT-8 5182.161 
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Fig 7. Pressure approaching zero/ atmospheric condition at 

transom edge (PT-1) & flap trailing edge (PT7) at Fn-0.30 

 

After full ventilation, at Froude nos above 0.31 (Fn>0.31), the 

pressure approaches zero and is relatively constant, thereafter. 

The addition of a flap increases this pressure at a constant rate. 

This is evident from the below Figures. 

 

 
 

Fig 8. Pressure remaining constant in post ventilation speeds 

at Fn>0.30 

 

3. CORRELATION WITH RESISTANCE 

 
When a flap is not present, the process of ventilation 

overpowers any pressure recovery and therefore contributes 

to the Resistance. Change in the vessel resistance represented 

as percentage variation w.r.t the bare hull resistance the 10o 

flap is indicated below.  

 

 Fig 9. Resistance vs Fn 

 

From the above, it is evident that in the pre-ventilation phase 

i.e., at Fn < 0.30, there is no change or an increase in the 

resistance. In the contrast, post-onset of transom ventilation at 

Fn≥0.30, there is a clear decrease in resistance over all the 

Froude numbers. At low Froude numbers, although a 

marginal increase in pressure is evidenced, the presence of 

trailing recirculating flow at low Fn causes form drag (Sudhir 

et.al, 2018-2021). However, as the speed increases the 

transom/ flap trailing edge vortex breaks free and goes 

downstream and a hollow is created, at which point the flow 

separates cleanly from the sharp edge. This causes a 

component of net lift and the flap curvature effects to come 

into play, causing a decrease in the resistance.  

 

4. CONCLUSIONS 
 

The current experimental study substantiated the findings of 

the previous numerical study and concluded the following: - 

 

(a) Prior Ventilation, the pressure under the transom 

decreases with an increase in Froude no. The trend is the same 

in with or w/o flap condition. Resistance increases due to form 

drag due to pressure reduction and the presence of 

recirculating flow behind the stern. 

 

(b) At Ventilation, the pressure is close to atmospheric 

pressure. 

 

(c) Post-ventilation pressure is almost constant in w/o 

flap condition and resistance increases due to wave effects. 

Flow separates cleanly and the addition of the flap increases 

causes an increase in pressure. Concave Curvature further 

increases the pressure causing a decrease in resistance. 
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ABSTRACT 

Using zero carbon marine fuels is an ultimate solution to achieve the targets of reducing GHG emissions 

in the IMO strategy and even more stringent EU regulations. Considered as one of the most promising 

alternative fuels to power zero-emission ships, ammonia attracts a lot of attentions worldwide. However, 

the unique properties of ammonia and the characteristics of its combustion emissions, e.g. low laminar 

flame speed, high ignition temperature, narrow flammable range and inevitable 𝑁𝑂𝑥  emission, may 

hinder its applications. A high reactive fuel is generally required to promote the flame speed and stabilize 

the flame of ammonia. 𝑁𝑂𝑥 reduction depends on the optimal fuel gas composition ratio and combustion 

conditions. In this paper, the characteristics of ammonia gaseous injection, combustion emission and 

premixed ammonia laminar flame speed are studied. Preliminary tests and prediction are carried out to 

provide an early guideline for the development of ammonia fueled marine engines. 
 

 

1. INTRODUCTION 

 

In response to the global climate change, 

International Maritime Organization (IMO) adopted 

an initial strategy to reduce Greenhouse Gas (GHG) 

emissions in the marine sector. The goals are to 

reduce the carbon intensity of international shipping 

by 70%  and the total annual GHG emissions of 

international shipping by at least 50%  by 2050 

compared with 2008 [1]. In July 2021, all 27 EU 

member states pledged to reduce emissions by at 

least 55% from 1990 levels by 2030, and to achieve 

full decarbonization by 2050 [2]. It implies shipping 

will face new stringent EU regulations. To achieve 

the GHG emission targets, technical and operational 

increments will not be sufficient, so using alternative 

carbon-neutral fuels would be an ultimate solution to 

achieve zero-carbon shipping.  

 

DNV published a report entitled “Energy Transition 

Outlook – Maritime Forecast to 2050”, which used a 

30-scenario modelling method, to project that e-

ammonia, blue ammonia and bio-methanol will be 

the most promising carbon-neutral marine fuels 

towards 2050 in a decarbonisation trajectory [3]. 

Ammonia is well known as a carbon-free molecular. 

Ammonia-fueled applications produce no carbon-

related emissions. Ammonia has been widely utilized 

as fertilizer in the agricultural sector, thus it is readily 

transport with well-established infrastructure 

including pipelines, railways, roads, and ships [4]. The 

conventional Haber-Bosch process still dominates the 

global ammonia production. Recently, hydrogen 

production through water electrolysis driven by 

renewable energy has been widely discussed to 

replace the conventional steam reforming of methane, 

which may decarbonize the Haber-Bosch process to 

synthesize e-ammonia in a large scale [5]. The energy 

density of ammonia is 22.5 𝑀𝐽/𝑘𝑔 at HHV (Higher 

Heating Value), which is comparable to methanol, 

although it is only about a half of the HHVs of diesel 

and liquefied natural gas [4]. Due to its similar 

properties to propane (a major component of liquefied 

petroleum gas), ammonia can be stored easily under 

8 𝑏𝑎𝑟  at standard temperature or at - 34℃  under 

atmospheric pressure.  

 

Ammonia fueled marine engines have been under 

development at the major manufacturers, such as 

MAN Diesel and Turbo (High Pressure Low Speed 

Dual Fuel Engine) and Wärtsilä (Low Pressure Dual 

Fuel Engine) with different fuel injection strategies, 

i.e., high-pressure in-cylinder direct injection, and 

low-pressure intake manifold injection respectively, 

similar to the way that Liquefied Natural Gas is used 
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on commercial dual fuel engines [6]. This represents 

the major trend of adopting ammonia on internal 

combustion engines (ICEs). It is challenging to 

realize intermittent ammonia combustion on ICEs, as 

the properties and combustion characteristics of 

ammonia, e.g., low laminar flame speed, high 

ignition temperature, and narrow flammable range 

and inevitable 𝑁𝑂𝑥  emission [4, 7]. In order to 

improve the flame speed and stabilize the flame, 

blending with a high reactive fuel or increasing the 

oxygen content in the oxidizer are generally 

employed. A high reactive fuel acts as a promoter to 

facilitate ammonia combustion. In the previous 

studies, usually hydrogen [8-12] or hydrocarbon 

such as methane [13, 14], dimethyl ether (DME) [15, 

16] are used. Fuel composition ratio and combustion 

conditions are both crucial to minimize 𝑁𝑂𝑥  in 

exhaust gas. However limited studies have been 

conducted on ammonia injections and combustion 

products to examine the feasibility of ammonia as a 

marine fuel. This paper is to reveal the characteristics 

of ammonia injection, predict combustion emissions, 

and use experimental data to validate the prediction 

of premixed ammonia laminar flame speed, which 

will provide preliminary guidance on key part 

development of ammonia fueled ICEs in the marine 

sector. 

 

2. METHODOLOGIES 

 

Three experimental and simulation methods were 

applied to reveal the characteristics of ammonia in 

terms of gaseous injection, combustion emissions 

and flame propagation. The morphology of ammonia 

gaseous injection will provide important guidance on 

the design of injector and its operational parameters. 

The flame speed and combustion emission 

predictions will reveal the optimal composition of 

gaseous fuels and relevant parameters. The last 

preliminary flame propagation study validates the 

simulation method applied for flame speed 

predictions of ammonia and ammonia/hydrogen 

mixtures.  

 

In the gaseous injection tests, a constant volume 

vessel (CVV) which has three optical windows with 

90-𝑚𝑚 diameters, was used to visualize injections 

under various ambient and injection conditions. The 

experimental setup for gaseous injection is shown in 

Figure 1. A single-hole swirl injector with a hole 

diameter of 0.93 𝑚𝑚 is installed on the top of the 

CVV. The injection duration was set to 2.0 𝑚𝑠 during 

all measurements. The injection experiments in the 

CVV were performed at the room temperature of 

298 𝐾. The injection pressures were within the range 

of 4 𝑡𝑜 8 bar. The pressure ratio (PR) is controlled 

from 2 to 8 in the experiments. The PR would be a 

crucial factor to determine jet characteristics and 

morphology [17]. When the PR is larger than the 

critical value (1.9 for ammonia), the jet is chocked and 

become under-expanded.  

 

A high-speed camera, Phantom V2012, with 500-mm 

focal length and a knife-edge at the focus was used in 

the experiments. Jet images were recorded at a speed 

of 50000 frames per second and a resolution of 512 ∗
256  pixels. The frame exposure was set to 5 µ𝑠 . 

Schlieren photography was the diagnostic method to 

capture injection images which identifies the 

boundary between the ammonia jet and the ambient 

gas. To investigate the macroscopic characteristics, 

Canny edge detection algorithm was employed to 

process raw images before binary images obtained 

from the Canny algorithm were further processed by 

dilation and filling operations to identify the jet region, 

in turn, to identify tip penetration, jet angle, and jet 

volume of ammonia gas injections. 

 

 
Figure 1. The experimental setup for ammonia gaseous injection 

[18]. 

 

After the study on ammonia injection, ammonia 

combustion characteristics will be revealed using the 

1D premixed freely propagating flame models in 

ANSYS, Chemkin PRO. Various equivalence ratios 

(0.8 < ϕ < 1.6) , hydrogen blending ratios (0.0 <
𝑥%𝐻2 < 0.6) , oxygen contents in the oxidizer 

(0.21 < Ω < 1.00), initial temperature and pressure 

are investigated. In terms of emission prediction, a 

burner-stabilized flame sub-model in ANSYS 

Chemkin PRO is used to calculate fuel slips and 𝑁𝑂𝑥 
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(𝑁𝑂, 𝑁2𝑂 and 𝑁𝑂2) emission. A wide range of gas 

composition ratios (0.9 < ϕ < 1.2, 0.0 < x%H2 <
0.8, 0.21 < Ω < 1.00 ) are discussed. Moreover, to 

normalize 𝑁𝑂𝑥  emission ( 𝑁𝑂, 𝑁𝑂2, 𝑁2𝑂 ), 𝑁𝑂𝑥 

concentrations in exhaust gases are divided into the 

inlet ammonia concentrations to avoid the influence 

on results interpretation, i.e., 

𝑥[𝑁𝑂𝑥]𝑒𝑛𝑑
′ =

𝑥[𝑁𝑂𝑥 ]𝑒𝑛𝑑

𝑥[𝑁𝐻3]𝑠𝑡𝑎𝑟𝑡
, (1) 

where 𝑥[𝑁𝑂𝑥]𝑒𝑛𝑑
′ ,  𝑥[𝑁𝑂𝑥 ]𝑒𝑛𝑑  and 𝑥[𝑁𝐻3]𝑠𝑡𝑎𝑟𝑡 

represent normalized 𝑁𝑂𝑥  emission, 𝑁𝑂𝑥 

concentration in exhaust gases and inlet 𝑁𝐻3 

concentrations, respectively.  

 

A preliminary test of premixed ammonia flame 

propagation was conducted with the same CVV. 

Different from gaseous injection experiments, a 

mixing fan was installed on the top side of the CVV 

to make homogeneous mixture of ammonia and air 

before the ignition. The Nd: YAG laser (Quantel Q-

smart 850) was employed to generate a pulsed light 

of wavelength of 532 𝑛𝑚 and pulse width of 5 𝑛𝑠 to 

generate plasma and ignite the premixed gases in the 

CVV. The focal diameter of the laser beam is about 

1 mm. The laser fluence is about 3.2 × 1013 𝑊/𝑚2.  

The ambient temperature of CVV was maintained at 

360 𝐾 using an electric heater for all experiments. 

The initial ambient pressure of CVV was set as 0.1, 

0.3 and 0.5𝑀𝑃𝑎. Equivalence ratios of 

ammonia/hydrogen/air mixtures were controlled in 

the range of 0.7 − 1.4  using partial pressures of 

individual gaseous components when the CVV was 

charged. Hydrogen was used in the experiments as a 

promotor for ammonia combustion at different 

percentages of 0%, 10%,  and 20% . The Shadow 

photography was applied to determine the laminar 

burning velocity, which was derived from spherical 

flame measurements with the linear extrapolation 

method to zero curvature. 

 

3. RESULTS AND DISCUSSIONS  

 

3.1 INJECTION 

 

Figure 2 illustrates the tip penetration and jet angle 

of ammonia jets under different injection pressure at 

the ambient pressure of 2.0 bar  and ambient 

temperature of 298 K . The average and standard 

deviations of tip penetrations and jet angles are 

presented based on five tests. As the injection 

pressure increases, the tip penetration of ammonia 

jets tends to increase. For instance, at tASOI = 3.0 ms 

(ASOI stands for After the Start Of Injection), when 

the injection pressure increases from 5.0 bar  to 

8.0 bar the tip penetration increases from 33 mm to 

52 mm . This is mainly because the gas density is 

higher under higher injection pressure, which causes 

the momentum flow rate of ammonia gas in the nozzle 

hole to increase. The rising injection pressure has a 

negative impact on the jet angle of ammonia gas 

although only weak impact is observed. Since the jet 

trends to develop in the axial direction of the jet and 

contract in the radial direction at a higher jet pressure, 

the jet angle becomes smaller. 

 

In Figure 3, the tip penetration and jet angle of 

ammonia jets are plotted at the ambient pressure in the 

range of 1 − 4 bar  with the injection pressure of  

8.0 bar . It is worth noting that both of the tip 

penetration and jet angle of ammonia jet are greatly 

affected by the ambient pressure. The increase of the 

ambient pressure leads to decrease of the tip 

penetration and increase of the jet angle. This is partly 

due to lower gas momentum caused by smaller 

pressure difference between injection and ambient 

condition. Also, the increasing ambient density due to 

higher ambient pressure plays a major role in the 

entrainment effects. The resistance from the ambient 

gas increases as the ambient density rises. 

Consequence, the ammonia jet is more likely to 

develop radially. 

 

 
Figure 2. Tip penetration and jet angle of ammonia jets under 

different injection pressure ( = 2.0 ms) [18]. 
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Figure 3. Tip penetration and jet angle of ammonia jets under 

different ambient pressure ( = 2.0 ms) [18]. 

 

The fits of tip penetrations and S/ (
ρn

ρa
)

0.25

 as 

function of tASOI
0.5  are discussed under different 

pressure ratios. The raw data and the fitted curves are 

presented in Figure 4(a) as dots and dashed lines, 

respectively. As the time dependence of tip 

penetration has changed after tASOI =  4.0 ms, the 

data before tASOI =  4.0 ms are applied. It illustrates 

a linear correlation between the tip penetrations and 

the square root of time under various pressure ratios, 

although some deviations are found between the 

measured results and the fitted curves at the early 

stage of injection. The deviation is mainly caused by 

the ambient pressure and the impact of the ambient 

pressure on the needle lift-off process. It is also 

noticed that the slope of the fitted curve rises under a 

higher-pressure ratio. An empirical formula for the 

tip penetration and time scales in under-expanded 

flow was developed by Ouellette and Hill [19]. The 

tip penetration is shown as 

S/ (
ρn

ρa
)

0.25

∝ tASOI
0.5  

 

where  ρn, ρa  denote the gas density at the nozzle 

exit and ambient gas density. The results in Figure 

4(b) shows the similar evolution law. Small 

deviations are found at the low pressure ratios, 

because the flows approach subsonic conditions at 

the pressure ratio of 2.0. 

