
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EVALUATION OF THE VIABILITY OF OPTIMISED  

HULL FORMS FOR BULK CARRIERS 

 

KABONGE JOHN PETER 

 

 

 

A dissertation submitted to the World Maritime University in partial fulfilment  

of the requirements for the award of the degree of Master of Science in Maritime 

Affairs 

 

 

2025 

 
Copyright Kabonge John Peter, 2025 



 

 

DECLARATION 

I certify that all the material in this dissertation that is not my own work has been 

identified, and that no material is included for which a degree has previously been 

conferred on me.  

The contents of this dissertation reflect my own personal views, and are not 

necessarily endorsed by the University.  

(Signature):  

(Date):  18/09/2025 

Supervised by:  Prof. Dr. Aykut I. Olcer 

    Prof. Dr. Alessandro Schonborn (co-supervisor) 

Supervisor’s affiliation: Head of Maritime Energy Management, World Maritime 

University 

 

 

 

  



 

ii 
 

ACKNOWLEDGEMENTS 

I would like to thank God for granting me the knowledge and endurance to complete this MSc. 

program, and for the continued progress in my career. 

My sincere appreciation to the Sasakawa Peace Foundation for giving me the opportunity to 

access transformative maritime knowledge through sponsoring my studies and welfare. As a 

proud Sasakawa Fellow, I hope to impact positive change in my community with the 

knowledge gained. 

I would like to thank my parents, Mr. Khaye Charles Cosmas and Mrs. Nambakire Daisy 

Khaye, for their support and encouragement towards my life. Thank you for nurturing and 

inspiring me towards both my professional and academic pursuits. I would also like to thank 

my siblings for always supporting me. Each one of you has inspired me in unimaginable ways, 

and the love I have received is immeasurable. 

My heartfelt gratitude and love go to my love, Ms. Kidhukizo Mercy. I am thankful for your 

prayers, patience, support, and love during this time of absence from home.  

I would like to thank the World Maritime University staff for the excellent work and support 

throughout the MSc program. I would like to extend special thanks to the Maritime Energy 

Management (MEM) staff, especially Professor Dr. Aykut I. Olcer, for inspiring me to do 

research in hull design, and as my supervisor, for the invaluable guidance throughout my 

dissertation journey. I would also like to thank Professor Dr. Alessandro Schonborn for his 

support in this dissertation. 

Finally, I would like to thank the Uganda Ministry of Works and Transport for nominating me 

to access academic sponsorship and for all the financial support throughout this study period. 

 

 

  



 

iii 
 

ABSTRACT 

In line with the Paris Agreement (2015), and IMO GHG Strategy 2023, the global maritime 

industry faces immense pressure and urgency to reduce CO2 emissions. The decarbonisation of 

the global bulk carrier fleet presents a critical opportunity to reduce CO2 emissions through 

energy efficiency improvement, considering that they account for 25% of the global shipping 

emissions. This study investigates the viability of optimised hull forms as a decarbonisation 

pathway for bulk carriers, by focusing on the Japan Bulk Carrier (JBC). 

The research developed a workflow for hull form optimisation using open-source tools, 

including FreeCAD for parametric modelling, OpenFOAM for Computational Fluid Dynamics 

(CFD), and Dakota Toolkit for Multi-Objective Genetic Algorithm (MOGA) optimisation. The 

optimisation objectives were to maximise the reduction in resistance, and to minimise the loss 

in displacement, by altering parameters bulb depth (Zb), and speed (Um). The White Box Model 

was used to estimate fuel consumption, from which the economic and environmental impact 

was quantified. 

The optimised hull form demonstrated a maximum of 4.2% reduction in resistance, which 

translated into an average annual fuel cost consumption saving of 2.264%, translating into 

$372,907.09. Furthermore, a 3.094% average annual reduction in CO2 emissions was 

estimated. And, optimised hull forms for the global bulk carrier fleet projected a 0.439% or 163 

million tonnes reduction in total CO2 emissions by 2050, with an estimated total fuel cost 

savings of $4.8 billion by 2050. 

This research explored the applicability of open-source platforms to enhance the accessibility 

to hull form optimisation, especially in Least Developing Countries (LDCs) and Small Island 

Developing States (SIDS). This study advocates for the broader integration of improved ship 

energy efficiency into national maritime policies, to accelerate global decarbonisation efforts. 
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1. INTRODUCTION 

1.1. BACKGROUND 

Shipping is one of the most energy-efficient modes of transport, facilitating 80% of 

international trade in metric tonnes (UNCTAD, 2025). According to EEA (2020), shipping 

ranks among the lowest in energy consumption at approximately one megajoule per ton-km. 

By 2021, shipping exhibited the lowest transportation cost per ton-mile globally, at $0.29 per 

ton-mile, mainly due to economies of scale, which have lowered operating costs and enhanced 

shipping’s suitability for bulk transportation (Rodrigue, 2024). Shipping’s high reliance on 

fossil fuels leads to high CO2 emissions, which contribute to climate change. 

In 2018, the global shipping industry contributed 2.9% of global anthropogenic CO2 emissions 

(EU, 2024). According to IMO (2020), there was a 9.6% increase in CO2 emissions from the 

global shipping industry between 2012 and 2018.  Without intervention, the global shipping 

industry’s CO2 emissions are expected to grow (IMO, 2020). In line with the Paris Agreement 

(2015) and United Nations (UN) Sustainable Development Goal (SDG) 13, the International 

Maritime Organisation (IMO) adopted the IMO GHG strategy to boost energy efficiency and 

to ensure the reduction of CO2 emissions from global shipping to net zero by 2050 (IMO, 2018; 

IMO, 2023b). To boost implementation of the IMO GHG strategy, amendments to MARPOL 

Annex VI were adopted, introducing the Energy Efficiency Design Index (EEDI), Ship Energy 

Efficiency Management Plan (SEEMP), and the Carbon Intensity Indicator (CII) (IMO, 2011; 

IMO, 2021). 

Additionally, the IMO also recommended several technical methods to improve the fleet’s 

energy efficiency, including operational optimisation, hull form and propeller optimisation, 

renewable and alternative fuel solutions, and waste heat recovery systems (IMO, n.d.-a). Hull 

form optimisation is a well-established method for enhancing a ship’s hydrodynamic 

performance by reducing the hull’s total resistance (DNV-GL, 2025a). Hull form optimisation 

using numerical methods has evolved since the 1980s (Papanikolaou, 2010), and it utilises 

innovative methods such as Computer-Aided Design (CAD) and Computational Fluid 

Dynamics (CFD) to provide high precision and accurate predictions (Li et al., 2013). However, 

hull form optimisation tools are usually very expensive and require high computational 

resources, which prohibit implementation in low-income economies. To manage financial cost, 

open-source tools can be applied to hull form optimisation, but often information on their 
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integrated use and accuracy is inadequate. This research will study the applicability of open-

source tools for hull form optimisation of the Japan Bulk Carrier (JBC), evaluate the viability 

of optimised hull forms, and explore their impact on global shipping CO2 emissions. 

1.2. PROBLEM STATEMENT 

The global shipping fleet contains 122,039 vessels, where 14,459 are bulk carriers, and 2,047 

are capesize bulk carriers (Clarksons, 2025). Although bulk carriers account for 12% of the 

global shipping fleet, they are responsible for 25% of the global shipping CO2 emissions 

(Clarksons, 2025; OECD, 2025). This highlights the high sensitivity of global shipping CO2 

emissions to the operational bulk carrier fleet. With the estimated growth of 9.6% in the bulk 

carrier fleet by 2030 (Clarksons, 2025), CO2 emissions from bulk carriers are projected to rise, 

thus the need for immediate and effective decarbonisation strategies. This makes bulk carriers 

a critical focus group for energy efficiency improvement and zero or low-carbon innovations. 

One of the well-established methods to deliver energy efficiency improvement is hull form 

optimisation, which can deliver energy efficiency improvement between 1% to 10% (H. Wang 

& Lutsey, 2013). Since hull design directly impacts hydrodynamic resistance and fuel 

consumption, hull form optimisation presents a promising pathway for emissions reduction in 

bulk carriers (Zhu et al., 2024). The main advantage of hull form optimisation is the ability to 

deliver long-term energy efficiency improvement with a minimal need for further hull 

adjustment, except for routine hull maintenance such as hull cleaning (Tadros et al., 2023). 