 

 

 

Figure 4. Fits of (a) tip penetrations S and (b) S/ (
ρn

ρa
)

0.25

  as a 

function of tASOI
0.5  at various pressure ratios (Ta = 298 K,  = 2.0 

ms).[18]. 

 

3.2 FLAME SPEED AND EMISSION 

PREDICTIONS 

Premixed laminar flame speed of ammonia and 

hydrogen mixture is plotted under different gas 

composition ratios and working conditions in Figure 

5. Figure 5(a) reveals that the blending of hydrogen 

greatly increases the flame speed. With the higher 

mole fraction of hydrogen in the fuel, the flame 

propagation speed of ammonia increases. Under all 

the cases, as the equivalence ratio increases, the flame 

speed is increased firstly, peaks at approximately 

1.1 − 1.2, and then decreases in fuel- rich conditions. 

It indicates the appropriate range of equivalence ratio 

is 1.1 − 1.2. The methane flame under STP can reach 

around 37 𝑐𝑚/𝑠  [20]. It can be observed that 

ammonia blended with 40% hydrogen at 𝜙 = 1.1 

reaches at 34 𝑐𝑚/𝑠 which is comparable to the speed 

of methane flame. The effects of inlet temperature and 

pressure on the laminar flame speed of pure ammonia 

and ammonia/hydrogen mixtures at 𝜙 = 1.1  are 

discussed in Figure 5(b). Increasing inlet temperature 

improves both ammonia and ammonia/hydrogen 

flames while increasing inlet pressure trends to 

decrease the flame speed. It is worth noting that 

comparing the decrease of flame speed from 1 −
5 𝑏𝑎𝑟 and that from 5 − 10 𝑏𝑎𝑟, the negative effect of 

pressure is diminished. Figure 5(c) shows that rising 

the oxygen contents in the oxidizer can also enhance 
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the flame speed of pure ammonia and 

ammonia/hydrogen. The flame speed of pure 

ammonia with  60%𝑂2/40%𝑁2  can reach an 

equivalent level as methane flame. For 70%𝑁𝐻3/
30%𝐻2 mixture, 30% oxygen in the oxidizer would 

assist the flame speed to be increased up to 39 𝑐𝑚/𝑠. 

 

 
Figure 5. Premixed laminar flame speed of ammonia/hydrogen 

flame at (a) various equivalence ratios and hydrogen blending 

ratios, (b) various inlet temperature and inlet pressure and (c) 

various oxygen contents in the oxidizer (Intersection point with 

the flame speed of methane flame under STP: •) [21]. 

 

Figure 6(a) illustrates the emission prediction as the 

equivalence ratio rises from 0.9  to 1.2  for 

ammonia/hydrogen combustion. 𝑁𝑂  concentration 

is much higher than the concentration of 𝑁𝑂2  and 

 𝑁2𝑂  in 𝑁𝑂𝑥  emissions. 𝑁𝑂  emission decreases 

rapidly with the increasing equivalence ratio. 

Unburnt ammonia and hydrogen rise under the fuel-

rich conditions. It is concluded that there is a trade-

off between fuel slip and 𝑁𝑂 emission in the gaseous 

fuel combustion when involving ammonia. An 

equivalence ratio between 1.0 and 1.1 is considered 

beneficial for emission control. Normalised 𝑁𝑂𝑥  

emission is calculated so that the impact of different 

inlet amount of ammonia is eliminated. Figure 6(b) 

demonstrates the negative trend of normalised 𝑁𝑂 

emission when the equivalence ratio increases.  
 

 
Figure 6. Effects of equivalence ratio on (a) 

𝑁𝐻3, 𝐻2, 𝑁𝑂, 𝑁𝑂2, 𝑁2𝑂  emissions and (b) normalized 𝑁𝑂𝑥 

emission for a 70%𝑁𝐻3/30%𝐻2  flame (𝑇 = 500 𝐾, 𝑃 =
1 𝑏𝑎𝑟) [21]. 

 

The emission prediction at different hydrogen 

blending ratio with 𝜙 = 1.1 is shown in Figure 7. It 

can be seen in Figure 7(a) that there is no significant 

increase in 𝑁𝑂  emission. As more hydrogen is 

introduced in the mixture which leads to higher 

combustion temperature, both production rate of fuel-

bound 𝑁𝑂  and thermal 𝑁𝑂  increase. At the 

meantime, the 𝑁𝑂  consumption rate is also 

significantly boosted due to the reverse thermal 𝑁𝑂 

reactions. Therefore, the 𝑁𝑂 production is largely 

balanced with the 𝑁𝑂 consumption. Nevertheless, it 

can be observed in Figure 7(b) that normalized 𝑁𝑂 

emission rises because the amount of inlet ammonia is 

decreased when the hydrogen fraction increases. In 

terms of hydrogen slip, hydrogen consumption and 

production, representing with the reaction 𝐻2 + 𝑂𝐻 =
𝐻 + 𝐻2𝑂 , are intensified with a rising reaction 

temperature, while a balance between production and 

consumption is still largely maintained with the 

increased hydrogen blend ratio. Thus, hydrogen slip 
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almost keeps constant in terms of its mole fraction. 
 

 

 
Figure 7. Effects of hydrogen blending ratios on 

𝑁𝐻3, 𝐻2, 𝑁𝑂, 𝑁𝑂2, 𝑁2𝑂  emissions and normalized 𝑁𝑂𝑥 

emission (𝜙 = 1.1, 𝑇 = 500 𝐾, 𝑃 = 1 𝑏𝑎𝑟) [21]. 

 

The last essential composition ratio to be discussed 

is the oxygen content in the oxidizer. Figure 8(a) 

illustrates that 𝑁𝑂  emission increases when the 

oxygen content rises. It was found that the main paths 

of 𝑁𝑂 production and consumption remain the same 

but the rate of production and consumption are 

enhanced when oxygen fraction rises. The increase 

in 𝑁𝑂 emission is due to the balanced offset towards 

𝑁𝑂  production. Figure 8(b) illustrates that the 

normalised 𝑁𝑂  emission surprisingly reduces. The 

reason lies on the greater impact of the increasing 

amount of ammonia caused by the higher oxygen 

ratio. Besides, with more oxygen in the oxidizer, 

absolute 𝑁𝑂2 and 𝑁2𝑂 emissions also rise slightly. 

Normalised 𝑁𝑂2  emission remains almost the level 

and normalised 𝑁2𝑂  emission decreases while the 

higher oxygen ratio is applied. 
 

 
Figure 8. Effects of oxygen fractions on (a) 

𝑁𝐻3, 𝐻2, 𝑁𝑂, 𝑁𝑂2, 𝑁2𝑂  emissions and (b) normalized 

𝑁𝑂𝑥  emission for a 70%𝑁𝐻3/30%𝐻2  flame (𝜙 =
1.1, 𝑇 = 500 𝐾, 𝑃 = 1 𝑏𝑎𝑟) [21]. 

 

3.3 PRELIMINARY COMBUSTION TESTS  

 

Preliminary test of premixed ammonia flame speed is 

conducted at the initial temperature of 360 𝐾 under 

atmospheric pressure with different equivalence ratios 

as shown in Figure 9. It is notable in Figure 9(a) that 

the values of laminar ammonia flame speed are 

slightly different at a fixed equivalence ratio if 

different post image treatment methods applied. 

However, these differences are within the range of the 

variation in the previous studies using electric spark to 

ignite the flame [10, 22-25].  
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Figure 9. Variation of laminar flame speed of the ammonia/air 

mixtures with different equivalence ratios [35]. 

 

Figure 9(b) shows the measured laminar ammonia 

flame speed in the preliminary test, results measured 

in previous studies [22, 23, 25-27] and computational 

results using various mechanisms [22, 28-33]. The 

laminar flame speed correlation developed by 

Goldmann et al. [34] is also included. The ammonia 

flame speed measured in the preliminary test is 

consistent with the trend of experimental results as 

well as computational data. However, further 

improvement in ammonia mechanism is required, 

particularly under fuel-rich conditions. 

 

Under the same initial temperature and pressure, 

 80%𝑁𝐻3/20%𝐻2 laminar flame speed over a wide 

range of the equivalence ratios is presented in Figure 

10, including measured results and computational 

data using various mechanisms. As the equivalence 

ratio lower than 0.6 , the computational data are 

underpredicted. When the equivalence ratio is in the 

range of 0.7 − 1.1 , the agreement between 

experimental results and computational data with 

Mei et al. [22], Shrestha et al. [28] and Goldmann's 

correlations [34] are satisfactory. All the 

computational values overpredict the 

ammonia/hydrogen laminar flame speed when the 

equivalence ratio is over 1.2. 
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Figure 10. Variation of laminar flame speed of the 

ammonia/hydrogen/air mixtures with different equivalence ratios 

(𝑥%𝐻2 =  20%) [35]. 

 

4. CONCLUSIONS 

 

In order to decarbonize the shipping sector, carbon-

neutral fuels, such as ammonia, are proposed to be 

used in different types of marine engines. Although 

some literature provided some performance prediction 

of relatively small size engine using ammonia, it lacks 

fundamental understanding of ammonia injection and 

combustion to provide guidance on developing 

ammonia fueled engines. The characteristics of 

ammonia injection, combustion emission and 

premixed ammonia laminar flame speed are 

investigated in this paper. The major conclusions are 

summarised: 

• Comparing with injection pressure, ambient 

pressure has a greater impact on the tip penetration 

and jet angle of ammonia jets. This may affect the 

designs of in-cylinder ammonia injector and intake 

manifold injector. 

• Rising the injection pressure tends to increase the 

tip penetration and has a weak negative effect on 

the ammonia jet angle. 

• As the ambient pressure increases, a decrease in 

the tip penetration and an increase in the ammonia 

jet angle can be found. 

• An appropriate range of the equivalence ratio from 

1.1 − 1.2  in favor of laminar flame speed and 

emission control is recognised. Optimal fuel 

composition ratio and oxygen ratio are given to 

match the flame speed of methane. Optimal 

combustion conditions to achieve balanced 

emissions, i.e., moderate NOx emissions and 

minimum fuel slip, are identified.  

• Preliminary tests of premixed ammonia laminar 

flame speed validate the predictions with selected 

ammonia mechanism, although further 
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improvement in ammonia mechanism is 

required, particularly under fuel-rich conditions. 
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ABSTRACT 

The importance of maritime transport is reflected in the fact that almost 4/5 of world trade is carried by 

sea. Shipping, as the most environmentally sound mode of transport, has a great impact on the achievement 

of sustainable development. Except for the economic and social benefits of carrying goods by sea, the 

potential threat of maritime transport to marine environment should not be neglected. One of the major 

lines for the defense of substandard shipping and the achievement of sustainable maritime transport is 

through Port State Control Inspections (PSC). Besides most common deficiencies, inspections also provide 

an insight into deficiencies regarding pollution prevention in world ports. Following the newly introduced 

pollution prevention regulation - Ballast Water Management Convention, from 2017 PSC also starts to 

record this type of deficiencies. The most intense areas of maritime transport are covered within Tokyo 

and Paris Memorandum of Understanding. The authors examined the available data on recorded ship 

deficiencies during ship inspections related to pollution prevention - Ballast Water Management for four-

year period within two regional PSC regimes. The aim of this paper is to present pollution prevention 

deficiencies regarding Ballast Water Management and set them in a correlation with inspections.  

 

 

1 INTRODUCTION 

 

Maritime transport is the backbone of international 

trade. The International Maritime Organization 

(IMO) plays a crucial role in ensuring the safety of 

seafarers and protection of the marine environment. 

As ships travel all over the world, there should be 

international rules that apply equally to all.  

 

IMO uses a command-and-control approach to 

ensure safety and protect the marine environment. 

This means that the IMO introduces international 

rules and standards and then introduces some control 

elements to monitor that these rules and standards are 

being followed. These regulations are covered by 

major conventions such as Safety of Life at Sea 

(SOLAS), International Convention for the 

Prevention of Pollution from Ships (MARPOL), 

Standards of Training, Certification, and 

Watchkeeping for Seafarers (STCW), The 

International Convention for the Control and 

Management of Ships' Ballast Water and Sediments 

(BWM Convention). 

 

The aim of this paper is to gather available data on 

recorded ship deficiencies during ship inspections 

related to pollution prevention - Ballast Water 

Management for four-year period within Paris and 

Tokyo MoU and set them in a correlation with 

inspections. 

 

 

2 PORT STATE CONTROL 
 

Inspection of foreign ships by the maritime authorities 

of each country is one of the most effective elements 

of control for monitoring compliance. Port State 

Control (PSC) is the inspection of foreign ships in 

national ports. The regular conduct of PSC inspections 

minimizes the risk posed by substandard ships to the 

marine environment. The objective of PSC is to ensure 

that the ship and its equipment meet the requirements 

of international regulations. [1] 

 

Although the rules and regulations are international, 

the PSC control system is divided into regions. [2] The 

MoU is an administrative agreement between 

maritime authorities with the main objective of 

establishing an effective port state control system in 

the region. [4, 5]  

 

The objectives of MOU are directly related to the 

promotion of maritime safety and the protection of the 

marine environment. 

 

Today there are nine regions with their own 

Memoranda of understanding (MoU) around the 
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world:  Europe and the north Atlantic (Paris MoU); 

Asia and the Pacific (Tokyo MoU); Latin America 

(Acuerdo de Viña del Mar); Caribbean (Caribbean 

MoU); West and Central Africa (Abuja MoU); the 

Black Sea region (Black Sea MoU); the 

Mediterranean (Mediterranean MoU); the Indian 

Ocean (Indian Ocean MoU); and the Riyadh MoU. 

The United States Coast Guard maintains the tenth 

PSC regime. [1] 

 

2.1 PARIS AND TOKYO MoU 

 

The Tokyo and Paris MoUs cover the most intensive 

areas of maritime transport. These two MoUs are 

described in more detail below.  

 

Following the Amoco Cadiz accident in 1978, the 

need for stricter regulations on the safety of shipping 

in European waters became apparent. In 1982, 14 

European countries signed a comprehensive 

agreement on maritime safety in relation to pollution, 

safety at sea, and working and living conditions. 

Today, the Paris Memorandum of Understanding has 

expanded to 27 countries. [3] In one year, more than 

17,000 inspections were carried out in the area 

covered by the Paris MOU. [4] 

 

The most active MoU is Tokyo with more than 30,000 

inspections per year and was signed in 1993. [6] 

Today, the Tokyo MoU covers 21 Asia-Pacific 

countries. [5] 

 

3 BWM CONVENTION 

 

The transport of ballast water can be associated with 

environmental, economic, and health problems caused 

by the organisms carried therein. [7] In order to 

minimize the negative effects of the organisms 

transferred, it was essential to establish an 

international regime.  

 

The BWM Convention was adopted at the diplomatic 

conference in 2004 and ratified in 2017 (Figure 1). The 

Convention prescribes standards and procedures for 

management of ballast water and sediments for all 

ships. Under the terms of the Convention, every ship 

in international shipping must have a ballast water 

management officer, as well as a Ballast Water 

Management Plan, Ballast Water Record Book and an 

International Ballast Water Management Certificate. 

[7] 

 

 

 

 
Figure 1 Process of BWM Convention implementation 
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4 RESULTS 
 

Since the aim of this paper is to present the 

deficiencies in pollution prevention in BW and relate 

them to the available inspections data from the 

annual statistical reports published on the website of 

each MoU, the following results are obtained (Table 

1.). [9, 10, 11, 12]  

 

As BWM Convention was ratified in 2017, the data 

for the number of all inspections (No. of insp.), the 

number of inspections deficiencies (No. of insp. with 

def.), the number of deficiencies (No. of def.) and the 

number of ballast water related deficiencies (No. of 

BW related def.) are reported for the period from 

2017 to 2020. It is important to highlight that in 2020, 

for both MoUs, the number of inspections is lower 

than in previous years.  

 

 

 

Table 1 Overview of inspections and detected 

deficiencies within Paris and Tokyo MoU [9, 10, 

11, 12] 

 
 

 

 

 

Figure 2 Comparison of detected BW deficiencies 

within Paris and Tokyo MOU 

 

Across all observed years, the largest number of BW-

related deficiencies is recorded in Tokyo MoU 

(Figure 2). In 2019, the largest number of 

deficiencies is noted for both MoUs. For Tokyo, it is 

almost twice as high as in 2018. In 2020, the number 

of deficiencies detected decreased due to the lower 

inspection rate, which may be related to the Covid 19 

pandemic in the world. 

 

It is important to note the most common ballast water 

deficiencies found during inspections. As shown in 

Table 2, the most common deficiency for the Paris 

MoU was Ballast Water Record Book. For the Tokyo 

MoU, only the total number of deficiencies is 

available. 

 

 

Table 2. Top five BW deficiencies within Paris 

MoU [8] 
 

PARIS MOU DEFICIENCIES 2017-2020 

1 Ballast Water Record Book 

2 Ballast Water Exchange 

3 Ballast Water Management Plan 

4 Crew Training and familiarization 

5 Other Ballast Water Management  
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4.1 RELATIONS BETWEEN INSPECTIONS 

AND DEFICIENCES 
 

In this study, one of the goals is to investigate 

whether the frequency of inspections influences the 

number of detected deficiencies at MoU level and to 

assess the linear regression of the numbers of 

deficiencies as a function of provided inspections. 

The first step is to estimate whether the differences 

in the means of the numbers of inspections and 

deficiencies are significant or not. Descriptive 

statistics of identified inspections and deficiencies 

are shown in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 3 Descriptive statistics of the identified BW deficiencies within Paris and Tokyo MoU 

 
 Paris MoU (N=4) Tokyo MoU (N=4) Total (N=8) p value 

                                        **No.of.ins.**  0.011 

Mean (SD) 16735.750 (2391.905) 28422.750 (6006.327) 22579.250 

(7545.703) 

 

Range (min-

max) 

13148.000 - 17957.000  19415.000 - 31589.000 13148.000 - 

31589.000 

 

**No.of.ins. with def.** 0.015 

Mean (SD)  8646.000 (1358.407) 16107.000 (4232.727) 12376.500 

(4936.986) 

 

Range 6609.000 - 9368.000 9763.000 - 18461.000 6609.000 - 

18461.000   

 

**No.of def.** 0.039 

Mean (SD)  37268.000 (6242.099) 64466.500 (19735.821) 50867.250 

(19874.305) 

 

Range 27926.000 - 40871.000 34924.000 - 76108.000 27926.000 - 

76108.000 

 

**No. Of BW related def.** 0.358 

Mean (SD)  436.000 (247.880)  744.750 (569.443)  590.375 (438.794)  

Range 76.000 - 622.000  261.000 - 1522.000 76.000 - 1522.000  

 

 

The results obtained confirm the statement that there 

is a significant difference (p=0.011 < 0.05) in the 

average number of inspections between these two 

MoUs. This means that the average number of 

inspections for Tokyo is significantly higher than the 

average number of inspections for Paris. The same 

conclusions can be derived for the number of 

inspections with def. and the number of def. 

However, this is not the case for the "number of BW-

related def." as there is no significant difference 

(p=0.358 > 0.05) in the average number of this 

feature between these two MoUs. 

 

Based on the identification of relationships between 

the number of deficiencies and the number of 

inspections on the one hand, and the number of BW 

related deficiencies and the number of inspections on 

the other hand, Pearson's correlation coefficients were 

calculated for all years (Table 4). 

Table 4 Pearson’s coefficient of correlation for all 

years 

 
 2017-2020 

r 0.965 

r2 0.972 

t 14.432 

p 6.933e-06<0.05 

 

When testing the null hypothesis that there is no linear 
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association between **No. of def** and **No. of 

Ins**, the null hypothesis (r = 0.986, p-value < 

6.933e-06 < 0.05 smaller) is rejected. There is a 

strong positive association between **No. of def** 

and **No. of Ins**. It means that more inspections 

reveal more deficiencies. R2 = 0.972 shows that 

inspections explain (reveals) 97.2% deficiencies.  

  

 

When testing the null hypothesis that there is no 

linear association between **No of BW-related 

def** and **No. of Ins** the null hypothesis is 

accepted (r = 0.492, p-value 0.2158 > 0.05 - there is 

no significantly correlation). Meaning, r is less than 

0.5 and there is a very small positive association 

between **No. of. BW def** and **No. of Ins**. 

 

A large statistical correlation between the number of 

inspections and the number of deficiencies can be 

seen in Figure 3. This is the result of the linear 

regression model between No. of def. as a response 

variable and No. of Ins. as a predictor. It shows the 

strong correlations between them. For a one unit 

increase in No. of Ins. there is a 2.5967 increase in 

No. of def. 

 

 
Figure 3 Linear regression model: y= 2.5967*x -7764.77 

 

5  CONCLUSIONS 

 

Although the period of implementation is short, it is 

of great importance to monitor these deficiencies. 

Statistical analysis has shown that more inspection 

does not mean more BW deficiencies. This may 

happen due to the short period of data gathering. 

When all deficiencies are observed, a large statistical 

correlation can be found between the number of 

inspections and the number of deficiencies. 

 

Since the monitoring of BW deficiencies started in 

2017, the goal is to achieve a single monitoring 

standard for all MoUs.  

 

The exchange of information is crucial to address the 

challenges posed by substandard ships, which pose a 

threat to safety and the marine environment. 

 

It might be useful to highlight the most common types 

of deficiencies which are well illustrated in Paris 

MoU. 

 

As the maritime industry plays a vital role in 

international trade and economy, the continuous 

education of seafarers on environmental awareness is 

one of the key elements in pollution prevention.  
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ABSTRACT 

In recent days, composite marine propellers are receiving more attention and found to be a potential 

candidate to replace existing conventional metals or alloys counterparts due to their intrinsic properties. 

They offer several benefits such as high specific strength, low corrosion, improved noise characteristics 

and vibration. In addition, composites are also known for their anisotropy and low stiffness properties that 

enable deformation during operation. In the case of the marine propeller, due to the effect of fluid loading, 

it undergoes a bend-twist coupled effect. However, controlled hydro-elastic tailoring methods can make 

this phenomenon a favourable condition. The deformation of the composite propeller may offer increased 

efficiency and performance with proper design considering hydro-elasticity. This paper discusses the recent 

advancements in the design, analysis and optimisation of composite marine propellers. In the past, 

analytical, numerical and experimental methods were adopted to estimate the performance of composite 

propellers at various design stages. Each method has its advantages as well as limitations. A succinct review 

of all the methods mentioned earlier to estimate the propeller characteristics in uniform and non-uniform 

flows has been presented in this paper.  
 

NOMENCLATURE 

 

BEM  - Boundary Element Method  

CFD  - Computational Fluid Dynamics 

CP  - Composite Propeller 

CPP - Controllable Pitch Propeller  

EEDI – Energy Efficiency Design Index 

FEM  - Finite Element Method  

FSI  - Fluid-Structure Interaction  

FVM  - Finite Volume Method  

IMO - International Maritime Organisation 

LES  - Large Eddy Simulation  

MARPOL – Marine Pollution 

RANSE- Reynolds-averaged Navier-Stokes 

equation 

SEEMP - Ship Energy Efficiency Management 

Plan  
 

 

1. INTRODUCTION 

 
The demand to reduce carbon and other toxic gas 

emissions is rising rapidly due to the adverse impact 

created on climate change and allied activities and for 

developing a sustainable environment. The IMO had 

revised the MARPOL Annex VI by adopting the energy-

efficient regulations where EEDI was mandated for all 

new ships and SEEMP for existing ships since 2013 

[13]. The first phase of EEDI was enforced in 2015, the 

Second in 2020 and the third planned in 2025 with an 

aim to reduce CO2 by 10 per cent, 20 per cent and 50 per 

cent, respectively.  IMO has also developed strategic 

objectives to reduce GHS up to fifty per cent in total 

along with seventy per cent carbon emission in 2050. 

Thus, several reforms have been implemented, and 

many are underway (particularly in ships) to meet the 

international standards and regulations, including the 

energy efficiency design index (EEDI). The apex bodies 

have recommended energy-efficient technologies to 

enhance efficiency and reduce emission, categorised into 

four groups: machinery, energy consumption, optimising 

operation, and hull and propeller improvement groups. 

 

In the hull and propeller improvement groups, the primary 

focus is to design a hull with the least possible resistance 

by optimising the hull form or with the help of passive 

and active methods such as stern flap, hull vanes and 

interceptor air-bubble injection techniques. In the case of 

propellers, they were designed with maximum thrust and 

efficiency by optimising the number of blades, blade area 

ratio, pitch, rake and skew.  However, the scope for 

improvement is limited for propellers as they were 

already optimised to their maximum possible level.  
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Figure 1: Issues associated with conventional propeller 

materials. 
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Other predominant issues associated with 

propellers are cavitation, erosion, poor acoustic 

property and vibrations. Figure 1 illustrates the 

various problems associated with conventional 

propeller materials. Hence efforts were made to 

identify new material that could replace the existing 

conventional propeller material. Nickel Aluminium 

Bronze, Manganese Bronze, Bronze, and Stainless 

steel are predominantly used materials to 

manufacture ship propellers commercial and naval 

vessels. This article presents the merits and 

demerits of replacing conventional marine 

propeller materials with composite and the recent 

developments in design, analysis and optimisation 

techniques for composite marine propellers. 

 

2. COMPOSITE MARINE PROPELLERS 

  

2.1 (a) C o m p o s i t e  m a t e r i a l  a n d  t y p e s  

 

In brief terms, composite materials are developed  

by combining two different materials having 

distinct chemical and mechanical properties. The 

final product shows superior performance than the 

individual ones. They are developed with 

reinforcement material (fibres) and matrix (resin) 

under controlled temperature and pressure. There 

are two available categories of composite; one is 

natural composite, and the other is synthetic or 

man-made composite. [9] Natural fibres are eco-

friendly, readily available and renewable sources. 

Primary fibres include jute, sisal, kenaf, and hemp 

fibres, where these primary fibres are grown for 

their fibre contents. Secondary fibres include 

agricultural residues, coir fibres, and pineapple 

fibres obtained from plants' by-products. However, 

their application to modern engineering fields is 

minimal due to their mechanical properties. In 

synthetic form, composite materials are more 

robust than natural form and can be engineered to 

any shape or size with the required structural 

strength and stability. Error! Reference source 

not found. shows the classification of composite 

materials in synthetic form. For marine 

applications, we use epoxy or general-purpose 

resin. In the case of fibre, there are different 

varieties such as Glass, Carbon, and Kevlar, which 

are predominantly used in ships.  

 

2 . 2  ( a )  C o m p o s i t e  m a r i n e  p r o p e l l e r  

 

Composite material has been identified as a better 

alternative to conventional propeller materials. They 

possess superior properties to their metallic 

counterparts with high specific strength, improved 

noise and vibration characteristics [13], low 

cavitation, corrosion and galvanic cell formation. 

There has been an increasing trend for composite 

materials for maritime applications. Nevertheless, 

they are not popular among scientists and researchers 

due to their anisotropic and low stiffness properties. 

The main advantage of deflection is the 

improvement in performance characteristics, and it 

attained for certain advance velocity where the pitch 

angle is minimal with the angle of attack.  

 

Most ships operate in a constant speed regime where 

the RPM is equivalent to design speed. Thus the 

passive type of deflection is more advantageous 

where it reduces the operating and maintenance costs 

of complex hydraulic systems (actuators). It 

eventually reduces the issues related to the 

operational and maintenance of systems. On the 

other hand, in some operating regimes, the 

deformation creates negative performance by 

producing reduced thrust. It could also be as high as 

a catastrophe if the blade breaks during operation as 

they are brittle; they directly fail without yielding, 

which is an unpleasant situation for ship owners or 

operators. Thus, it is essential to understand and 

study their actual performance at the various design 

and operating conditions. Proper hydro elastic 

tailoring with optimised stacking sequence or pre-

deformed blade geometry can also yield more 

incredible performance than metals or alloys.  

 

  2.1 (a) H y d r o d y n a m i c  a n a l y s i s  o n  C P s   

 

Traditionally the performance characteristics of any 

marine propellers are estimated either with model 

Figure 2: Classification of composite material 
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test experiments or numerical simulations (viscous 

and inviscid methods). In both cases, the propeller 

is considered rigid during the operation in both 

design and off-design conditions. This assumption 

is valid because the deformation of metal or alloy 

propellers is an insignificant value that does not 

alter the flow characteristics. 

 

Propellers will be subjected to two conditions; open 

water and self-propulsion. The earlier method 

allows the propeller to operate at an undisturbed 

uniform inflow condition where the RPM is 

constant with varying Va. Later, the propeller is 

attached to the ship's stern via a stern tube. Once the 

steady speed is attained, the model is released from 

the carriage and allowed to move with the 

propeller's thrust. This scenario is the exact mimic 

of the actual condition where the ship's propeller 

operates in the wake region. 

 

In open water, performance data such as thrust, 

torque, and efficiency are analysed. In the model 

test case for open water condition, an open water 

dynamometer, shaft, stern tube, and prime mover is 

attached to the carriage. The propeller is set to run 

in a constant RPM with different Va values. 

Similarly, in the self-propulsion test, the model is 

initially attached to the carriage with all the 

equipment required for powering the prime mover 

and measurements. After the steady-state, the 

model break is released from the carriage and 

moves on the propeller thrust. Care must be taken 

while conducting the self-propulsion test because 

the model self-propulsion point must be matched 

with the ship self-propulsion point, and it is 

possible with external force in the model test. 

 

  2.2 (a) S t r u c t u r a l  an a l y s i s  o n  C P s   

 

The cantilever beam method is the standard method 

for calculating the stresses on the propeller, which 

was adopted in the early years of the last century. 

Even today, several industries use this method to 

estimate the stresses on commercial and naval 

vessels. The cantilever beam method relies on the 

radial distribution of thrust and torque force loading 

by equivalent loads at the centre of action. [1] 

 

 
Figure 3: Distribution of thrust and torque force loading on a 

radial element. 