Hull form optimisation is a computationally intensive approach, requiring significant time, 

financial investment, and computing resources. To counter these prohibitive costs, there is a 

need to study the applicability of open-source tools and to optimise the process workflow for 

better accuracy while balancing computing requirements for various stages of the ship design. 

Additionally, further research is required to evaluate the suitability of optimised hull forms for 

a specific category of ships, for example, bulk carriers. This will ensure that the energy 

efficiency gains are consistent with industry requirements. 

Computational Fluid Dynamics (CFD) is one of the methods for hull form optimisation with 

reduced financial cost and time while maintaining accuracy, as compared to towing tank tests 

and empirical methods. This research explored the applicability of the open-source CFD 

approach for hull optimisation using the Japan Bulk Carrier ship model. The research also 
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assessed the environmental and economic impact of optimised hull forms on the global bulk 

carrier fleet. 

1.3. AIM AND OBJECTIVES 

1.3.1. AIM 

The goal of this research is to evaluate the viability of the optimised hull forms for the global 

bulk carrier fleet by investigating the economic and environmental impacts due to hull form 

optimisation. 

1.3.2. OBJECTIVES 

The objectives of this research are: 

a) To develop an initial parametric model of a bulk carrier ship. This is the initial hull form to 

be studied for performance improvement. 

b) To produce an optimised hull form design for the JBC bulk carrier. 

c) To evaluate the environmental and economic impact of the optimised hull form on the 

global bulk carrier fleet. 

1.4. RESEARCH QUESTIONS 

The “meta-question” of this research is “How viable are optimised hull forms for the global 

bulk carrier fleet?”. The underlying questions of this research include the following: 

a) How can cost-effective and globally accessible methods be applied to achieve hull form 

optimisation? 

b) To what extent does hull form optimisation improve the energy efficiency of the Japan 

Bulk Carrier? 

c) What are the economic and environmental impacts of the implementation of optimised hull 

forms for bulk carriers? 

1.5. SCOPE, ASSUMPTIONS, AND LIMITATIONS 

This research provided insights into the economic and environmental impact of hull form 

optimisation for bulk carriers, with a specific focus on the Japan Bulk Carrier (JBC) model. 

The research workflow utilised open-source tools, including FreeCAD for parametric 

modelling, OpenFOAM for Computational Fluid Dynamics (CFD), and Dakota Toolkit for 
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optimisation. This study aligned with the IMO GHG Strategy and contributed insights into the 

key role of hull form optimisation in maritime decarbonisation. To enable the modelling, the 

following simplifications and assumptions were made:  

a) Simplification of available shipping datasets, research results, and operational data for bulk 

carriers. 

b) The design and operational information on the JBC ship closely represent the wider 

capesize bulk carrier fleet. 

c) Simplification in the modelling of the physical conditions for the computational domain 

was necessary for the derivation of meaningful results and conclusions. 

d) The White Box Model employed for the estimation of fuel consumption and power 

computes near realistic estimates of ship operation behaviours. 

Despite efforts to simplify complex physical phenomena with assumptions, several limitations 

were faced. These include the following: 

a) Limited computing resources restricted the level of complexity of Computational Fluid 

Dynamics (CFD) simulations. A twelve-core computer with eight Gigabytes of Random 

Access Memory (RAM) was utilised to undertake this research. 

b) Limitations in modelling of overly complex and constantly varying real-world conditions 

like sea roughness, weather conditions, and hull roughness. These change rapidly over a 

given operational period and hence were not fully incorporated. 

c) Limited access to ship specific operational datasets for capesize bulk carriers, therefore 

necessitating the reliance on publicly available datasets. 

d) The specific fuel consumption of the engine was assumed to be constant, which limited the 

analysis to varying engine loads and operational conditions.
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2. LITERATURE REVIEW 

2.1. MARPOL ANNEX VI & SHIP ENERGY EFFICIENCY 

The International Maritime Organisation’s MARPOL convention aims to protect the marine 

environment from pollution by shipping operations and accidents. MARPOL Annex VI 

specifies the mandatory technical and operational energy efficiency requirements, including 

the Energy Efficiency Design Index (EEDI), Ship Energy Efficiency Management plan 

(SEEMP), and Carbon Intensity Indicator (CII), aimed at improving ship designs and 

operational efficiency, and tracking emissions from ships (IMO, n.d.-b). The EEDI focuses on 

promoting efficient ship designs by setting standards on allowable CO2 emissions per tonne-

mile, hence energy-efficient hull design, equipment, and machinery (IMO, 2011), and it 

influences the choice of hull form, fuels, engines, and propulsion systems. To attain EEDI 

requirements, design optimisation is undertaken especially for the hull and propeller to improve 

hydrodynamic performance (Kristensen & Lützen, 2012b). 

2.2.SHIP RESISTANCE 

2.2.1. RESISTANCE COMPONENTS 

Total resistance, RT, is the force required to tow a bare hull at a given speed from a position of 

rest (Birk, 2019, Kristensen & Lützen, 2012a) and is composed of viscous or frictional 

resistance (RV), wave-making resistance (RW) and air drag (RAA), and is represented as shown 

in Equation (1) (USNA, 2020; Prabowo et al., 2022). Viscous resistance is due to the action of 

the viscous fluid on the hull’s surface over the Wetted Surface Area (WSA) as the ship moves 

through water (USNA, 2020; Prabowo et al., 2022). It is dependent on the fluid density (ρ), 

WSA, speed (V), and coefficient of drag (Cv) as shown in ITTC1975’s definition in Equation 

(2) (Kristensen & Lützen, 2012a; Prabowo et al., 2022), where the Cv is derived as shown in 

Equation (3). The coefficient of drag is dependent on the Reynolds number (Rn), a 

dimensionless number that defines the condition of the fluid as laminar or turbulent, by 

determining the ratio of between the force of inertia and viscosity, and defined in terms of speed 

(V), length at waterline (l) and the kinematic viscosity (u) as shown in Equation (4). According 

to Edward (1988), viscous resistance accounts for 80-85% of the total resistance in slow-speed 

ships and approximately 50% in high-speed ships. Viscous resistance is minimized by reducing 

the WSA, and length and beam balancing (Prabowo et al., 2022). Length and beam balancing 
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affect the carriage capacity; therefore, an optimum compromise between displacement and 

WSA should be made to reduce resistance while catering to the shipowner’s requirements. 

RT = RV + RW + RAA          (1) 

RV = (ρ * CV * WSA * V2) / 2        (2) 

CV = 0.075 / (Log Rn - 2)2        (3) 

Rn = V * l / u          (4) 

Wave-making resistance is the resistance component attributed to the involuntary energy loss 

due to the generation of transverse and divergent waves along the WSA (Edward, 1988 ;Birk, 

2019; USNA, 2020). Wave-making resistance is dependent on the Froude number, Fn, a 

dimensionless number that relates the ship’s speed and the speed of waves in the water and is 

defined in terms of ship speed (V), acceleration due to gravity (g), and length of the vessel (L) 

as shown in Equation (5). Wave-making resistance is highly dependent on the hull form adopted 

during the design stage (Kristensen & Lützen, 2012a). Wave-making resistance is usually 

minimized by bulbous bow addition and increasing the ship’s length (USNA, 2020). The Wave-

making resistance is estimated in terms of displacement (Δ), fluid density (ρ), acceleration due 

to gravity (g), and Fn as shown in Equation (6) (Holtrop & Mennen, 1982). 

Fn = V / √𝑔 ∗  𝐿        (5) 

Rw = c1 * c2 * c5 * Δ * ρ * g * (𝑒−𝑚1∗ 𝐹𝑛𝑑
) * cos (λ * Fn

-2)    (6) 

Where λ is the wavelength, c1, c2, and c3 are empirical coefficients related to hull form, and 

m1 and d are empirical constants related to ship speed. 