The total load (σT) on the propeller is defined by five 

components, namely hydrodynamic thrust (σH), 

torque action (σCBM), centrifugal force (σCF), 

centrifugal bending (σCB), Plain stress (σS). A 

straightforward procedure for estimating the 

maximum tensile or compressive stress on a blade 

section with an example has been provided in the 

literature [1]. Figure 3 shows the radial element's 

thrust and torque force loading distribution. 

 

Using a static rig test, estimate deflection or any 

vibration characteristics of marine propellers. Blades 

are positioned in the centre of the rig, and loads are 

placed at every r/R ratio [5]. Also, natural 

frequencies were identified using a similar setup 

containing an accelerometer, dynamic analyser, data 

acquisition system and hammer. The hammer is used 

to create an impact on the propeller where the 

accelerometer is connected to it. The excitation and  

 

Unlike rigid propellers, flexible composite propellers 

are made with fibres and matrix. They are 

anisotropic material and layered in a sequence called 

stacking sequence, which ultimately determines the 

structural properties. The sequence needs to be 

tailor-made for each propeller since the load 

distribution varies from time to time. [4] The 

bending method estimated the mechanical properties 

of carbon fibre material. Bending strain and tensile 

strength were obtained using the proposed method. 

The method was limited to linear elastic materials 

based on failure theory. The results obtained on 

carbon fibre materials shows that the breaking strain 

value is 3.25 percentage and tensile strength is 7.33 

GPa.  

 

Other structural analyses such as vibrations were 
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carried out to estimate the propeller strength 

characteristics using a laser doppler vibrometer 

[10]. The setup was validated with a hammer test, 

and the results were in good agreement.  

 

  2.3 (a) H y d r o - e l a s t i c  a n a l y s i s  o n  C P s   

z 

In order to estimate the accurate hydro elastic 

performance of the propellers, it is wiser to 

incorporate FSI studies. FSI is an approach where 

the fluid loads are transferred to the structure during 

operation, and structural deformation is estimated 

and vice versa. A different class of problems uses 

different coupling mechanisms; one-way coupling 

and two-way coupling. In one way, coupling the 

deformation does not affect the fluid flow; 

however, it will have significant changes in the 

flow properties later. In common, a two-way 

coupling is preferred for all composite materials, 

especially in the case of the marine propeller.  
 

3. Experimental investigations on CPs 

 

It has been reported [8] that the early stage of 

composite marine propeller tests was conducted in 

the 1960s. A propeller of about 2-meter diameter 

was fixed to a fishing vessel and later up to 6 meters 

in a commercial vessel.  

 

More recent publications are available from [2] the 

early 2000s, where two sets of CPs propellers were 

used to test in the water tunnel. Figure 4 illustrates 

the fabricated carbon fibre propeller using an NC 

cutting machine and compression process. 

Measurements include velocity fields using laser 

doppler velocimetry), blade deformation using a 

high-speed video camera and cavitation patterns in 

uniform inflow conditions and behind a four-cycle 

wake.  

  

 
Figure 4: Fabrication of carbon fibre propeller [chen 2006] 

 

The results show that the loading should be similar 

between flexible and rigid propellers in uniform and 

non-uniform propellers. The tip deflection of 

propellers is found to be 13.4 mm and 16.4 mm for 

the first set of the thin-bladed and highly skewed 

propellers. With a thick bladed one, the second set 

had a tip deflection of 13.4 mm and a 16.4 mm 

propeller.  

 

Later, [11], a study was conducted on performance 

analysis of composite propeller using cavitation 

experimental facility. Three propellers were chosen 

to have an identical geometer with aluminium, dry 

carbon, and nylon powder as material properties. 

Open water experiments observed that metal and 

composite had similar results and, plastic 

underperformed in all operating regimes. Thus, it is 

evident that carbon fibre is a good replacement for 

conventional propellers.  

 

Another experimental investigation was conducted 

on a B series composite propeller with a podded 

propulsion system in towing tank setup. 

Hydrodynamic investigations were carried out on 

three-bladed propellers and aluminium propellers, 

outperforming composite. Also, to identify the 

structural characteristics static load test was carried 

out to understand the deflection at the tip. Initially, 

blade pressures at each r/R ratio were identified 

using numerical simulations, and after that, 

equivalent loads were applied to the blade. Using the 

height gauge, tip deflections were observed.   

 

4. Numerical investigations on CPs 

 

With the advancement in computer technology, 

propeller performance prediction has become easier 

than earlier. Several numerical FSI problems have 

been carried out in both viscid and inviscid.  

 

Earlier studies were conducted on LST-FEM 

coupled mechanism to understand the hydro-elastic 

performance [7]. MAU 3-60 propeller was used to 

understand the effect of stacking sequence on both 

balanced and unbalanced versions. Open water 

computations studies were carried out where LST 

was used to calculate the fluid forces. Later the 

pressures were applied to FEM to identify the 

structural dynamics. Figure 6 illustrates the open 

water thrust coefficient results for balanced and 
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unbalanced stacking sequences.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Numerous studies were carried out using BEM-FEM 

coupling, where the BEM is used to identify the fluid 

characteristics and alter the fluid loads are applied to 

FEM for structural performances. [12] A coupled 

study was conducted to understand the complete 

performance of composite propellers in 

subcavitating and cavitating flows. The author group 

developed a 3D boundary element method which can 

be coupled with numerical FEM. Mathematical 

models and other formulations can be found in 

reference []. Validation of numerical results was 

carried out by comparing the experimental results. 

Two composite propellers with a 0.9144m diameter 

were tested in the naval surface warfare centre, 

carderock division. The numerical results agreed 

with experiments and found that the composite 

propeller performed and the metal propeller. Also, 

the rake angle and pitch angle changes with thrust 

were determined at the blade tip.  

 

FVM – FEM coupling were also used to predict the 

hydrodynamic and structural characteristics of the 

composite marine propeller. [3] A five-bladed 

propeller was subjected to hydrodynamic loading, 

which was analysed using an FVM solver. Then 

later, the results were exported to FEM solver. In 

FEM, deformations were analysed, and finally, the 

structural responses were sent back to the fluid solver. 

The process was repeated until convergence was 

achieved. Figure 6 shows the flow chart for the FSI 

process. 

 

 
Figure 6 FSI Flow chart 

Open water results were compared with experimental 

data, in good agreement. The deflection at each 

advance ratio was identified, and found that the lower 

advance ratio has the higher deflection. 

 

Using CFD methods, FSI was performed using 

RANSE – FEM to predict the hydroelastic analysis of 

composite marine propellers. [6] The B series four-

bladed propeller was tested for hydroelastic 

performance. The blade was modelled in two different 

software CFD and FEM. Then using the co-simulation 

method, the coupling (two) was established, and 

timestep was identified to couple between the two 

solvers. The hydrodynamic and deformation was 

identified, and results were presented.  

 

 

5. Conclusion 

 

The existing literature shows that the composite 

propellers are well-suited materials for replacing 

conventional marine propellers with better 

hydrodynamic and structural characteristics. The 

following conclusions were drawn from the paper 
 

• The major consideration of the composite 

propeller is to reduce the weight onboard, 

cavitation requirements, improve NVH, 

stealth technology. 

Figure 5: Thrust coefficient for unbalanced 

and balanced stacking sequence 
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• Unlike rigid propellers, the composites have 

anisotropic properties which influence the 

structural behaviour. Deformation can have 

pros and cons based on operating conditions 

and other design parameters. 

• Hydro elastic tailoring can improve both the 

hydrodynamic and structural performance of 

the propeller. 

• The stacking sequence of reinforcement 

material affects the structural performance 

of the blades. The manufacturing technique 

also affects significantly performance. Poor 

manufacturing brings delamination of 

reinforcement material. 

• Limited studies have been conducted on 

unsteady flow and acoustic properties.  

• The composite propeller can aid ships to 

reach the IMO goal for reducing GHGs.  
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STUDY ON SHIP-SHIP HYDRODYNAMIC INTERACTION DURING 

ENCOUNTER CASE IN SHALLOW WATER CONDITION 
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ABSTRACT 

Ships travelling through confined waterways such as harbour, port, navigational channels and coastal 

waters may often have to operate in the proximity of other ships. This results in flow variations around 

both the ships and consequent pressure variations around their wetted hull surfaces leading to 

hydrodynamic induced forces and moments between them. The ship’s manoeuvrability reduces 

considerably in shallow waters due to reduced ship speed and added ship sluggishness in its manoeuvring. 

So, the increase in hydrodynamic force between ships and reduction in ship manoeuvrability make it more 

difficult to control the ships in shallow waters. The present study focuses on numerically predicting the 

hydrodynamic interaction forces between two container ships in encounter case using Unsteady Reynolds 

Averaged Navier Stokes Equations (RANSE) based CFD software. The studies are performed for shallow 

water conditions for different speeds and transverse separation distances. Revised regression coefficients 

are also proposed from the simulated results. 
 

NOMENCLATURE 

 

B Breadth of the ship (m) 

CB Block coefficient of the ship 

Frh Depth Froude number 

g Acceleration due to gravity (m/s2) 

h Water depth (m) 

LBP Length between perpendicular (m) 

LOA Length overall of the ship (m) 

r Yaw rate of the ship (rad/s) 

r  Yaw acceleration of the ship 

(rad/m2) 

SP Transverse separation distance (m) 

ST Stagger distance (m) 

T Draft of the ship (m) 

U Surge velocity of the ship (m/s) 

u  Surge acceleration of the ship 

(m/s2) 

v Sway velocity of the ship (m/s) 

v  Sway acceleration of the ship 

(m/s2) 

ρ Density of fresh water at 250C 

(kg/m3) 

 

1. INTRODUCTION 

 

Interaction effects due to a moving vehicle are 

common in our day to day life. For example, the 

sway effect produced by a fast-moving car, the 

suction effect produced by a fast-moving train, and 

the ground effect of an aircraft when it is landing or 

taking off. In the case of ships, it is easier to stay 

away from these interaction effects by keeping 

enough separation distance between the vessels. But, 

this is not always possible because the increase in 

marine traffic make these ships come closer to one 

another. This results in flow variation around the 

wetted surface hulls and a subsequent pressure 

variation. This pressure variation around the hull will 

induce hydrodynamic forces and moments and affect 

the ships by involuntary speed change and involuntary 

course change. Once the vessel's trajectory is changed, 

it may even collide with the passing ship or even with 

the nearby harbour/port structures. This 

hydrodynamic phenomenon exhibited by one vessel in 

the presence of the other is known as ship-ship 

interaction. There are several marine accidents that 

happened in the past, which started the discussions on 

interaction effects. For example, the sister vessel of 

Titanic, named Olympic, collided with the cruiser 

HMS Hawke in 1911 due to interaction and bank 

effects. 

  

There are mainly three types of ship-ship interaction 

scenarios widely discussed by the research 

community. They are overtaking manoeuvre, the 

interaction between passing ship and moored ship, and 

encounter manoeuvre. Two vessels will be travelling 

in the same direction in overtaking manoeuvre, and the 

faster ship will overtake the slower one. One vessel 

will be stationary in the case of moored vessel and 

another ship passes nearby. Finally, in the encounter 

manoeuvre, both vessels will be approaching each 

other in parallel paths. Among the three cases, the 

magnitude of forces and moments is maximum in 

encounter manoeuvre, and it is being studied in this 

paper. 

 

The experimental studies to investigate the ship-ship 

interaction was started in the early 20th century. Muller 
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et al. [1] investigated both overtaking and meeting 

cases in channels. An extensive experimental study 

of overtaking and meeting/encounter case was 

conducted by Dand [2]. To develop a mathematical 

model for navigational bridge simulator, Vantorre et 

al. [3] did experimental studies on overtaking and 

encountering cases with different hull models. 

Parameters like vessel draft, under keel clearance, 

vessel speed and transverse separation distance were 

studied by Vantorre et al. Apart from experimental 

methods, several theoretical approaches were used to 

research ship-ship interaction. Slender body theory 

was used to study interaction effects by Tuck et al. 

[4] and Yeung et al. [5]. Overprediction of forces and 

moments, when compared with experimental results, 

was reported by Yeung. Kijima et al. [6] studied both 

overtaking and meeting cases in a narrow channel 

using Tan’s method. Empirical formulae for 

estimating the peak and instantaneous values of sway 

force and yaw moment acting on the hull was 

proposed by Varyani et al. [7]. In all the above 

approaches, potential flow was assumed, and hence 

viscosity of the fluid was ignored.  

 

With the ever-improving capabilities of computers, 

researchers are moving slowly towards 

Computational Fluid Dynamics (CFD) simulation of 

ship-ship interaction hydrodynamic problem 

representing it by Unsteady Reynolds Averaged 

Navier Stokes model. The addition of viscosity in the 

above model improved the results considerably. 

These models give satisfactory results when used to 

find hydrodynamic interaction forces between ships. 

 

Chen et al. [8] performed ship-ship interaction study 

using the chimera Reynolds Averaged Navier-Stokes  

equation (RANSE) solution method. This method 

produced satisfactory results in encounter and 

overtaking scenarios in deep and shallow water 

conditions. Zou and Larsson [9] carried out CFD 

computation for lightering condition. These results 

were later validated by Lataire et al. [10] model test 

results. 

 

The present study uses commercial CFD software 

StarCCM+ to determine hydrodynamic interaction 

forces and moments between two container ships in 

a head-on encounter scenario. Free surface and 

viscosity is incorporated, and the effects of 

parameters like water depth, transverse separation 

distance and vessel speed is investigated in detail. 

 

2. ENCOUNTER MANOEUVRE 

 

Figure 1 shows the definition of forces, moments and 

vessel speed for both hulls in encounter manoeuvre. 

Vessels are labelled 1 and 2, as shown in the figure. 

F1 and F2 represent the hydrodynamic sway force, 

and its positive direction is along the starboard side. 

Thus a positive sway force means repulsion between 

the hulls. Similarly, positive direction of yaw 

moment acting on the hull is represented by M1 and 

M2 in Figure 1. A positive yaw moment represents a 

bow-out moment and a negative yaw moment 

represents a bow-in moment. U1 and U2 are the vessel 

speeds. In the present study velocity of both vessels 

are kept constant throughout the encounter case. SP is 

the transverse separation distance between the 

centerlines of the hull, and ST refers to the 

longitudinal separation between the centre of gravity 

of both hulls, known as stagger distance. Where, 

ST=1, 0 & -1 represents bow-bow, midship-midship, 

and stern-stern situations respectively. 

 

 
Figure 1: Encounter Manoeuvre 

 

The magnitude and nature of forces and moments 

acting on the hull during encounter manoeuvre 

depends on several parameters like,  

 

• Water depth 

• Transverse separation distance 

• Vessel speed 

• Stagger distance 

• Block coefficient of the vessel 

 

Two identical vessels are used in the present study. 

Hence the effect of block coefficient of vessels in 

encounter case is not discussed in the paper. As per the 

Permanent International Association of Navigation 

Congress (PIANC) [11], shallow water condition is 
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classified using water depth to draft ratios (h/T) and 

it ranges from 1.2 to 1.5, hence the selected h/T ratios 

are 1.2, 1.3 & 1.5. Guidelines for vessel speed in 

shallow waters is also proposed by PIANC [12]. In 

navigational waters, vessel speed should be between 

6 – 10 knots, whereas in channels, it should be 

between 4 – 6 knots. Vessel speed of 5, 6 & 7 knots 

are selected by taking this into consideration. 

Similarly, the transverse separation between the side 

shell of hulls should be greater than 1B in channels 

and 1.2B in open water conditions for 

meeting/encounter case [12]. The selected transverse 

separation distance between the centerline of hulls 

ranges from 2B to 4B. The final test cases are shown 

in Table 1. 

 

Table 1: Test Case Matrix of Encounter Case 

Parameter h/T SP U 

  (m) (knots) 

Range 1.2, 1.3 & 

1.5 

2B, 3B & 

4B 

5, 6 & 7 

 

The results shown in this paper are for Ship1. Sway 

force (F), yaw moment (M) and stagger distance are 

non-dimensionalized as shown below, 

 

𝐶𝐹 =
𝐹

1
2 𝜌𝐵𝑇𝑈2

  

(1) 

 𝐶𝑀 =
𝑀

1
2 𝜌𝐿𝐵𝑇𝑈2

  

 

𝑆𝑇′ =
𝑆𝑇

𝐿
    

 

3. NUMERICAL SIMULATION 

 

3.1 SHIP MODEL 

 

Figure 2: Perspective view of KCS 

 

KRISO Container Ship (KCS) hull is selected for 

the present study. A scaled down model with a scale 

ratio of 1:31.599 is used for the numerical 

simulations. The vessel particulars are shown in 

Table 2. Figure 2 shows the perspective view of hull 

form.  

Table 2: Main Particulars of KCS 

Vessel 

Particulars 

Full Scale Model Scale 

LBP (m) 230.0 7.2786 

LWL (m) 232.5 7.3578 

B (m) 32.2 1.0190 

D (m) 19.0 0.6013 

T (m) 10.8 0.3418 

CB 0.65 0.65 

 

3.2 DOMAIN AND BOUNDARY 

CONDITION 

 

The initial separation distance between the hulls is 

kept as 3.55 times the ship’s length (LBP). This helps 

in achieving a steady state before the vessels cross 

each other. In the longitudinal direction, one ship 

length is kept between ship’s transom and 

longitudinal boundary. The distance between the 

ship’s hull and the transverse boundary is fixed as 1.5 

times LBP in the transverse direction. Transverse 

distance of separation between ship hulls and water 

depth is selected as per the test case of numerical 

simulation. Above the free surface, a vertical height 

of 1.5 times LBP is provided. 

 

A “Pressure Outlet” boundary condition is specified 

at the longitudinal boundaries. Whereas at transverse 

boundaries, a “Velocity Inlet” boundary condition is 

used with zero inlet velocity. A “slip-wall” condition 

is defined for top wall of the domain, where shear 

stress will be zero. Both ship hulls and the bottom 

boundary is taken as a “no-slip wall”. 

 

3.3 MESH MOTION & SETTINGS 

 

Overset mesh motion method is used to achieve the 

required hull motions in the encounter manoeuvre. 

An interpolation error is associated with this method, 

and hence same mesh size is used inside the overset 

domain and outside overset domain (in the 

background domain) to minimize this error.  

 

Trimmed hexahedral mesh is used for the 

discretization of hull surface anf fluid domain. A y+ 

value between 30 to 100 and a growth rate of 1.2 is 

maintained in the hull surface as per ITTC guidelines 

[13].  
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3.4 SOLVER SETTINGS 

 

3D-segregated-implicit-unsteady solver available 

in commercial CFD platform StarCCM+ is used for 

solving the RANS equations. Turbulence is 

incorporated using k-ω SST model. A second-order 

discretization is used for the temporal scheme, and 

a time step of 0.0075s is used such that the courant 

number inside the fluid domain is less than 1. 

 

4. RESULTS AND DISCUSSION 

 

4.1 EFFECT OF STAGGER DISTANCE 

 

The variation of sway force with respect to 

longitudinal separation distance is shown in 

Figure 3. Three peaks are shown for varying 

stagger distance. The two positive peaks at bow-

bow and stern-stern situation represent a repulsive 

force between the vessels. The presence of 

stagnation pressure points at the bow and stern is 

causing this repulsive force. The high-pressure 

regions of two hulls, when interact, they tend to 

repel each other. In the midship-midship situation, 

the hydraulic section area between the vessels 

decreases and results in flow acceleration. An 

increase in flow velocity results in forming a low-

pressure region between the hulls and an attractive 

force is experienced by both vessels. Comparing 

the three peak values, the attractive force is the 

most intensive one among the three, and the 

helmsman should take proper care. 

 

 
Figure 3: Variation of Sway Force w.r.t Stagger Distance 

(h/T=1.3, SP=2B, U=6 knots) 

 

 
Figure 4: Variation of Yaw Moment w.r.t Stagger Distance 

(h/T=1.3, SP=2B, U=6 knots) 

Coming to the case of yaw moment, four peaks are 

observed as the stagger distance varies, shown in 

Figure 4. A positive peak at the bow-bow situation 

and immediately after the midship-midship 

situation represents a bow-out movement. When 

the high pressure regions at bow of both hulls 

interacts, vessels are repelled away from each other 

and hence a bow-out movement. Moving forward 

as the bow feels the presence of low-pressure region 

at midship of the other vessel, a bow-in movement 

is observed. This is followed by a bow-out 

movement, when the high-pressure region at the 

stern and low pressure region of the midship 

interact. Finally, a much weaker bow-in movement 

is experienced in the final stage of encounter 

manoeuvre.  

 

4.2 EFFECT OF WATER DEPTH 

 

Figure 5 shows the variation of sway force and yaw 

moment with respect to varying water depth. 

Transverse separation distance of 2B and vessel 

speed of 7 knots is kept constant for comparison. 

As the water depth decreases, the hydraulic section 

area beneath the hull decreases. This will result in 

an accelerated flow rate compared to the same case 

with a higher water depth. Higher flow velocity 

results in higher pressure variations around the hull. 

As a result, the interaction forces and moments 

increase with a decrease in water depth or h/T 

ratios. 

 

 
Figure 5: Variation of Forces and Moments w.r.t Water 

Depth (SP=2B, U=7 knots) 
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4.3 EFFECT OF TRANSVERSE 

SEPARATION DISTANCE 

 

As the transverse separation distance between two 

vessels decreases, one vessel will come closer to 

the pressure zones of the other vessel. Thus, the 

interaction effects will be much higher. Similarly, 

during the midship-midship situation, the 

hydraulic separation distance also decreases, 

resulting in a higher attractive force between the 

hulls. Hence, as the transverse separation distance 

decreases, the interaction effects also increase. 

This variation is shown in Figure 6 for constant 

h/T ratio of 1.2 and vessel speed of 7 knots.  

 

 
Figure 6: Variation of Forces & Moments w.r.t Transverse 

Separation Distance (h/T=1.2, U=7 knots) 

 

4.4 EFFECT OF VESSEL SPEED 

 

The variation of non-dimensional sway force and 

yaw moment with varying vessel speed is shown 

in Figure 7. As the vessel speed increases, the 

resulting flow velocity around the hull will also 

increase. This is the reason for higher pressure 

variation around the hull when the vessel speed is 

higher. Therefore, as vessel speed increases, the 

interaction effect also increases. 

 

 
Figure 7: Variation of Forces & Moments w.r.t Vessel Speed 

(h/T=1.2, SP=2B) 

 

4.5 REGRESSION EXPRESSION 

 

From the results of numerical simulations, the 

expression for estimating the peak values of sway 

force and yaw moment proposed by Varyani et al. 

[7] is revised. The depth Froude number is 

additionally introduced, and constants for each 

peak values are modified. The peak values of sway 

force in encounter manoeuvre is as follows, 

 

𝐶𝐹𝑖 =  𝑌𝑖
𝑚𝑠 (1 +

𝑆𝑃
𝐿⁄ )

𝛼𝑖

[1

+ 𝑌𝑖
𝑚𝑑(𝑇

ℎ⁄ )]
𝛽𝑖

(ℎ
𝑇⁄ )

𝛽𝑖

𝐹𝑟ℎ
𝛿𝑖 

(2) 

Similarly, the equation for yaw moment is as 

follows, 

 

𝐶𝑀𝑖 =  𝑁𝑖
𝑚𝑠 (1 +

𝑆𝑃
𝐿⁄ )

𝑖

[1

+ 𝑁𝑖
𝑚𝑑(𝑇

ℎ⁄ )]
𝜑𝑖

(ℎ
𝑇⁄ )

𝜑𝑖

𝐹𝑟ℎ
𝛾𝑖 

(3) 

𝑌𝑚𝑠, 𝑌𝑚𝑑 , 𝑁𝑚𝑠 , 𝑁𝑚𝑑 , 𝛼, 𝛽, 𝛿, 휀, 𝜑 & 𝛾 are the 

constants used in the regression expression. 𝐹𝑟ℎ is 

the depth Froude number, shown in equation 4. 

Table 3 & 4 shows the constants for peak values of 

sway force yaw moment respectively. 

 

𝐹𝑟ℎ =
𝑈

√𝑔ℎ
     (4) 
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Table 3: Constants for Estimation of Peak 

Values of Sway Force. 

 i=1 i=2 i=3 

𝑌𝑚𝑠 3.7761 -3.0568 2.8187 

𝑌𝑚𝑑 0.2738 -0.1820 0.5474 

α -3.3193 -3.5104 -1.6409 

β -4.7602 -3.4508 -3.4016 

δ -0.9540 -0.1893 -0.2664 

 

Table 4: Constants for Estimation of Peak 

Values of Yaw Moment. 

 i=1 i=2 i=3 i=4 

𝑁𝑚𝑠 1.0769 -0.2252 0.7734 -0.2350 

𝑁𝑚𝑑 0.1937 0.3773 0.7234 -0.0694 

ε -4.4486 -4.3862 -7.8585 -3.9448 

φ -2.5803 -1.1595 -1.7674 -2.5472 

γ -0.0417 -0.5493 -0.5416 -0.1699 

 

5. CONCLUSIONS 

 

The hydrodynamic sway force and yaw moment 

acting on the hull during encounter manoeuvre is 

estimated using RANSE based CFD simulations 

in the present study. The effect of parameters like 

stagger distance, water depth, transverse 

separation distance and vessel speed is studied. 

Among these, only stagger distance influence the 

nature of these forces and moments, like attraction 

or repulsion etc. Other parameters influence the 

magnitude of forces and moments. An increase in 

interaction forces and moments is observed as the 

water depth and transverse separation distance 

decreases. An increase in vessel speed also 

increases interaction effects. Finally, from the 

numerical results, an empirical equation for 

predicting peak values of sway force and yaw 

moments is also proposed. 

 

Even though the forces and moments in encounter 

manoeuvre are much higher than other ship-ship 

interaction cases like overtaking manoeuvre or 

interaction with moored vessel by a passing 

vessel, the time available for vessel to react to 

these forces and moments are very less due to its 

higher relative velocity.  
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ABSTRACT 
 

The “blue economy” reflects a fundamentally new approach to economic development. To realize the full 

potential of the blue economy - including its ability to increase economic opportunity for local 

communities - will require significant investment across infrastructural, political, knowledge, and 

cultural dimensions of the complex human-ecological system that forms its foundation. 

Necessity of study: This study identifies trends in successes and challenges in the blue economy in order 

to increase awareness and craft strategic action plans for accelerating sustainable, equitable, and 

innovative blue economy growth in city of Vlora. 

Proposal and findings: We proposed in this paper a novel framework for rapidly evaluating blue 

economy initiatives to determine their potential impact and feasibility within to uncover trends in 

innovation and progress within the blue economy globally, and then apply this knowledge in combination 

with regional and country analyses to identify opportunity areas ripe for development, and specific 

country-level initiatives for region of Vlora. Tourism in Vlora is a major component of the local 

economy. Successful technological implementation can occur after the purpose, use, maintenance, data 

collection, sharing, or analysis related to use of the technology is clearly defined and agreed upon by the 

users prior to implementation. This latest technological trend includes: Internet-of-Things, Big Data, 

Web Services, Telecommunications, and Technology Globalization. Among others, the Internet of 

Things has been playing an important role in this area. This paper presents the application of the Internet 

of Things in the field of marine tourism. New technologies including advanced Big Data analytics and 

their applications in this area are briefly reviewed.  

 

1. INTRODUCTION 

 

Globally, tourism and travel combined account for 

nearly ten percent of GDP and brings in an annual 

review of approximately USD 7.6 trillion, and thus 

is an important part of the world economy [1].  For 

Albania, the tourism economy and tourist sectors 

account for 8.71 of GDP in 2019. The World 

Travel and Tourism Council released its annual 

report, analyzing figures relating to tourism in 

Albania during 2019. It found that tourism’s 

contribution to the country’s GDP rose by 8.5% in 

2019, and that tourism contributed 21.2% of the 

total economy. It brought some 275.5 billion ALL 

(€ 2.2 billion) into the country, accounting for 

48.2% of all exports. People working in the 

tourism sector also accounted for 22% of the total 

number of employed individuals in the country.  

Over the last decades, the economy of Albania has 

undergone a major socio-economic transition. 

Coastal and marine resources, being valuable 

economic assets, have underpinned this process. 

The Blue Economy concept is being embraced by 

Albania as an avenue for preventing 

environmental degradation and ecological 

imbalances in the use of coastal and marine 

resources. Defined as a “sustainable use of 

maritime resources for economic growth, 

improvement of livelihoods and jobs and marine 

ecosystem health”, Blue Economy offers new and 

growing opportunities for Albania.  

There is an increasing awareness of the potential 

of the Blue Economy and the challenges it may 

face in Albania. These challenges, however, 

present an opportunity to steer positive change and 

accelerate necessary reforms. 

This paper begins by introducing and describing 

blue economy concept and the development in 

Albania. Section III presents an overview to 

marine tourism in Vlora. Section IV discusses the 

implementation of the Internet of Things in the 

field of marine tourism. In Section V we conclude 

this study.  

 

2. BLUE ECONOMY 

 

The idea of the Blue Economy was conceived at 

the Rio +20 United Nations Conference on 
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Sustainable Development held in Rio de Janeiro in 

June 2012, and addressed two key 

themes: the further development and refinement of 

the Institutional Framework for 

Sustainable Development and the advancement of 

the Green Economy concept. 

The blue economy concept has been presented in 

many fora and has been seen as an 

alternative economic model for sustainable 

development that put the ocean at the centre 

of this approach. The “blue economy” reflects a 

fundamentally new approach to economic 

development. Marrying sustainable development 

with green growth, the blue economy explicitly 

seeks to foster social inclusion, environmental 

sustainability, and economic growth linked with 

improved livelihoods. The concept specifically 

integrates healthy marine environments with 

robust coastal zone economies. 

The EU has advanced the concept of ‘Blue 

Growth’ as its long-term strategy to support 

sustainable growth in the European marine and 

maritime sectors as a whole. The initiative, 

unanimously endorsed in October 2012 by 

European Ministers for Maritime Affairs through 

the Limassol Declaration, recognizes that seas and 

oceans are drivers of the European 

economy with great potential for innovation and 

growth, in areas such as aquaculture, 

coastal tourism, marine biotechnology, ocean 

energy and seabed mining. 