The total resistance is dominated by viscous resistance over wave-making resistance at slow 

speeds, while at high speeds, the wave-making resistance dominates over viscous resistance, 

as shown in Figure 1 (USNA, 2020). At high speeds, wave-making resistance increases due to 

interference between waves, creating superimposed crests and troughs. However, air resistance 

and viscous resistance also increase significantly, which becomes a limiting force for further 

increment in vessel speed (USNA, 2020). 
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Figure 1 

Components of total resistance at various vessel speeds. 

 
Source: USNA (2020). 

Air resistance can be defined as the resistance of a ship’s hull due to movement through air in 

the absence of wind (Kristensen & Lützen, 2012a; USNA, 2020). Air resistance increases with 

an increase in the air draught, and affects the extruding superstructure more than the hull 

(Kristensen & Lützen, 2012a). Air resistance generally accounts for approximately 1% to 8% 

of the total resistance, depending on the ship type, and is prevalent for high-speed ships, ships 

with high superstructure, and large sailing areas (USNA, 2020). Air resistance is reduced by 

optimising the hull and superstructure; however, a cost-benefit analysis should be considered 

to ensure operational cost savings outweigh related construction costs (USNA, 2020). Bulk 

carriers are slow-speed ships with low Froude numbers, dominated by viscous resistance, with 

minimal wave-making and air resistance. 

A study by Grlj et al. (2025) of the Japan Bulk Carrier (JBC) ship model showed that the total 

resistance was made up of 98% of viscous resistance and 2% of wave-making resistance at 

speeds between 11 knots and 13 knots, while at speeds between 14 and 16 knots, viscous 

resistance made up 97% and wave-making resistance accounted for 3%. The ratios of resistance 

components were consistent with the predictions of  USNA (2020)  that wave-making 

resistance is minimal at slow speeds and increases with the increase in speed. The study by Grlj 

et al. (2025) showed the possibility of tackling both wavemaking resistance and viscous 

resistance in the JBC model for total resistance since both had considerably impactful values; 

however, the speed of the vessel must also be optimised since it dictates the prevalence of 

wave-making resistance. 
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2.2.2. HOLTROP AND MENNEN RESISTANCE 

The Holtrop and Mennen method is based on regression analysis and is utilised in early design 

stages for the estimation of calm water resistance and power for displacement ships (Molland 

et al., 2017; Holtrop & Mennen, 1982). It is widely considered as one of the most accurate 

methods for prediction of resistance (Alaaeldeen Mohamed Elhadad et al., 2023; Elin & 

Felicia, 2020), and is used alongside Computational Fluid Dynamics (CFD) simulations as a 

low-cost alternative for validation of resistance estimates. The Holtrop and Mennen method is 

applicable to Froude Numbers less than 0.45, Prismatic Coefficients from 0.55 to 0.85, and 

length to beam (L/B) ratio between 3.9 and 9.5 (Elin & Felicia, 2020; Holtrop & Mennen, 

1982; Nikolopoulos & Boulougouris, 2019). In comparison, the Japan Bulk Carrier model has 

Froude numbers between 0.1 and 0.2, a prismatic coefficient of 0.86, and a L/B ratio of 6.4. 

Although having a prismatic coefficient at the edge of the prescribed range of 0.55 to 0.85, the 

Holtrop and Mennen method can be adopted. 

The Holtrop and Mennen method defines total resistance (RT) using six major resistance 

components including viscous resistance (Rv) dependent on form factor (1+k1), wavemaking 

resistance (Rw), appendage resistance (RAPP), additional bulbous bow induced pressure (RB), 

immersed transom pressure resistance (RTR), model ship correlation resistance (Rcorr) and air 

resistance (RA), as shown in Equation (7) (Holtrop & Mennen, 1982). The form factor depends 

on the prismatic coefficient (Cp), length at waterline (l), longitudinal centre of buoyancy (LCB), 

beam (B), length of run (LR), and moulded draught (T), as shown in Equation (8). LR is 

estimated as shown in Equation (9). The coefficient C12 is estimated as shown in Equations 

(10), (11), and (12), C13 as shown in Equation (13), and Cstern is approximated by values in 

Figure 2. 

RT = Rv (1 + k1) + RAPP + RW + RB + RTR + Rcorr + RA     (7) 

(1+k1) = c13{0.93 + c12(B/LR)0.92497(0.95 - Cp)
-0.521448(1 - Cp + 0.0225LCB)0.6906} (8) 

LR/L = 1 - Cp + 0.06Cp + 0.06Cp * LCB / (4Cp - 1)     (9) 

C12 = (T/L)0.2228446    when T/L > 0.05   (10) 

C12 = 48.20 (T/L - 0.02)2.078+0.479948 when 0.02 < T/L < 0.05  (11) 

C12 = 0.479948    when T/L < 0.02   (12) 

C13 = 1 + 0.003Cstern         (13) 
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Figure 2 

Values of Cstern 

 
Source: Holtrop & Mennen (1982). 

For ship propulsion or powering requirements, the model estimates the thrust deduction factor, 

wake fraction, and propeller characteristics, based on the Wageningen B-Series propeller 

profiles. The estimated effective power (PE) can be expressed as a product of total resistance 

(RT) and reference speed (V), as shown in Equation (14). The shaft power (PS) required to 

overcome the resistance is expressed as a product of the effective power and transmission 

efficiency (η), as shown in Equation (15) (Elhadad et al., 2023). 

PE = RT * V          (14) 

PS = PE * η          (15) 

The Holtrop and Mennen method was used by Elhadad et al. (2023) to validate the total 

resistance results of CFD analysis of a surface combatant ship, DTMB 5415, using ANSYS 

software with flow solver STAR-CCM+. It was concluded that resistance estimates from CFD 

were in proximity to those predicted by the Holtrop and Mennen method; however, the results 

improved with an increase in the fineness of the meshes. This study strongly indicates that the 

Holtrop and Mennen method is a highly accurate tool that can be used to validate data from 

CFD simulations. While a study by Emre et al. (2016) used the Holtrop Method to validate 

resistance results of CFD simulations for a Trawler hull form using Numeca FINE/Marine and 

Star-CCM+ software, and observed that the results from both Holtrop and Mennen resistance 

and CFD simulations were close estimates and followed identical curves. The fact that both 

results followed the same curve illustrated the capacity to support error modelling between the 

results from both methods, for improved accuracy. In agreement with Elhadad et al. (2023), it 

was also observed that the quality of the results obtained depended on the fineness of the mesh. 

A study by Islam et al. (2022) compared scaled ship resistance and power prediction estimates 

from two CFD software, NavCAD and OpenFOAM, for three ship hull models, including two 

containers (KTC and DTC) and a tanker (KVLCC2), to results from three empirical methods, 
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including the series 60, Holtrop and Mennen, and Andersen. The results from empirical 

methods were very close to the results from CFD, with the maximum deviation being 3.7%; 

this highlights the capacity of empirical methods to validate high accuracy models like CFD. 

A comparison between the estimates of the three empirical methods concluded that the Holtrop 

and Mennen method provides better estimates for both resistance and propulsion. Based on the 

results of Elhadad et al. (2023), Emre et al. (2016), and Islam et al. (2022), it can be concluded 

that the results from the Holtrop and Mennen method are of high accuracy and can validate the 

results from CFD simulations; therefore, it was adopted for this research for validation. 

2.3. HULL FORM OPTIMISATION 

Optimisation is a quantitative numerical method of finding the best estimate to a set of linear 

and non-linear functions under stipulated conditions, constraints, and variable ranges that 

specify the feasible set of solutions (University of Washington, 2025). Hull form optimisation 

is design-based and it employs a combination of Computer-Aided Design (CAD), 

Computational Fluid Dynamics (CFD) solvers, and optimisation algorithms to develop, 

evaluate, and rank the fitness of design solutions to specified design objectives (Ang et al., 

2015). The three main processes in hull form optimisation include parametric modelling, 

hydrodynamic performance evaluation, and objective fitness evaluation  (Li et al., 2013). 