The concept of and emerging strategies for a Blue 

Economy will require renewed focus on policies 

for conservation, marine spatial management and 

risk assessment to promote the productivity and 

resilience of marine ecosystems. Many small 

states are very well known and already leading in 

this sector. 

 

3. ALBANIA AND BLU ECONOMY 

MODEL 

 

Albania is pursuing integration into the European 

Union. On 24 June 2014 the Council of the 

European Union (EU) agreed to grant Albania 

candidate status and recommended further 

development of reforms to open negotiations for 

membership to the EU. The country is undertaking 

many structural reforms to boost economic growth 

and increase competitiveness. In terms of general 

socio-economic development, as measured by the 

Human Development Index (HDI), the country 

classifies in the 'high human development' 

category, ranking 68th out of 189 countries and 

territories in 2018. In the Gender Inequality Index, 

Albania ranked 52nd out of 160 countries in 20171. 

Poverty is estimated to have declined as growth 

and employment continued to increase [4] 

The “Enhancing the Development of Albanian 

Maritime Sector, aims to enhance the integration of 

Albanian Maritime Standards in line with the EU 

requirements, by developing and implementing 

maritime transport policy framework, improve 

capacities in the field and encourage the 

development of a Maritime Clusters in Albania 

with the relevant stakeholders driving innovative 

maritime and marine growth by promoting 

sustainable economic growth.  

Why a Blue Economy Program? 

- To transform the general Albanian coastline, 

including territories, regions and industries 

related to it, in an engine of regional 

economic development! 

- To enable an integrated program of the 

maritime sector, which will contain 

interventions and concrete measures phased in 

time according to a preliminary guide! 

The maritime sector is rapidly increasing in the 

past years, as a source for further economic 

development and international cooperation. Data 

from INSTAT shows that in 2017 compared to 

2016, the volume of freight loading and 

unloading in Albanian ports has increasing by 

7.1 %; the number of passengers travelling by 

sea increased by 16.9%; goods exported by sea 

represent 62.8 % of the total transport; and 

goods imported by sea represent 48.6 %.The 

favorable geographical position of Albania, 

linking the Adriatic and Ionian Seas and the 

Central Mediterranean Sea, makes Albania an 

important country for the development of 

maritime activities. 

Maritime transport is primarily concerned with 

the transport of freight and passengers by sea. 

The sector is associated with many other 

activities such as ship agency, chartering and 

brokering, maritime labor and education, 

multimodal and intermodal transport and related 

services. 
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Cooperation on various services, especially those 

linked with capacity building in the public sector 

and better coordination of planning activities is 

needed for preparing the ground for better marine 

and maritime governance and services. 

The Government of Albania has made progress in 

maintenance and infrastructure of port facilities in 

line with the Sector Strategy, priorities stipulated 

in the Government Program, the National 

Transparent Plan, the National Strategy for 

Development and Integration and the Medium- 

Term Budget Plan. 

Albania’s maritime activities are rather limited; 

Albania is predominantly focused on fisheries. 
Although small compared with other sectors of economy, the 

fisheries & aquaculture together with fishery processing 

plants in Albania represent an important socio-economic 

sector. The sector embeds high growing potentials to be 

exploited through formulation and adoption of appropriate 

policies sustained by efficient investments.  
A study conducted by OECD in 2019 2  has 

identified 4 important economic sectors for the 

Western Balkan countries that have potential for 

their industrial development such as (1) agri-food 

sector  2) metal processing sector 3) machinery 

sector and 4) automotive sector). 

According to the OECD study, Albania has 

focused its exports on primary and resource-based 

products such as stone, wood processed foods and 

textiles while there are foreign investment-driven 

products such as seats, fibers and plastic elements. 

products have a high level of complexity of 

production according to OECD they can affect the 

sophistication of Albanian exports eg metal chairs, 

wood or aircraft seats. The Albanian economy is 

considered to be dominated by services around 

47% of GDP followed by industry, 21% and 

agriculture 20% but which according to data 

employs about 40% of the labor force. 

Manufacturing accounts for only 6% of GDP. 

 

4. TOURISM AND ALBANIA RELATED 

TO BLUE MODEL OF ECONOMY 

 

The overall goal of connecting tourism with blue 

economy as a sustainable model for economic and 

social grow is to develop and turn Albania’s 

maritime economy in a main contributor of 

sustainable growth. This must be achieved by 

turning the overall Albanian Coastline, including 
 

2https://www.oecd.org/south-east 
europe/programme/Unleashing_the_Transformation_potential_for_Growth_
in_WB.pdf 

its related territories, regions and industries, into a 

regional economic development engine! 

In this regard, this Blue Model need to coordinate 

development interventions according to a cross-

cutting approach and based on the assessment of 

the development opportunities. Furthermore, this 

model must assist decision makers with a strategic 

guide to develop a sustainable maritime tourism 

sector and to enable the identification and support 

of strategic investments in the locations where 

marinas will be built. 

The tourism industry occupies a key place in the 

economy and is an important source for the 

development of the country. Tourism can make a 

significant contribution to three dimensions of 

sustainable development: create jobs, generate 

trade opportunities to recognize needs and support 

tourism activities create important capacity that 

promotes environmental conservation priorities 

and cultural diversity. [5] 

The direct contribution of Travel & Tourism to 

GDP in 2019 was ALL 152.6bn (9.0% of GDP). 

This primarily reflects the economic activity 

generated by industries such as hotels, travel 

agents, airlines and other passenger transportation 

services (excluding commuter services). In GDP 

are also included, for example, the activities of the 

restaurant and leisure industries directly supported 

by tourists. 

The contribution of travel & tourism to GDP of 

total economy is 21.2% meanwhile the 

contribution of travel & tourism to employment is 

22.2% of total employment. 

Domestic travel spending generated 23.6% of 

direct Travel & Tourism GDP in 2019 compared 

with 76.4% for visitor exports (ie foreign visitor 

spending or international tourism receipts). 

Leisure travel spending (inbound and domestic) 

generated 76.3% of direct Travel & Tourism GDP 

in 2019 (ALL274.9bn) compared with 23.7% for 

business travel spending (ALL85.5bn). 

 

5. BLUE ECONOMY PRIORITY IN 

ALBANIA 

 

Over the last several decades, the economy of 

Albania has undergone several major transitions. 

However, the ‘blue economy’ remains a new 

concept in the country. Unlike the ‘green 

economy,’ which propagates the prevention of 

environmental degradation and ecological 

https://www.oecd.org/south-east-europe/programme/Unleashing_the_Transformation_potential_for_Growth_in_WB.pdf
https://www.oecd.org/south-east-europe/programme/Unleashing_the_Transformation_potential_for_Growth_in_WB.pdf
https://www.oecd.org/south-east-europe/programme/Unleashing_the_Transformation_potential_for_Growth_in_WB.pdf
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imbalances, the ‘blue economy’ emphasizes the 

productive employment of precious marine 

resources for sustainable development. It is 

defined as sustainable use of ocean resources for 

economic growth, social inclusion, and 

improvement of livelihoods while at the same time 

ensuring environmental sustainability.  

The Adriatic-Ionian coast is a vital part of 

Albania's national economy that contributes 

hugely to the country's economic growth and 

employment. The Government recognizes the 

importance of Albania's unique coastal and marine 

resources and seeks to develop an integrated and 

sustainable plan to grow their economic 

contribution and to harness the potential of the 

Blue Economy.           The Government of Albania 

aspires to develop an integrated and sustainable 

plan 

to grow the economic contribution of its coastal 

and marine resources. While the Blue Economy is 

a relatively new concept in Albania, it has become 

a public policy goal, in part due to the anticipated 

negotiations around Albania’s entry into the EU. 

The Albanian government therefore fully 

recognizes the role it needs to play in harnessing 

the potential of the Blue Economy. The Blue 

economy is the sustainable use of maritime 

resources for economic growth, improved 

livelihoods and jobs, and maritime ecosystem 

health. It is encouraging to see that the Albanian 

government is committed to advancing “blue 

growth” to higher levels.  

The Albanian marine environment can be viewed 

as a pathway to sustainable development. It is 

unsurprising, therefore, that the marine 

environment would support the pillars of the 

economy: namely coastal tourism and fisheries. 

 

6. INTERNET OF THINGS - IoT, 

DEFINITION AND 

CHARACTERISTICS 

 

The Internet of Things is a dynamic global 

network infrastructure with self-configuring 

capabilities based on standard and interoperable 

communication protocols where physical and 

virtual “things” have identities, physical attributes 

and virtual personalities, use intelligent interfaces 

and are seamlessly integrated into the information 

network. Things are "smart objects", meaning they 

are capable to collect data from the environment 

and communicate with the entire system. At the 

first level there are sensors, microprocessors and 

communication equipment followed by the level 

containing the operating system for these objects. 

There are rich variety of technologies which are 

covered by the internet of things and they are 

industrial internet of things IoT, internet of 

services, customer IoT, Industry 4.0, and many 

more. [8] However, these technologies cannot 

completely function on themselves without the 

assistance of the technologies like the edge 

computing, cloud computing, big data analytics, 

machine learning and a few more and all this is for 

the gathering and processing the data such that 

they can be used for betterment of the operations. 

The IoT is considered as the future evaluation of 

the Internet that realizes machine-to-machine 

learning. The basic idea of IoT is to allow 

autonomous and secure connection and exchange 

of data between real world devices and 

applications. The IoT links real life and physical 

activities with the virtual world. The numbers of 

Internet connected devices are increasing at the 

rapid rate. These devices include personal 

computers, laptops, tablets, smart phones, PDAs 

and other hand-held embedded devices. Most of 

the mobile devices embed different sensors and 

actuators that can sense, perform computation, 

take intelligent decisions and transmit useful 

collected information over the Internet. 

 

7. INTERNET OF THINGS 

TECHNOLOGIES AND THE 

TOURISM SECTOR 

 

New emerging digital technologies such as 

artificial intelligence, virtual reality, augmented 

reality, cloud computing, blockchain, robotization, 

the Internet of Things, big data, etc.  [9] have 

produced a powerful disruptive effect in almost all 

areas of our existence and have radically changed 

the way we live, work, learn or relax. Without 

consciously realizing it, everyone is adapting to 

the digital era. The potential benefits of Internet of 

Things are limitless and IoT applications are 

changing the way we work and live, opening new 

opportunities for growth, innovation and 

knowledge creation. Internet of Things is a 

concept and a paradigm that considers pervasive 

presence in the environment of a variety of things 

that through wireless and wired connections and 
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unique addressing schemes are able to interact 

with each other and cooperate with other things to 

create applications or services. The goal of the 

Internet of Things is to enable things to be 

connected anytime, anyplace, with anything and 

anyone using any network and any service. This 

new technology has a major influence on the 

economic and social fields, and also on education, 

healthcare systems, energy management, 

environment monitoring, and smart cities by 

associating everyday objects with Internet 

capabilities and Big Data analytics. IoT is 

developing in two directions: increasingly smarter 

physical devices and environments and ubiquitous 

interconnection. Innovations in technology are 

helping to bring greater access, transparency, and 

accountability—as well as cost efficiencies—to 

many sectors. These developments can help both 

mature and emergent industries meet more 

stringent definitions of blue economy if properly 

applied. 

The ability to collect data from different types of 

sources and transport it to platforms, where it is 

then analyzed and used to improve decision-

making processes thanks to Big Data, is the first 

step to highlighting the importance of IoT in 

Smart Cities. To a high extent, this has been 

automatically transferred to tourism destinations, 

therefore generating what we call Smart 

Destinations. Here it is essential to point out that 

Smart Destinations are no more than Smart Cities 

but with an extra layer of complexity when it 

comes to management, which is simply tourism 

activity. So, all Smart City applications using IoT 

and other technologies are directly applicable in 

Smart Destinations. Beyond this, the fact that 

tourism activities are carried out in Smart Cities 

increases the need for disruptive technologies and 

places people even more at the centre. And, if 

Smart Cities intend to improve the quality of life 

of its citizens, Smart Destinations aim to improve 

the quality of life of every single person living or 

spending time in a tourism destination. This entire 

process would not be complete without 

mentioning the importance of transforming 

tourists themselves into digital tourists. The 

technological pillar of Smart Cities and Smart 

Tourism Destinations could be summarized into 

three types of technologies: IoT that refers to the 

connection between objects and humans, Big Data, 

as structured and non- structured data, generated 

by IoT infrastructure and other processes and 

Smart Cities Platforms that manage the Big Data 

and IoT in cities. 

The tourism industry consists of multiple 

stakeholders and impacts global economy. 

Customer experience and personalized travel in 

the tourism industry are at the top of the list when 

it comes to IoT improvements for the industry. 

This is only possible if local infrastructure allows 

for the deployment of devices that provide 

information and the necessary data to make 

decisions 

In real-time, as well as information that helps to 

carry out simulations for the prediction of future 

scenarios. It is therefore essential for tourism 

destinations to implement comprehensive 

information collection, analysis, and distribution 

systems among all of the actors included in the 

tourism destination’s value chain, thereby 

facilitating the decision-making process for each 

of them, in real-time. 

One of the most critical aspects of using IoT in 

tourism is the ability to personalize what’s on 

offer based on the information collected and 

obtained from the tourists’ connectivity itself. One 

of the most widespread uses of IoT technology 

within the travel industry so far, has been the 

possibility of enabling a higher degree of 

personalization in hotels, and on flights, and this is 

primarily achieved by allowing customers to 

control more appliances or services through a 

centralized device, such as a tablet or even their 

own Smartphone. By implementing internet-

enabled heating, lighting, and television, 

customers can turn these appliances on or off from 

wherever they are. In hotels, the check-in process 

can be made seamless, with hotels sending 

electronic key cards to guests’ phones, which, 

when used, automatically check them in without 

them even having to stop at the front desk. Sensors 

may also be used to warn restaurant staff when 

guests arrive, and automatically send them the 

right table number. 

 

8. MARINE TOURISM IN VLORA 

 

Tourism is one of the sectors with the most 

priority in Vlora region, because of the natural and 

cultural resources that this area holds. The 

relationship between tourism and the local natural 

and cultural heritage is of particular importance. 
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Tourism can play a key role in generating 

awareness and support directly or indirectly to the 

preservation of these values. On the other hand, 

the quality of the natural and cultural heritage in 

many areas is essential for generating economic 

prosperity through tourism improving the quality 

of life of local communities. 

 

 

Fig.1  View of MARINA Orikum 

 

The Marina in Orikum has the best optimal 

parameters of berthing, water supply, oil supply, 

other services and hotel accommodation and 

renting apartments. In this port are serving over 

350 boats per year. [7] At its basin there are 

currently 120 berthing places, but the potential of 

MARINA is up to 800 berthing places. 

The tourist potential in the bay of Vlora can be 

expressed more clearly referring to the following 

table/chart: 

 
Year 2016 2017 2018 2019 2020 2021 

Number of 

vessels 
3 4 10 12 14 16 

Daily transport 
capacity 

295 342 1198 1415 920 1026 

Number of pax 9150 14546 30843 51815 23197 36150 

   

The marine environment has long been one of the 

most attractive settings for tourism. Marine 

tourism, includes ‘those recreational activities that 

involve travel away from one’s place of residence 

and which have as their host or focus the marine 

environment (where the marine environment is 

defined as those waters which are saline and tide-

affected)’. Thus, it includes a wide spectrum of 

activities, such as scuba diving and snorkeling, 

wind surfing, fishing, observing marine mammals 

and birds, the cruise ship and ferry industry, all 

beach activities, sea kayaking, visits to fishing 

villages and lighthouses, maritime museums, 

sailing and motor yachting, maritime events, and 

many more. 