2.3.1. PARAMETRIC MODELLING 

Parametric modelling is the definition of the 3D hull model in terms of the ship’s cardinal 

dimensions and parameters, with clear geometric relationships controlling the topology within 

the model and specific constraints controlling the allowable degree of freedom for deformation 

within the model  (Zhou et al., 2022). Parametric modelling utilises the principal particulars of 

the ship as shown in Figure 3 to develop a constrained model that conserves the ship’s most 

fundamental performance and operational requirements; however, parametric modelling can 

be either partial or fully parametric (Guha & Falzaranoa, 2015; Yang & Huang, 2016; Reis, 

2022). Partial parametric modelling approaches are mainly used to achieve local deformation 

by using parameters to define specific components of the hull, which can be altered to develop 

optimum design solutions, while keeping other components constant (Reis, 2022). While fully 

parametric modelling is utilised to achieve global deformation by utilising parameters to define 

all hull components in terms of the principal parameters and integral properties such as volume 

and area (Reis, 2022). 
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Figure 3 

Fundamental parameters for parametric modelling. 

 
Source: Guha & Falzaranoa (2015). 

Effective parametric modelling should enable the flexibility of global and local deformation of 

hull forms, while conserving the constraints required of the final design, and also catering to 

the requirements of the ship owners to maintain its applicability for industry (Han et al., 2012). 

For the representation of curved surfaces, data sets representing segmented sections of the 

curve and defining the complete mathematical model underlying the curve are used, for 

example, using the B-splines and Non-Uniform B-Splines (NURBS) (Han et al., 2012). 

NURBS are considered the de facto standard for parametric modelling due to the high 

flexibility and ability to represent very complex shapes like hull forms. Its high precision allows 

for the exact representation of complex shapes without over-simplification, while high control 

delivered by nodes, weights, and vectors allows for precise control during deformation (J. H. 

Ang et al., 2015). A NURBS curve is defined in terms of the B-spline basis functions (Ni,p), 

control points (Pi), and weights of control points (wi) as shown in Equation (16), while the 

representation of a NURBS surface of degree (p, q) can be defined in terms of B-Spline basis 

functions Ni,p and Nj,q, control points (Pi,j), and weights of control points (wi,j) as shown in 

Equation (17). Usually, the parametric model is structured as a collection of manifold faces 

described by vertices, edges, and faces for solid model representation (WOLFRAM, 2025a; 

WOLFRAM, 2025b). 

C(u) = (∑  𝑁𝑖,𝑝 (𝑡) 𝑤𝑖 𝑃𝑖
𝑛
𝑖=0 ) / ( ∑  𝑁𝑖,𝑝 (𝑡)𝑛

𝑖=0 𝑤)     

 (16) 

S(u) = (∑ ∑  𝑁𝑖,𝑝 (𝑢) 𝑁𝑗,𝑞 (𝑣) 𝑤𝑖,𝑗  𝑃𝑖,𝑗
𝑚
𝑗=0

𝑛
𝑖=0 ) / (∑ ∑  𝑁𝑖,𝑝 (𝑢) 𝑁𝑗,𝑞 (𝑣) 𝑤𝑖,𝑗

𝑚
𝑗=0 )𝑛

𝑖=0  (17) 
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2.3.2. FREE FORM DEFORMATION (FFD) 

Free Form Deformation (FFD) is a technique for the manipulation of solids in parametric 

modelling for local or global modification of surfaces based on underlying constraints and 

degrees of freedom (PyGEM, 2021; Sederberg & Parry, 1986). Local FFD utilises one or a 

group of control points to alter the position of the curve or surface, which disturbs the positions 

of the immediate neighbourhood, causing a prediction of a new best-fit curve or surface 

(PyGEM, 2021). In contrast, global FFD utilises the total set of control points within the design 

to alter the positions of various points on the curve or surface, based on a specified position of 

relocation of a chosen control point, thus causing a prediction of a new curve or surface as the 

best-fit for the whole range of data (Sederberg & Parry, 1986). To illustrate FFD, consider the 

local coordinate system shown in Figure 4 with axes S, T, U, and origin X0. Any point, X, 

within this 3D space can be referenced with coordinates (s, t, u), defined as shown in Equations 

(18) and (19) (Prochazkova, 2017; Sederberg & Parry, 1986). 

Figure 4 

An illustration of a local coordinate system with axes S, T, and U. 

 
Source: Sederberg & Parry (1986). 

X = Xo + sS + tT + uU        (18) 

s = 
𝑇∗𝑈(𝑋−𝑋0)

𝑇∗𝑈.𝑆
, t = 

𝑆∗𝑈(𝑋−𝑋0)

𝑇∗𝑈.𝑇
, u = 

𝑆∗𝑇(𝑋−𝑋0)

𝑆∗𝑇.𝑈
      (19) 

A grid of control points Pijk defined by Equation (20) can be imposed as a lattice, to form t+1 

planes in the S direction, m+1 planes in the T direction, and n+1 planes in the U direction. FFD 

can therefore be undertaken by moving point Pijk from its position on the lattice to a new 

position Xffd defined by Equation (21), within the 3D space. This is done by fitting a 

deformation function based on the trivariate tensor product Bernstein polynomial to predict the 

new positions of control points. Consequently, the surface within the lattice is stretched to fit 

the derived curve, as shown in Figure 5. 
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Pijk = X0 + 
𝑖

𝑙
S + 

𝑗

𝑚
T + 

𝑘

𝑚
𝑈        (20) 

Xffd = 𝛴𝑖=0
𝑙 (𝑙

𝑖
)(1-s)l-isi [𝛴𝑗=0

𝑚 (𝑚
𝑗

) (1 − 𝑡)𝑚−𝑗𝑡𝑗  (𝛴𝑘=0
𝑛 (𝑛

𝑘
)(1 − 𝑢)𝑛−𝑘𝑢𝑘Pijk)]  (21) 

Figure 5 

An illustration of the deformation process. 

               

Source: Sederberg & Parry (1986). 

There are three general ways to implement shape alteration using parametric approaches, 

including the basis shape approach, the discrete approach, and the polynomial and spline 

approach (Koshakji et al., 2013). The basis shape approach uses a set of parameters defining 

the geometry and topology of the 3D solid to modify the shape and surface of that entity 

(Koshakji et al., 2013). Linear and non-linear relationships between model elements, for 

example, vertices, splines, polylines, and nodes, are defined, and they set the allowable degree 

of freedom. The basis shape approach has the advantage of being able to strongly maintain 

geometric relationships, with the ease of production of smooth shapes, and high support for 

multi-objective optimisation (Samareh, 1999). Additionally, it requires significantly fewer 

computing resources as compared to the discrete, and the polynomial and spline approach; 

however, it may be challenging to describe non-linear geometric relationships. 

The discrete approach uses boundary points forming a lattice of structured offset points, 

engulfing the shape of interest, to guide positional alteration and prediction of the optimal 

surface (Koshakji et al., 2013). The discrete approach is easy to implement, but it requires high 

computational resources. It requires a large set of design variables to maintain a smooth surface, 

due to the high degree of freedom within the control lattice. The difficulty in maintaining a 

smooth surface and the large number of design variables required reduce the feasibility of 

adaptation to real-world optimisation problems without over-simplification (Koshakji et al., 

2013;Mohammadi & Pironneau, 2001). 

The polynomial and splines approach leverages control points along splines and polynomials 

to predict positions of the modified surface, thus greatly reducing the total number of design 
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variables required to maintain a smooth surface as compared to the discrete approach (Koshakji 

et al., 2013). This approach is widely used, as it has less computational cost as compared to the 

discrete approach, and samples a wider design space as compared to the basis shape approach. 

However, for complex designs or surfaces, it can be difficult to fit polynomials or splines 

without discontinuities that may affect the smoothness or consistency in the modified shapes 

(Berkenstock et al., 2024). 

For this research, the basis shape approach was employed to modify the initial hull. Its low 

computing requirements in comparison to other approaches gave the flexibility to implement 

deformation with limited resources, while exploring the design space within prescribed 

parameter limits. Additionally, the basis shape approach’s ability to conserve geometric 

relationships ensured that desired design properties are conserved, which reduced variables in 

the optimisation problem, therefore making the process simpler. 

2.3.3. OPENFOAM 

OpenFOAM is an open-source Computational Fluid Dynamics (CFD) software designed to 

solve complex fluid flows through performing simulations to evaluate fluid behaviours under 

set conditions (Haddadi, 2025; Shahzad, 2017). It is a collection of engineering libraries that 

predict flow behaviours for laminar and turbulent flows of compressible and incompressible 

fluids with transient and steady-state conditions (Shahzad, 2017). OpenFOAM incompressible 

solvers compute Reynolds Average Navier-Stokes Equations (RANS) to solve pressure-

velocity computations in transient or steady-state conditions (Haddadi, 2025).  

OpenFOAM transient solvers are time-variant and utilise the Pressure Implicit with Splitting 

of Operators (PISO) algorithm to solve the continuity equation shown in Equation (22), and 

the momentum equation shown in Equation (23) related to kinematic pressure (p) and velocity 

(u) (OpenCFDLtd, 2024). While steady state solvers maintain the same conditions throughout 

simulation and use the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) to 

solve the continuity equation shown in Equation (22) and momentum equation shown in 

Equation (24) related to kinematic pressure (p), velocity (u), stress tensor (R) and momentum 

source (Su) (OpenCFDLtd, 2024). 

∇.u = 0           (22) 

𝜕

𝜕𝑡
(u) + 𝛻. (𝑢. 𝑢) - ∇(v∇u) = -∇p       (23) 
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𝛻. (𝑢. 𝑢) - ∇.R = -∇p+Su        (24) 

The OpenFOAM software was used by Cordier et al. (2017) to perform flow simulation around 

the hull of a low-speed hull form (dredger) and a high-speed hull form (cruise vessel) at varying 

speeds. The results were compared to those from a commercial CFD software, SHIPFLOW, 

and towing tank tests to assess their accuracy. The deviation between the results of OpenFOAM 

and the towing tank test was between 1% and 3%, while for SHIPFLOW, it was between 1% 

and 4%. This highlights that OpenFOAM can produce very high accuracy results to support 

marine flow studies with computational models that closely represent the actual conditions. 

2.3.4. TURBULENCE MODELING 

Turbulence modelling is the prediction of chaotic and unsteady fluid flow, which is 

characterised by a wide range of interacting vortical structures using numerical simulation 

(IdealSimulations, 2022). It tracks how energy cascades from eddies to small-scale dissipation 

by converting kinetic energy into thermal energy through viscous effects. Fluid flows over a 

solid boundary create a boundary layer with turbulent properties; therefore, turbulence 

modelling is essential for accurate prediction of total resistance (IdealSimulations, 2022).  

There are three main turbulence models used within Computational Fluid Dynamics (CFD), 

including the Direct Numerical Simulations (DNS), the Large Eddy Simulation (LES), and the 

Reynolds Averaged Navier-Stokes (RANS), as shown in Figure 6.  

Figure 6 

An illustration of the resolution and modelling ranges for DNS, LES, and RANS. 

 
Source: Fidelis (2024). 

The DNS method solves for turbulence without modelling, by direct application of the Navier-

Stokes Equations (IdealSimulations, 2022). The DNS method provides the most accurate CFD 

solutions (Fidelis, 2024). However, the DNS requires a very fine spatial and temporal 
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resolution, and high computational resources; therefore, it is not feasible for complex industrial 

applications. The LES method resolves large eddies and models small eddies, thus reducing 

computation cost as compared to the DNS (Fidelis, 2024). The LES method is more accurate 

than the RANS method; however, it requires very high computational resources and time as 

compared to RANS (Fidelis, 2024; IdealSimulations, 2022). The RANS method models 

turbulence as the averaged result of the Navier-Stokes Equations, which reduces the 

computational cost compared to DNS and LES (Fidelis, 2024; IdealSimulations, 2022); 

however, there is a reduction in accuracy in comparison to DNS and LES (Fidelis, 2024). The 

RANS method is the most widely used due to its moderate requirement for computing 

resources and high accuracy. 

The RANS method can be implemented with both the K-Omega standard model (k-ꙍ) and the 

K-Omega Shear Stress Transport (k-ꙍSST) model for improved accuracy. The k-ꙍ turbulence 

model depends on the turbulent kinetic energy (k) and specific dissipation rate (ꙍ) to predict 

turbulence within the boundary layer (Wilcox, 1988). While the k-ꙍSST depends on the 

turbulent kinetic energy and dissipation rate, with extensions to capture flow separation close 

to the wall, and to overcome the dependency on the free stream values of k and ꙍ 

(OpenCFDLtd, 2024b). The k-ꙍSST model is more accurate than the k-ꙍ model  (Shahzad, 

2017); however, it requires more computational modelling. The RANS method with the k-

ꙍSST model was chosen for this research due to its moderate requirement of computing 

resources as compared to DNS and LES, and high accuracy adequate for design operations 

(IdealSimulations, 2022). 

2.3.5. GENETIC OPTIMISATION ALGORITHM 

Optimisation is the determination of the minimum or maximum fitness solution to a given 

problem (Carr, 2014). The three main traditional types of optimisation methods are calculus-

based, exhaustive search, and random search (Carr, 2014; Goldberg, 1989). Calculus-based 

methods are gradient-based, and they determine the local minima and maxima solutions by 

following changes in the gradient, directly or indirectly (Carr, 2014; Goldberg, 1989). 

Gradients describe how small changes in the input affect the objective function, and point to 

the direction of the steepest ascent or descent (Antoniadis, 2024). Calculus-based methods have 

the advantage of being well established, and are quick at finding local optimum solutions; 

however, they search for local optima instead of global solutions, and can be insufficient for 
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cases where the global neighbourhood is unknown or where multiple optima occur nearby 

(Carr, 2014). 

Exhaustive search algorithms determine global optima by undertaking an exhaustive search of 

all values within the design space for a given objective function (Carr, 2014). These rely on the 

definition of a finite or infinite discretised search space, defining all possible values for each 

parameter, on which the fitness evaluation is undertaken (Goldberg, 1989). Exhaustive 

algorithms have the advantage that they determine a very accurate global representation of the 

design space since they exhaust all possible alternatives. However, they are the least efficient, 

and they require too much time and computing resources, since in most cases, the design spaces 

are vast with multiple parameters (Carr, 2014; Goldberg, 1989). 

In contrast, random search optimisation methods are derivative-free methods that determine 

optimum solutions by iteratively sampling values within the design space, and convergence 

depends on the probability that samples are close to the optima (Carr, 2014; Zabinsky, 2009). 

These undertake a broad exploration of random samples within the design space, after which, 

exploitation by refinement of the best-fit solutions is undertaken to determine optima (Carr, 

2014; Zabinsky, 2009). Random search methods can employ random search techniques to 

sample solutions randomly across the design space, and adaptive search techniques to adjust 

the search strategy based on previous evaluations to determine where the high probability areas 

occur for future sampling (Zabinsky, 2009).  

Random sampling methods have the advantage of being simple, more practical, and being able 

to determine optima much quicker than exhaustive search optimisation at comparable accuracy, 

and at reduced time and computing resources (Zabinsky, 2009); however, the drawback is that 

the optimum solutions depend on the probability that samples are close to the optima. 

Additionally, they are easier to implement for complex problems, since they depend on 

objective function evaluation rather than gradients and Hessian matrices (Zabinsky, 2009). A 

Hessian matrix is a square matrix of second-order partial derivatives of a scalar-valued 

function, describing how a gradient varies with respect to changes in parameter values (Chugh, 

2025). Examples of random search optimisation methods include pure random search, 

simulated annealing, genetic algorithms, particle swarm optimisation, ant colony optimisation, 

and cross-entropy method. 

Genetic algorithms are based on the evolutionary principle, where a population evolves 

iteratively by retaining members that meet required fitness criteria for a given objective 
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function (Carr, 2014; Guha & Falzaranoa, 2015). The objective functions, also referred to as 

fitness functions, are the criteria against which each design alternative is iteratively evaluated 

to determine optima (Carr, 2014; Guha & Falzaranoa, 2015). Genetic algorithms mimic the 

biological evolution process based on an initial randomly sampled population from the design 

space. Through crossover to swap over parameter values, and mutation to randomly change 

parameter values, a new population is created for further evaluation (Carr, 2014). 