Tourism is a major component of the economy of 

Vlora. New technologies in marine Tourism is one 

of the sectors that can benefit the most from the 

Blue Economy because of its diversification. 

Big data will change the way the maritime 

industry works. Increased analysis capability is 

key to providing our customers with insight and 

decision-making support. Smart management of 

inspection information helps assessing the 

integrity of the structure and systems and moving 

towards condition-based inspections.  

Hotel customers who can use an App or a browser 

to set the temperature in their hotel rooms, turn on 

the television, chose the color of the LED lights, 

etc. Allowing them to customize their room and 

enjoy a unique experience. Hotel management, 

this is a powerful tool to remotely control facilities 

by turning off lights or air conditioning systems in 

empty rooms. Hotel managers will be able to 

know how long customers are in their rooms for, 

their schedules, what they like, etc. From here on, 

the options available are endless and go from 

identifying things customers are unsatisfied with 

before they even happen, adapting the times for 

cleaning their rooms, or fixing something; 

identifying things that are not working properly, 

blown bulbs, cooling systems; planning times to 

enter the rooms and fixing things, knowing that 

the room is empty. If to all of these new features, 

we add the possibility of making the system smart, 

we are taking a giant step towards the optimization 

of energy consumption without having to affect 

the comfort and well-being of guests. 

In Smart Tourism Destinations, it is important to 

include a smart structure that allows interaction 

among visitors and sectors that make it up, as an 

innovation that opens the frontiers to a greater 

diversity of the public, as well as institutions and 

companies that market them [18]. 

Analysing Smart Tourism Destinations, the 

perception of visitors must be taken into account 

in the same way as in Smart Cities. People a 

primary key pillar. According to relevant authors 

in this field, we must approach the tourism 

destination as a brand, including the destination’s 

companies and offers. Everything must be 

presented as a global, agile and unified experience 

for visitors, facilitating their interaction with it [12, 

19].  The visit to a destination should be 

understood as a way to obtain new experiences. 

Visitors seek to consume a product that can be 

considered as emotional. Therefore, in the case of 

Smart Tourism Destinations, technology must 
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contribute to an immersion where visitors get 

information and interact with the environment as 

part of the network. 

The aim is to develop the areas together with the 

visitors by increasing environmental and nature 

awareness and attractiveness for both locals and 

tourists. The accumulated sensor data is visualized 

and processed further to show more extensively 

how the area interests’ visitors. 

 

9. IoT APPLICATIONS SUPPORTING 

SMART NATURE DESTINATIONS 

 

Smart IoT solutions can create new value for 

nature tourists as well as help to conserve the 

fragile environment on a local and global level. 

Based on measuring weather condition data, e.g., 

wind, temperature, humidity and UV-intensity, 

recommendations about clothing and personal 

protection can be given. In the sea environment, 

physical sensors are frequently used for 

underwater study and assessment. Ranging from 

simple handheld devices to complex remote 

underwater or buoy-based systems, sensors can be 

used to measure physical changes in the 

environment, including elements such as 

temperature, turbidity, transparency, depth, 

pressure, and water flow. 

 

10. CONCLUSIONS 

 

Albania is a unique place, blessed with pristine 

beaches, stunning scenery and a rich cultural 

heritage. The country’s coast is a vital part of its 

national economy. There are new and growing 

opportunities in Albania that focus on sectors 

emerging around the sea. Sustainable fisheries, 

developing aquaculture, and cleaner beaches and 

coastal waters are crucial elements to be 

mainstreamed into the development model the 

country aims to pursue. Increasing awareness of 

the potential of the blue economy and the 

challenges it may face in Albania provides an 

opportunity to propel change. 

IoT still has a lot of evolving to do, and it will 

revolutionize the travel industry and the tourism 

sector in general. With IoT, things will be a whole 

lot easier, we will be able to check-in and out of 

hotels automatically, find our travel destination a 

lot easier, monitor the performance of airline 

engines, etc. IoT will help to improve customer 

services and increase revenues as well as customer 

loyalty 
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SMART & GREEN TECHNOLOGIES IN THE OFFSHORE INDUSTRY:                    

A DESIGNER’S PERSPECTIVE 

Alberto Morandi, GustoMSC – An NOV Company, Houston, Texas, USA 

ABSTRACT 

A pathway is presented to develop vessel and rig designs for the Energy Transition. Key areas discussed 

include Low Carbon Power and Propulsion Systems, Digitalization and Automation, Structural Reliability, 

Robustness and Resiliency. A semi-submersible rig design is presented incorporating such concepts. In 

addition, a methodology is presented to develop resilient structures utilizing Artificial Intelligence (AI). 

 

 

1. THE ENERGY TRANSITION 

 

The Energy Transition is a decades-long process of 

public awareness and action, technological 

development, and government as well as private 

investment. Environmental and Social Governance 

(ESG) now play a key role in corporate policy, and 

a new mindset is emerging where the natural 

resources of our planet should be used in a more 

rational and circular manner rather than in the 

traditional take-make-dispose approach. 

 

This cultural change can perhaps be traced back to 

the publication of Rachel Carson’s Silent Spring in 

1962 [1], which had a long-lasting legacy in raising 

awareness of the human impact on the planet’s 

ecosystems. Energy started taking center stage in 

this debate with the Santa Barbara oil spill of January 

1969, which remains the third largest in US history 

after Exxon Valdez and Macondo. In 1970 twenty 

million people demonstrated across many cities in 

the US during the first Earth Day and in December 

of that same year Congress authorized the creation 

of a new federal agency to tackle environmental 

issues, the U.S. Environmental Protection Agency 

(EPA).  

 

Fast forward to June 1992 at the Earth Summit in Rio 

de Janeiro where the United Nations Framework 

Convention on Climate Change (UNFCCC) was 

signed. In 2020 and during a global pandemic, over 

100 million people participated in 192 countries to 

honor Earth Day's 50th Anniversary in one of the 

largest online mass mobilizations in history.  

 

The urgency of this new mindset becomes clear with 

the ferocity and frequency of climate-related 

extreme events such as hurricanes, floods, droughts, 

and uncontrolled fires, together with demographic 

trends that increase the exposure to such events. For 

example, it is estimated that nearly 40% of US 

population live in coastal areas in USD 10 trillion of 

insured real state, many at less than 10ft above sea 

level [2].  In addition, the ability of our cities to deal 

with these climate events is also compromised by the 

spread of construction, clogging up of rivers and an 

ageing infrastructure.  

 

The UNFCCC adopted the Paris Agreement in 2015, 

pledging to stabilize and then sharply reduce 

emissions of Green House Gases (GHG) to keep the 

average global temperature rise below 2° C and 

preferably limit it to a 1.5°C rise above pre-industrial 

levels. The implications are enormous: a recent study 

[3] suggests that nearly 60 per cent of oil and gas 

reserves, and 90 per cent of coal reserves need to 

remain unextracted by 2050 to achieve at best a 50 

per cent probability to stay within the 1.5 °C target.  

 

At the same time the world’s population may 

approach 9 billion by 2040 with increasing energy 

demands to raise standards of living. Figure 1 

illustrates the relationship between Human 

Development Index (HDI) and energy consumption 

and Figure 2 shows that most regions of high HDI 

are in more moderate climates. Roughly 20% of the 

world’s population live in countries with HDI better 

than 0.8 and for this percentage to significantly 

increase large amounts of energy will be needed to 

support populous nations in warmer climates. 
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Fig. 1 – Human Development Index vs Energy Consumption 

[4] 

     
 

 
Figure 2 – Subnational HDI [5] vs. Average Temperature 

Scaling renewable energy to the required levels is 

very challenging. Shifting from spatially focused 

and energy dense fossil fuel reserves that can deliver 

power on-demand to less energy dense and spatially 

distributed forms of energy that are intermittent 

requires a lot more space and flexibility. The 

community and environmental expectations facing 

renewable energy today include concerns over the 

impact of wind towers, solar panels, carbon storage, 

batteries, extraction of minerals, etc. - a situation that 

is vastly different from the early days of the fossil 

fuel industries. 

 

There is a very real scenario where renewable energy 

expands very fast but not fast enough to reach the 

UNFCCC goals. According to DNV [6], by 2030, 

global energy-related CO2 emissions are likely to be 

only 9% lower than 2019 emissions, and by 2050 only 

45% lower. This is in sharp contrast to ambitions to 

halve GHG emissions by 2030 and to achieve the net 

zero emissions by 2050 required to limit global 

warming to 1.5˚C and with a forecast that the planet 

is heading towards global warming of 2.3˚C by 2100.  

 

Fossil fuels remain a key part of the energy mix and 

may require another intensive drilling period with 

modern, efficient, and resilient rigs operating with 

reduced environmental impact. Carbon Capture 

Storage and Usage (CCUS), energy conservation and 

reduced carbon footprint will be critical to try to limit 

climate change until a full transition to renewables is 

realized. As the UNFCCC goals are not achieved, 

infrastructure will need to be resilient to survive a 

more hostile operating environment due to extreme 

climate events.  

 

Engineers will be challenged to innovate and rapidly 

scale new technologies. Some of these technologies 

are ready for scaled deployment like solar and wind. 

Others are technically ready but with cost challenges, 

such as CCUS and hydrogen. Against this 

background this paper discusses Energy Transition 

trends from a designer’s perspective with a focus on 

the following: Low Carbon Power and Propulsion 

Systems; Automation and Digitalization; Reliability, 

Robustness and Resiliency. 

 

2. LOW CARBON POWER AND 

PROPULSION SYSTEMS 

 

The International Maritime Organization (IMO) has 

pledged to reduce the CO2 emissions from the global 

fleet by at least 40 percent by 2030 and 70 percent 

by 2050, and to reduce GHG emissions from 

shipping by at least 50 percent by 2050, compare to 

2008 [7] [8] [9]. 

 

Power generation and propulsion such as internal 

combustion engines, gas turbines, and steam turbines 

can potentially reduce GHG emissions by using low 

carbon content fuels such as:  

 

• Liquefied natural gas (LNG) 

• Liquefied petroleum gas (LPG) 

• Methanol (CH3OH) 

• Liquefied hydrogen (LH2) 

• Ammonia (NH3) 
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Adoption of these fuel alternatives involve 

considerations of cost, safety, and availability along 

different regions. In other words, alternative fuels 

need to be available to justify building vessels that 

use them, but production of these alternative fuels 

needs demand from these yet to be built vessels. 

The nature and trade route of each vessel will have 

a great influence on the fuels and new technologies 

adopted by each vessel. For a long-term solution,  

low carbon fuels would require careful design and 

optimization of operational factors to avoid 

compromising autonomy, refueling needs, or cargo 

volume. Design challenges arise from the needs for 

storage, containment, and injection.  

 

LPG is a step forward as it contains close to zero 

sulfur and reduced CO2 emissions. LNG is a 

solution that covers many of the individual emission 

limits such as Sulphur Oxides (SOx), Nitrous Oxides 

(NOx) and Particulate Matter (PM) emissions.  

 

LNG’s application as a marine fuel has been rising 

but its lower volumetric energy density relative to 

conventional fuels may require pressure-rated 

cryogenic tanks concentrated in one or several large 

compartments, as opposed to the distribution over 

smaller tanks integrated with the units’ structure 

typical of conventional fuels. Integration of the 

cryogenic storage tanks into the overall design of the 

unit is an important challenge, Figure 3.  

 

 
Figure 3 – LNG Tank Types [10] 

Methanol produced from natural gas also offers 

proven reductions of SOx and NOx emissions. 

Methanol has the advantage of a liquid state and the 

ability to re-purpose existing infrastructure. Onboard 

containment of methanol is easier than LNG, though 

the liquid fuel has a lower volumetric density than 

LNG, requiring larger tanks. 

 

Hydrogen has also gained attention due to the 

potential to generate electricity through fuel cells or 

combustion technologies. In combustion engines or 

gas turbines, hydrogen can be used to significantly 

reduce GHG emissions. In a hydrogen fuel cell 

consuming a pure hydrogen fuel supply, GHGs are 

simply not emitted. Hydrogen can be stored 

physically as either a gas or a liquid and on the 

surfaces of solids (by adsorption) or within solids (by 

absorption). Storage of hydrogen as a gas typically 

requires high-pressure tanks (350–700 bar). Storage 

of hydrogen as a liquid requires cryogenic tanks with 

the challenges of storage and containment to mitigate 

fire hazards as well as low volumetric energy density, 

requiring about two times more space than LNG for 

an equivalent amount of carried energy. 

 

Further reduction of emissions can be achieved with 

electrification, facilitated by energy storage. Batteries 

store and convert electrochemical energy into 

electrical energy and can be designed and optimized 

for any specific application. Vessels utilizing batteries 

will require a dedicated location and space for them, 

isolated from other machinery and equipment to 

address the proper precautions such as fire safety, 

ventilation, and accessibility.  

 

Hybrid electric power systems can utilize different 

energy storage and power generation components to 

improve reliability, operational efficiency, fuel 

consumption rates, emissions, and maintenance 

costs. Lithium-ion batteries, flywheel energy 

storage, fuel cells, and others can be used to 

supplement or in some cases replace traditional 

generator sets over varying operational scenarios 

such as at sea, during maneuvering, docking, 

drilling, or performing crane lifting operations.  

 

A further strategy to reduce a vessel carbon footprint 

is carbon capture [11]. The three major approaches 

to capturing carbon for industrial applications and 

power generation plants are: direct source carbon 

capture (from exhaust / flue gas or direct air);  pre-

combustion, and oxy-fuel combustion. Long-term 

storage of the captured CO2 can be accomplished by 

injection into natural porous rock formations such as 

depleted oil or gas reservoirs, or saline aquifers. For 

many years, CO2 has been injected during 

hydrocarbon production as an enhanced oil recovery 

(EOR) method to stimulate additional returns from 

the well; similar application of CO2 is in enhanced 

coal bed methane (ECBM) recovery.  



158 

 

 

In summary, there are many possible technologies 

and future vessels will require integrated and hybrid 

designs based on the operational profile, the 

selected fuel arrangement, power generation and 

propulsion systems as well as energy storage and 

carbon capture. Different possibilities exist to 

optimize designs, business cases and supply chains, 

carefully aligning with the unit’s design and 

operations [10]. 

 

3. DIGITALIZATION AND AUTOMATION 

 

The adoption of automation technologies for 

repetitive activities can enable rig crews to focus on 

consistent process execution, safety, and superior 

performance [12] [13]. These technologies can 

place Artificial Intelligence (AI) and Machine 

Learning (ML) at the work site, where it can capture 

learnings from historical information, optimize 

every operation and automatically mitigate 

dysfunctions. This is safer and cost effective as 

personnel on board (POB) and non-productive time 

(NPT) are reduced.  