Genetic algorithms can be single or multi-objective, requiring the minimization or 

maximization of objective functions, subject to specific constraints that describe the degrees of 

freedom within the design space (Guha & Falzaranoa, 2015). For multi-objective optimisation, 

design solutions are represented using a Pareto front, showing a set of solutions where one 

objective cannot be improved without making the others worse, called the Pareto optimal 

solutions (Coello et al., 2007). This research explores the application of multi-objective genetic 

algorithms for hull form optimisation of the Japan Bulk Carrier. 

2.4. PROPULSION AND GHG EMISSIONS 

2.4.1. POWER REQUIREMENTS 

Propulsive power, also described as the effective power (PE), is the power required to tow the 

ship at a given speed in calm water conditions (Molland et al., 2017). Propulsive power 

estimates are the basis for the estimation of a ship’s fuel and operating costs (Molland et al., 

2017). Propulsive power estimates depend on the characteristics of the chosen propulsion 

system, and can be determined through model experiments, the use of standard series data, 

theoretical methods, and data from similar existing systems (Molland et al., 2017). 

Theoretically, propulsive power requirements are computed by the evaluation of the power 

delivered, propulsive efficiency, and the brake power. The power delivered, (PD) can be derived 

from the effective power (PE) and propulsive efficiency (η𝐷) as shown in Equation (25), while 

propulsive efficiency (η𝐷) can be defined as the product of the open water efficiency (ηo), the 

hull efficiency (ηH) and the relative rotative efficiency (ηR) as shown in Equation (26). 

PD = PE/η𝐷           (25) 

ηD = ηo*ηH*ηR          (26) 

The Hull efficiency (ηH) can be derived from the thrust deduction factor (t) and wake fraction 

(WT) as shown in Equation (27). And, for single screw ships, using the block coefficient (CB), 
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the thrust reduction factor (t) is estimated as shown in Equation (28), and the wake fraction 

(WT) is estimated using Harvald’s approximation as shown in Equation (29). 

ηH = 
(1−t)

(1−𝑊𝑇)
           (27) 

t = 0.5*CB - 0.1         (28) 

WT = 0.7*CB - 0.1         (29) 

Since computations in the design phase mostly utilise scaled models, the model’s power 

delivered (PDm) is scaled to derive the corrected ship power delivered (PDs) as shown in 

Equation (30), using the scale correction factor (scf). Using the ship power delivered (PDs) and 

transmission efficiency (ηT), the brake power (PB) requirement can be estimated as shown in 

Equation (31). Finally, the fuel consumption (FC) can be estimated from brake power (PB) and 

specific fuel consumption (SFC) as shown in Equation (32). However, for realistic fuel 

consumption estimates, three main corrections due to changing draughts, weather conditions, 

and speed fluctuations at different maritime zones have to be considered (Bialystocki & 

Konovessis, 2016). 

PDs = PDm*scf          (30) 

PB = PDs * (1/ηT)         (31) 

FC = PB*SFC          (32) 

2.4.2. FUEL CONSUMPTION MODELS 

According to Stopford (2008), fuel consumption accounts for up to 50% of all operating 

expenses for any given voyage. This indicates that operational costs are highly sensitive to a 

ship’s fuel consumption behaviour, where even small changes significantly affect profitability. 

Additionally, the choice of bunker fuel is directly linked to the quantity of CO2 emissions from 

the ship, as it depends on the fuel’s carbon factor and quantity consumed (IMO, 2023a). 

Therefore, a reduction in fuel consumption directly reduces operating costs and CO2 emissions 

for any given ship. The main factors influencing a ship’s fuel consumption include voyage 

distance, weather conditions, hull roughness, propeller condition, draught, and speed 

(Bialystocki & Konovessis, 2016). 

The three ship fuel consumption models include the White Box Model (WBM), Black Box 

Model (BBM), and Grey Box Model (GBM) (Fan et al., 2022; K. Wang et al., 2022). The WBM 
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is based on the mechanical analysis of the floating state and hydrodynamics for a given ship. 

Fuel consumption estimates are based on the properties of the engine, transmission efficiency, 

and the total resistance of the ship’s hull (Yan et al., 2021). The complete analysis of factors 

affecting fuel consumption during a voyage can be complex, and often simplified for easier 

handling of the WBM, hence making it more implementable (Yan et al., 2021); however, for 

extreme voyage conditions, the prediction accuracy can be low (Wei et al., 2021; Yan et al., 

2021). For accuracy improvement, ship resistance can be evaluated in differing weather and 

sea conditions applied depending on the percentage of the voyage taking up specified 

conditions (Fan et al., 2022; K. Wang et al., 2022).  

The BBM relies on data analysis through a combination of statistical and machine learning 

models (Xie et al., 2023). Statistical models based on regression with probabilistic approaches 

are used to determine the relationship between fuel consumption and variables, while 

approximation functions are used by machine learning models to estimate fuel consumption 

with a level of ambiguity (Xie et al., 2023). Both statistical and machine learning models are 

complex to implement and require a large volume of data as compared to the WBM, and the 

relationships between various factors affecting fuel consumption are derived from the data (Xie 

et al., 2023). The BBM has a higher accuracy due to the capacity to represent complex 

relationships between fuel consumption and factors such as wind, weather, and waves at sea 

that require high-dimensional models (Xie et al., 2023). The two major disadvantages of the 

BBM are the inability to explain the internal workings of the machine learning models and the 

need for large volumes of data (Xie et al., 2023). 

The GBM applies both mechanical modelling and data analysis, relying on hydrodynamics, 

and parameters adjusted with actual operational data to improve the accuracy (Ma et al., 2023). 

It uses a mix of the WBM and BBM, introducing the BBM to explain relationships that cannot 

be modelled with WBM (Coraddu et al., 2017). The GBM is more accurate than both the WBM 

and BBM, while being faster than the BBM (Ma et al., 2023), and it limits the ambiguity within 

computations while reducing the amount of data required by the BBM  (Coraddu et al., 2017); 

however, it requires significantly more computing resources than the WBM (Ma et al., 2023). 

This research utilised the WBM, relying on resistance and power estimates from CFD and 

statistical analysis of external factors, including distance, fuel price, and ocean zones, to predict 

fuel consumption. The WBM was chosen because it requires less data in comparison to GBM 

and BBM, while still delivering high accuracy of estimates.
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3. METHODOLOGY 

3.1. RESEARCH METHODS 

This research utilised quantitative methods, including hull form optimisation, hydrodynamic 

performance analysis, and impact evaluation to predict optimised hull designs and fuel 

consumption, and to assess CO2 emissions. The study employed integrated numerical, 

graphical, and statistical techniques using tools such as Computer-Aided Design (CAD), 

Computational Fluid Dynamics (CFD), and Multi-Objective Genetic Algorithms to model and 

interpret hydrodynamic performance, economic, and CO2 emissions patterns. The 

methodology’s workflow sequence detailing the data, tools, and analytical steps used is shown 

in Figure 7. 

Figure 7 

The proposed research design flow chart. 

 
Source: Author. 
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3.2. METHODOLOGY 

3.2.1. HULL MODELLING AND MESHING 

The parametric modelling of half of the hull of the JBC ship model (Nobuyuki, 2015) was 

undertaken in FreeCAD software, at the scale of 1:40, to reduce the computational 

requirements at later stages. Fourteen main sections were created along the ship’s centre line, 

and section curves were digitized along the hull surface of the JBC ship, as shown in Figure 8. 

Additional sections at the bulbous bow were recreated, as described in the later section 3.3.4.3. 

Figure 8 

Sections representing half of the JBC hull. 

 
Source: Author. 

Constraints for each section curve were defined to describe the geometric, and dimensions were 

linked to the principal parameters of the JBC ship. The sections were then lofted to generate 

the surface of the watertight 3D model of half of the JBC ship, as shown in Figure 9. The 

surface of the parametric model was then refined for smoothness. 

Figure 9 

Parametric 3D model of half of the hull. 

 
Source: Author. 
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A geometry check was undertaken to verify that no errors were compiled within the developed 

model. The parametric model’s surface was then meshed by tessellation to a very fine level, as 

shown in Figure 10. The meshed parametric model was then exported as a Stereolithography 

(STL) file to enable validation of the model and for initial hydrodynamic performance analysis. 

Figure 10 

Tessellated 3D mesh of the parametric JBC model. 

 
Source: Author. 

3.2.2. CFD COMPUTATIONAL DOMAIN 

The computational domain simulated multi-phase fluid flow of an air-water system 

representing the open sea. The bounding box with minimum (-10, -5.5, -5), and maximum (20, 

0, 5), was considered after a mesh independence study with varying domain sizes to ensure the 

simulation results were independent of the size of the computational domain. The inlet face 

was stationed adjacent to the bow, while the outlet face was adjacent to the stern. The 

orientation within 3D space, boundary planes, and coordinates of the edges of the 

computational domain are illustrated in Figure 11. To ensure adequate capture of water-air 

interaction, the divisions within zones hosting the air-water boundary were increased, and 

further refinement using OpenFOAM’s snappyHexMesh utility was used to refine regions 

around the sharp edges of the hull surface. The mesh divisions used for the x, y, and z axes 

were 100, 60, and 60, respectively; while the grading for the three zones was (1, 1, 0.2), (1, 1, 

0.5), and (1, 1, 1), respectively. 
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Figure 11 

Planes representing the boundaries of the CFD computational domain. 

 
Source: Author. 

3.2.3. INITIAL CFD ANALYSIS AND BASELINES 

3.2.3.1.  SIMULATION CONSTANTS 

The reference height for the water-air free surface was set at 0.4125m. The surface tension for 

the water-air free surface was set to 0.072N/m. The following assumptions were made to define 

the conditions at sea for water and air: 

a. The water and air phases are Newtonian fluids, with constant viscosity. 

b. The density of seawater is 1025.068 kg/m3. 

c. The density of air at sea is 1.225 kg/m3. 

d. The average temperature is 15 °C. 

e. Acceleration due to gravity is 9.81m/s2. 

f. Kinematic viscosity of air is 1.48*10-5m2/s. 

g. Kinematic viscosity of water is 1.1892×10-6m2/s. 

3.2.3.2.  SCALING VELOCITY, PRESSURE, AND TIME TO MODEL 

Scaling velocity depends on preservation of Froude number and the appropriate application of 

physical principles governing the free-surface flow, to ensure similarity in wave and gravity 

driven effects. The Froude number is defined using velocity (U), acceleration due to gravity 
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(g), and the Length of the hull (L), as shown in Equation (33). According to the Froude model 

law, the Froude number of the model should be similar to the Froude number of the full ship, 

as shown in Equation (34). Therefore, the relationship between model and full ship is described 

as shown in Equation (35), and simplified to involve scale (full length of ship, Lfull to model 

ship length Lmodel), as shown in Equation (36), to estimate model speed. Similarly, the time can 

be scaled by Equation (37). Additionally, the atmospheric pressure, which is the force per unit 

area exerted onto the water surface by the atmosphere, was scaled using Equation (38) from 

101,325Pa at full scale to 2,533.125Pa at model scale. 

Fr = U / √𝑔𝐿          (33) 

𝐿𝑓𝑢𝑙𝑙

𝐿𝑚𝑜𝑑𝑒𝑙
 = 40          (34) 

Ufull / √𝑔 ∗ 𝐿𝑓𝑢𝑙𝑙 = Umodel / √𝑔 ∗  𝐿𝑚𝑜𝑑𝑒𝑙      (35) 

Umodel = Ufull / √
𝐿𝑓𝑢𝑙𝑙

𝐿𝑚𝑜𝑑𝑒𝑙
         (36) 

tmodel = tfull √
𝐿𝑓𝑢𝑙𝑙

𝐿𝑚𝑜𝑑𝑒𝑙
         (37) 

Pmodel = Pfull / 40         (38) 

3.2.3.3.  COMPUTATIONAL DOMAIN MESHING 

The blockMesh and snappyHexMesh utility tools from OpenFOAM were used for meshing 

using the workflow shown in Figure 12. 

Figure 12 

Workflow for meshing with BlockMesh and snappyHexMesh. 

 
Source: Author. 
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The blockMesh utility was used to generate a rectangular mesh of the computational domain, 

as shown in Figure 13, with edges minimum (-10, -5.5, -5), and maximum (20, 0, 5), and the 

number of cells in each direction set as nx = 100, ny = 60, and nz = 60. The grading factors used 

for mesh below draught line were gx = 1, gy =1, and gz = 0.2, to ensure that the cells are finer 

towards the water line, at the waterline, gx = 1, gy = 1, gz = 0.5, for a finer mesh to capture air-

water and hull-water interactions. Above the waterline, gx = 1, gy = 1, gz =1 to ensure that cell 

size is maintained from the top of the atmosphere towards the waterline to reduce 

computational resources needed. The blockMesh utility is controlled by the blockMeshDict file 

attached in Appendix 1. 

Figure 13 

The background mesh of the computational domain. 

 
Source: Author. 

The snappyHexMesh utility used the background mesh created by blockMesh and the input 

geometry, the Stereolithography (STL) file for the parametric model, to refine the mesh around 

sharp edges. The snappyHexMesh utility controls are contained within the 

snappyHexMeshDict file attached in Appendix 1. The result of the meshing process is shown 

in Figure 14. 

Figure 14 

Resultant fused mesh of hull and computational domain from meshing. 

 
Source: Author. 
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3.2.3.4.  CFD SOLVER 

The OpenFOAM Volume of Fluid (VOF) incompressible solver interFoam was chosen for the 

two-phase air-water flow simulation. This solver is designed to handle multiphase flows of 

incompressible immiscible fluids, which applies to this case.  The solver also has the ability to 

accurately model the interactions at the hull-water interface. The boundary conditions for 

pressure (P) and velocity (U) files were described as shown in Table 1. The P and U files 

forming the OpenFOAM setup are attached in Appendix I. 

Table 1 

Boundary conditions for pressure and velocity. 

Patch no. Boundary Velocity pressure 

0 inlet fixedValue zeroGradient 

1 outlet inletOutlet zeroGradient 

2 atmosphere pressureInletOutletVelocity prghTotalPressure 

3 bottom slip zeroGradient 

4 Side symmetryPlane symmetryPlane 

5 midPlane symmetryPlane symmetryPlane 

6 hull fixedValue zeroGradient 

Source: Author. 

Turbulence modelling was undertaken to simulate the interactions of particles within the 

boundary layer. Turbulence modelling was simulated using the Reynolds Averaged Simulation 

(RAS) employing the k-omega Shear Stress Transport (komegaSST) model. The boundary 

conditions for the computational domain boundaries in the turbulent kinetic energy file (k), 

turbulent viscosity (nut) file, and specific dissipation rate (omega file) were as shown in Table 

2. 

Table 2 

Boundary conditions for k, nut, and omega. 

Patch 

no. 

Boundary K nut Omega 

0 inlet fixedValue calculated fixedValue 

1 outlet inletOutlet calculated inletOutlet 

2 atmosphere inletOutlet calculated fixedValue 

3 bottom fixedValue calculated fixedValue 

4 Side symmetryPlane symmetryPlane symmetryPlane 

5 midPlane symmetryPlane symmetryPlane symmetryPlane 

6 hull kqRWallFunction nutkRoughWallFun

ction 

omegaWallFunc

tion 

Source: Author. 
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3.2.3.5.  POSTPROCESSING AND VALIDATION 

The results from the OpenFOAM simulation were visualised in ParaView software to review 

the evolution of the interaction of the hull surface with water, and to monitor the changes in the 

water-air interface. The dynamic pressure, P_rgh, defined as the total pressure acting on a given 

surface (p) minus the hydrostatic component, was used as the main statistic for initial design 

evaluation.  To compute the total resistance on the hull surface in the x-direction, a sum of 

viscous and pressure forces in the x-direction was computed, and validation was done by 

comparison to results from NMRI (2015b). The Initial results were then set as baseline values 

for further analysis. 