 

Rather than simply relying on personnel experience 

and knowledge that is prone to gaps and 

interpretation, machine learning ensures vital 

information is recorded, standardized, and applied in 

a cycle of improvement. Personnel are free to focus 

on higher-level tasks, which in turn enhances their 

efficiency. Many operations that were traditionally 

performed by offshore crews and specialist 

contractors can be carried out more safely and 

efficiently by robotic assemblies.  

 

Robotic arms can replace maintenance personnel to 

perform multiple tasks simply by changing out the 

tools at the end of the arm. Another benefit is that 

operations that were once performed on the rig can 

be executed by people working from home or from 

the office. The workflow moves from high-risk to 

low-risk locations, while also reducing the risks of 

travelling to and between work sites.  

 

In addition, the Industrial Internet of Things (IIoT), 

real-time sensing and monitoring systems can 

optimize operations by, for example, eliminating 

premature maintenance of equipment by using 

insights from vast amounts of data (generally called 

Big Data). Traditional calendar-based maintenance 

means that parts are serviced or replaced at fixed 

regularly scheduled intervals, leading to high cost of 

parts as well as downtime. Condition-based 

maintenance means that parts are serviced or replaced 

only when their condition deteriorates beyond a given 

threshold that precedes failure. It combines real-time 

monitoring and analytics allowing the user to predict 

equipment deterioration based on data such as trends, 

maintenance tasks, control system issues, as well as 

diagnostics. Human error, part cost and downtime are 

reduced by targeted part replacement [14]. 

 

Digitalization is a journey and some of the challenges 

in the offshore space revolve around different pieces 

of equipment on board vessels in siloed environments 

where the bulk of the data does not travel further than 

the nearest operator. Differences in data architecture, 

control systems, time stamps, etc. used by different 

vendors in different applications can compromise the 

quality of the data stream.  

 

Vessel cabling, servers and networking are usually 

left to be done by the fabrication yard and system 

vendors with several systems later connected during 

the operation of the vessel in a non-integrated and 

sub-optimal manner. Ownership of the data and 

cybersecurity are other barriers to digital 

development. Offshore, a reliable high-speed internet 

connection is not yet the standard, which imposes 

additional challenges when pushing data to the cloud, 

for example. Bandwidth requirements increase 

particularly when video surveillance is required; 

latency is another challenge for remote operations 

(Figure 4).  

 

Some of these problems are gaining solutions such 

as increasing internet coverage offshore with fiber 

optics, satellite connections and cellular networks. 

There are also technologies coming online that add 

value by securely enriching data from isolated 

systems and transferring it to different secure 

databases for processing. 
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Figure 4 – Illustration of Bandwidth Allocation 

In the O& G drilling space the main parties 

involved in well construction are increasingly 

working together: service company, equipment 

supplier, drilling contractor, and the field operator 

who owns the whole process. Enabling these parties 

to work better together would be perhaps the 

biggest gain of this digitalization journey. 

 

4. STRUCTURAL RELIABILITY, 

ROBUSTNESS AND RESILIENCY 

 

The challenges from climate related extreme events 

require improved structural design methods that 

can better deal with variability and uncertainty. Key 

advances took place in the last century when 

structural engineers across different industries 

established breakthroughs in Structural Reliability 

Analysis (SRA) [15] [16] [17] [18] [19] [20] [21] 

[22] [23].  

 

Figure 5 illustrates key concepts in reliability-based 

design: the vertical axis is the benefit B minus total 

cost Z(p), composed of C(p) which is the 

fabrication and operation cost and D(p) which is the 

risk cost of damage or failure. These are functions 

of a design parameter p (such as plate thickness, 

size of stiffeners, etc.). D(p) is the probability of 

failure multiplied by the economic consequence of 

failure: D(p) = pf(p) * C(p). Probability of failure 

quantifies uncertainty and variability in load and 

resistance.   

 

 
Figure 5 – Decision-making Metrics [20] 

 

The First-Order Second-Moment method allowed 

multiple design partial factors to be generated from 

statistical data and the use of probabilistic theory to 

probe the low-probability edges of system behavior. 

A second-moment format for evaluation of structural 

reliability was proposed [19] which generates a Safety 

Index (β) calculated from the mean (or bias) and 

variances (second moment) of the distributions for 

load and resistance variables. The Safety Index β is 

used to derive partial safety factors (PSF) and 

sensitivity factors applied to load and resistance 

variables in a method that became the foundation of 

probabilistic design theory [19], Figure 6. 

 

 
Figure 6 - First Order Reliability Method (FORM) and Second 

Order Reliability Method (SORM) [24] 

 

This was a milestone; reliability analysis was now 

related to accepted engineering methods of design 

through the PSF format, providing the linkage to 

reconcile safety margins with observed rates of 

failure. SRA theory progressed covering multiple 

types of probability distributions, non-linear failure 

surfaces, correlation between basic variables and limit 

states, load combinations, etc.  
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However, these more advanced methods initially 

found resistance from many engineers who 

preferred the proven deterministic allowable stress 

design format. Modeling limit states often requires 

advanced analysis of failure processes; statistics 

and probability theory are not familiar to many 

practicing structural engineers and require large 

amounts of data to quantify low probability events. 

The results of probabilistic structural analysis were 

often too sensitive to assumptions for the 

underlying mean and variance of the key variables 

and the payoff was not always convincing in terms 

of structural efficiency. 

 

A more favorable picture has emerged in recent 

years with a younger workforce educated with PSF 

approaches such as the Load and Resistance Factor 

(LRFD) method and with the availability of high-

fidelity simulation techniques. SRA benefits from 

simulations validated by model tests and 

prototypes, and the introduction of Big Data 

obtained from operating structures enable designers 

to get significant statistical data and insights with a 

pay-off in terms of structural efficiency and safety.  

 

An early example of this trend is the work done at 

the University of Glasgow in the 1990s, introducing 

the use of high-fidelity simulations of stiffened 

cylinder buckling for application in reliability 

based structural design [24] [25], Figure 7.  

 

      
       

Figure 7 – High-Fidelity Shell Buckling Models using 

ABAQUS  

Application of this work to submarine pressure hulls 

[24] [26], tension leg platform legs [25] and small 

waterplane twin hull (SWATH) vessels [27] 

demonstrated the potential of these methodologies. 

This line of work continued by leveraging high-

fidelity structural models with the use of the Response 

Surface Method in the SRA of jack-up and jacket 

structures [28] [29] [30], mooring systems [31], and 

floating systems [32] [33].  

 

A continued challenge is that in some situations even 

when extensive data and insights are available, users 

need to carefully consider if the underlying 

phenomena is ergodic (statistical properties constant 

over samples) and stationary (constant over time). 

The challenge of dealing with processes that may not 

be ergodic and / or stationary is complex: changes in 

circumstances, internal structure or external 

environment may create an unsafe bias where safety 

margins that were previously considered adequate are 

no longer sufficient [34].  

 

For example, some climate models suggest that 

hurricanes are becoming more frequent, intense and 

with higher rainfall rates [35]; extensive and 

uncontrolled housing development and lack of 

investment in infrastructure affects land drainage and 

prevent more effective response to these extreme 

rainfalls. 

 

In addition, non-structural factors such as human 

performance issues trigger structural failures that are 

not related to the structural safety margins considered 

in design [36] [37] [38].  

 

An emerging approach is to design structures not only 

for Reliability but also for Robustness and Resilience. 

Figure 8 illustrates the concept: the design reliability 

of a system undergoes small fluctuations under limited 

perturbations during normal operations. It can be 

significantly affected by an extreme event or gross 

human performance issue, but the effects could be 

mitigated by a robust and resilient design, allowing 

first responders as well as repair and recovery efforts 

to restore the system reliability within a reasonable 

time frame and without cascading into a catastrophic 

failure. 
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Figure 8 – Three R’s: Reliability, Robustness and Resiliency 

 

Proactive measures are key in developing 

robustness and resilience: 

 

● Reduction of the probability that the extreme 

action occurs or reduction of the action intensity 

(e.g. prevention through monitoring, inspection, 

disconnection, moving to a safe harbor, etc.); 

● Reduction of the effect of the extreme action on 

the structure (e.g. protection through ice 

management, vessel heading changes, floater 

draft adjustment and slacking of mooring lines, 

etc.); 

● Mitigation of the consequences of failure 

(evacuation, shutting down wells, etc.) 

 

The application of these concepts in design are 

under development by different organizations such 

as the International Standards Organization (ISO) 

[39] [37] and the Society of Naval Architects and 

Marine Engineers (SNAME) [40]. 

 

5. A DESIGNER’S PERSPECTIVE 

 

The principles discussed in this paper could enable 

the following attributes for future rig / vessel designs: 

 

• Mission oriented, making best use of data and 

automation  

• Downsized but overcoming physical limitations 

such as space, volume, capacity, and endurance 

• Different operational mindset, personnel, and 

training for reduced POB, NPT and personnel 

working in higher risk areas 

• Designed to enable the information highway and 

quality of data flow 

• Better connectivity and integration  

• Energy efficiency with reduced emissions 

• Closer integration between hull and equipment 

• Reduced CAPEX and OPEX, achieving the 

highest uptime 

 

 

Applications are emerging for Wind Turbine 

Installation Vessels (WTIVs) [41] [42], drillships [43] 

and semisubmersible drilling rigs such as the 

GustoMSC DSS 60HE semisubmersible design 

(Figure 9).  

 

 
Figure 9 – DSS 60HE Semisubmersible Design [44] 

 

In terms of power and propulsion systems, the design 

enables various power sources like diesel generator 

sets, batteries, capacitors, flywheels, and shore power. 

Station-keeping can be by dynamic positioning (DP), 

moorings or thruster-assisted moorings (where the rig 

is moored with the DP system used only for assistance 

in heavy weather). The DP system can operate in both 

open-bus and closed-bus modes. In open-bus mode the 

two separate DP power plants remain separated in case 

of power failure thus ensuring thruster retention in an 

accidental scenario. Closed-bus allows the two DP 

power plants to work in an integrated manner with 

greater efficiency but needs improved fault detection 

and remediation to avoid thruster loss in an accident.  

 

Batteries allow engines to run at greater utilization 

(thus with greater efficiency), storing excess energy in 

low demand periods for use later in peak demand 

periods (peak-shaving). In addition, flywheel 

technology makes use of the energy regenerated in 

heave compensation or tripping in drilling operations 

(which involve hoisting and lowering heavy loads 

over frequent and cyclic motions), reducing fuel 
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consumption. 

 

Time-domain simulations of the power balance 

examine optimal configurations for a given mission 

profile, capturing the effects of wind, waves and 

current and the high fluctuations over time of 

systems such as DP and active heave-compensated 

drawworks [45]. The simulations are divided over 

several operations such as drilling, running casing, 

tripping in and out of the well, with a time percentage 

attached. Different weather conditions are 

considered, again with a distribution attached to 

describe the amount of time the rig will encounter 

each condition. The fuel consumption is calculated 

for every combination of operation and weather 

condition with the results weighed and summed up to 

calculate an average daily fuel consumption (which 

can be further translated into CO2, NOx, and SOx 

emissions for a given type of fuel). 

 

Results are illustrated in Figure 10 for two station-

keeping configurations: a) DP and b) Thruster-

assisted mooring (both with active heave drawworks) 

[45]. A reduction of CO2 emissions of about 87 tons 

per day (40%) can be achieved moving from a 

traditional open-bus DP setup to a thruster-assisted 

mooring setup with a modern power generation and 

distribution network operating on closed-bus and 

utilizing batteries and flywheel technology.  

 

   
Figure 10 – Optimization of CO2 Emissions of a 

Semisubmersible Drilling Rig [45] 

 

In terms of Digitalization and Automation, the design 

leverages present and future technology with a 

General Arrangement (GA) that facilitates remotely 

operated material handling with skidding and 

automated crane solutions, an unmanned drill floor, 

digital logistics, reduced manning levels offshore 

(with shore-based monitoring and control), as well as 

the hybrid propulsion and advanced power generation 

/ distribution previously discussed. It has a large open 

deck with the rig designed around drilling processes to 

minimize NPT; faster and smarter work through 

integrated well services and enabling latest technology 

with systems for drilling automation, multi-machine 

control, and optimized drilling mud processing. 

 

In terms of structural resilience, the hull structural 

design is based on proven concepts such as deck-box 

construction, double shell construction in the columns 

and transverse bracings with careful fatigue design of 

the connections (avoiding diagonal braces as well as 

any braces crossing the operating waterline).  

 

In addition, it is noted that waterplane area in 

traditional ship design minimizes second order slowly 

varying motions in comparison to the dominant 

motions at the wave period range of 5 – 15 sec. 

Semisubmersibles, however, intentionally shift 

buoyancy down the water column so that the 

waterplane area is reduced to reduce overall wave 

effects. There is a price to pay as the reduced 

waterplane shifts the natural period in heave, pitch and 

roll closer to the slowly varying wave periods. This 

effect is recognized in mooring design for many years 

and is now also considered for operability and air gap 

checks. If this effect is neglected a somewhat lighter 

rig can be designed but with operability on paper that 

does not materialize on the field.  

 

This design adopts a more resilient approach with low 

setback and a higher metacentric height (GM of 4-5m, 

well above minimum regulatory requirements). This 

approach reduces the impact of second order motions, 

also mitigating inclination (trim or heel) when 

performing crane operations overboard, again 

improving operability. It also adds resiliency to 

mitigate weight control errors or design changes 

during construction avoiding expensive remediation 

such as adding sponsons or blisters.  

 

Hydrodynamic and motion simulation models 

(Figure 11) were used to ensure better operability 

and to comply with the air gap checks in DNVGL-

OTG-13 [46]. 
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Figure 11 – Hydro and Motion Simulation Model  

 

6. CLOSURE: THE ROLE OF INGENUITY 

 

Powering the world towards high human 

development in a sustainable way requires a great 

deal of cooperation, advanced technology, and 

innovation [47]. Offshore vessel and rig designers 

are leveraging their skills to support the Energy 

Transition with significant contributions:   

 

• Design, digital modeling, and analysis applicable 

to the marine environment. Vessel design was 

digitalized before digitalization was a trend. High 

fidelity models are used in design, fabrication 

and integrity management with structural digital 

twins now enabling real-time stress analysis 

considering the results of on-board inspections. 

These emerging technologies give owners and 

operators a vastly enhanced level of visibility 

over the condition of their assets, reducing cost 

and improving safety.  

• Development and application of advanced 

industry standards, with an understanding of 

complex safety regimes and a focus on safety, 

reliability, and environmental protection. 

• An understanding of complex systems 

engineering applicable to the different types of 

marine systems and their inter-relation.  

• Creative work and innovation in diverse, multi-

cultural, multi-discipline environments. 

 

The focus of digitalization in the offshore space has 

been on improved asset integrity management. A 

more fundamental disruption will emerge when the 

design process itself is more widely digitalized to 

incorporate AI concepts. This will be enabled by 

computer-aided reliability-based design with 

integrated concept models of hull form and structure 

to find optimized solutions. Figure 12 shows a path to 

utilize AI in developing the design of resilient 

structures.  

 

 
 

Figure 12 – A Design Framework for Resilient Structures [48] 

This process will release more time for designers to 

find and investigate innovative solutions and drive the 

Energy Transition towards safe and efficient solutions 

with reduced impact on the environment.  

 

NOTE:  

The views expressed are those of the author and do not 

necessarily reflect the views of GustoMSC or NOV. 
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