3.2.4. HULL ALTERATION AND OPTIMISATION 

3.2.4.1.  IDENTIFICATION OF IMPROVEMENT AREAS 

The dynamic pressure (P_rgh) was analysed using the results of the initial hydrodynamic 

performance analysis, as shown in Figure 15. The analysis revealed that the bow section 

experiences the highest dynamic pressure, especially at low speeds. At the bulb area, particle 

streams were deflected towards the bottom of the ship; however, with an initial upward 

deflection to create a wave on the water surface. This created an enlarged region of high 

dynamic pressure at the bulb. 

Figure 15 

A visualisation of dynamic pressure changes over the JBC hull. 

 
Source: Author. 

The effects of the pressure force at the bulb can be explored by optimising the bulb depth (Zb), 

which influences the bulb entry angle that directs the flow of particles on the hull surface. To 

address this possibility, the research focused on the adjustment and deformation of the bulb 

section by altering the location of the bulb depth (Zb), to investigate if a reduction in the 

dynamic pressure and total resistance of the model can be achieved. 
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3.2.4.2.  PROBLEM FORMULATION 

The main objectives are to maximize the reduction in total resistance (RT), and to minimize the 

loss in Displacement (D) for the Japan Bulk Carrier (JBC) by optimizing the bulb depth (Zb) 

and vessel speed (Um), while ensuring that there is minimal change in the position of the centre 

of gravity (CoG) to maintain stability properties. The changes in displacement were constrained 

to ±1% to conserve the cargo capacity, and the change in centre of gravity was constrained to 

±0.05%, while the range of the bulb depth was 0.19054m to 0.3m. The total resistance (RTM) 

can be expressed in terms of bulb depth (Zb), the height of the foremost point of the bulbous 

bow from the bottom of the ship, and vessel speed (Um), as shown in Equation (39). The 

objective function (1) is defined as the fractional change in the total resistance of the modified 

hull form (RTM) as compared to the initial hull form (RTI), expressed as ΔRT, as shown in 

Equation (40). While the objective function (2) can be expressed as the fractional change in the 

displacement of the modified hull form (DM) as compared to the initial hull form (DI), 

expressed as ΔD, as shown in Equation (41). The constraints on change of displacement and 

centre of gravity, and range of values for Zb, and Um are shown in Equations (42), (43), and 

(44). A sensitivity study was undertaken for parameters Zb and Um to determine the impact of 

a change of each parameter on the total resistance and displacement estimates. 

RTM = f (Zb, Um)         (39) 

Objective (1) = (RTM - RTI)/RTI = ΔRT      (40) 

Objective (2) = (DM-DI)/DI =  ΔD       (41) 

With constraints: 

ΔD = ±1%          (42) 

ΔCoG = ±0.05%         (43) 

0.19054 ≤ Zb ≤ 0.3, and 0.98 ≤ Um ≤ 1.27      (44) 

3.2.4.3.  DESIGN SPACE 

The potential hull forms were explored by altering values of the bulb depth (Zb) for local 

deformation of the bulb using the parametric model. A lattice engulfing the local region for 

refinement with bounding box maximum (3.49984, 0, 0.42008), minimum (3.64898, -0.1156, 

0.01333), was defined to limit deformation to the specified region. Eight sections were defined 
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to guide the deformation at various regions of the bulb and to maintain geometry and topology, 

as shown in Figure 16 (a) and (b). 

Each section was defined as an ellipse with four major parameters including Zs, the vertical 

distance between bottom of ship and bottom of section, Zb, the vertical distance coinciding 

with the height of the foremost bulb point from the bottom of ship, R, the vertical distance from 

the bottom of a section to the position Zb, and R’’, the difference between the vertical diameter, 

d, of section measured from bottom of a section to top of section, and the value of R as shown 

in Figure 16 (c). The Parameter d was used to define the sum of initial values of R and R”. 

Figure 16 

Parametric sections of the bulb area. 

 
Source: Author. 

After each adjustment of Zb to a new position Zb’, the new position of Zs, denoted Zs’, was 

computed as the scaled position due to the change in Zb, as shown in Equation (45), since the 

ratio of Zb:Zb’ was equal to the ratio Zs:Zs’. The value of R was computed as the difference 

between Zb’ and Zs’ as shown in Equation (46), and R” was computed as the difference 

between d and R as shown in Equation (47). However, the position of Section 1 was kept static 

to enforce geometric consistency with the other body of the parametric model; therefore, the 

change in position Zs1’ at section 1 was compensated by partial distribution to sections 2, 3, 

and 4. 

For the adjustment of sections 2-4, the normalised difference between initial values of Zs at 

section 1 versus initial values at sections 2-4, Pc, was computed as shown in Equation (48). 
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The weights to guide the adjustment, C, at each section were then computed as the ratio 

between Pc at a given section to the sum of all values of Pc, as shown in Equation (49). 

Therefore, the adjustment, adj1, was defined by the initial bottom position at section 1 (Zs1), 

and the projected position of the same bottom position due to a change in Zb (Zs1’), as shown 

in Equation (50). 

Zs’ = (Zs*Zb’)/Zb         (45) 

R = Zb - (Zs*Zb’)/Zb         (46) 

R” = d - Zb + (Zs*Zb’)/Zb        (47) 

Pc = (Zsi – Zs1)/ZS1          (48) 

Ci = Pci / ∑ 𝑃𝑐          (49) 

adj1 = -(Ci*Zs1’ – Ci*Zs1)        (50) 

An additional adjustment was made for sections 2 and 3 to ensure a smooth entry curve with 

respect to position Zs1’. After adj1, the entry curve at position Zs1, was as shown in Figure 17. 

A best-fit parabolic curve was fitted using the formula Y=aX2+bX+c, where Y was the distance 

from positions Zsi’ to the estimated curve, and X was the position on the x-axis of the design 

space. The coefficients a, b, and c were -0.00154, 10.62032, and -18298.3, respectively. By 

scaling, the ratio of values of Y at highest change in bulb depth (Y0i) to any other change, j, 

within the range of values of Zb (Yj), was equal to the ratio of the total range of the values of 

bulb depth proposed, 0.10946m, to any other possible change, k, within rage of values of Zb 

(ΔZb). Therefore, the adjustment, adj 2, would be equal to -Yj, which can be computed as 

shown in Equation (51). 

adj2 = -Yj = -( Y0i* ΔZb)/109.64       (51) 

Figure 17 

Bottom curve at sections 1-4 after adjustment 1. 

 
Source: Author. 
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3.2.4.4.  DESIGN ALTERATION AND OPTIMISATION 

The baseline values were computed as a basis for evaluation during hull optimisation. The 

Dakota optimisation toolkit was used to implement the optimisation process by facilitating 

interoperability between OpenFOAM and FreeCAD. The optimisation workflow is shown in 

Figure 18. 

Figure 18 

Optimisation workflow. 

 
Source: Author. 

Various combinations of bulb depth and speed were used to develop an initial population. Each 

design variant was analysed by Computational Fluid Dynamics (CFD) simulation to evaluate 

the effects of the hull form modification on total resistance. The fitness to the optimisation 

objective functions was evaluated for each model using the Multi-Objective Genetic Algorithm 

(MOGA), employing the non-dominated sorting algorithm (based on Pareto-ranking 

evolutionary strategy), to eliminate non-compliant models of the population. The surviving 

models were further refined and reevaluated for fitness to objective functions and compliance 

with constraints. The visualisation of the meshes for design alternatives is shown in Figure 19. 

Due to limitations in computing resources, the convergence criteria for the optimisation were 

set to either 50 iterations or 10 new generations. At convergence, the design with the best fitness 

score to the objective function was chosen as the optimised solution. The Dakota input file 

setting up methods and parameters for optimisation, the simulator script bash file performing 

batch execution of necessary files and tools, and Python files computing hull modification, 

objective (1) and (2), and change in centre of gravity are attached in Appendix II. 



 

33 
 

Figure 19 

Design alternatives from the modification of the bulb depth parameter. 

 
Source: Author. 

3.2.5. EMISSIONS SIMULATION 

Fuel Consumption was predicted using the White Box Model (WBM), where the mechanical 

characteristics of the propulsion system were used to estimate fuel consumption. The Wärtsilä 

RT-flex96C engine with the specific fuel consumption (SFC) of 171g/kWh (WÄRTSILÄ, 

2023) was the basis for the estimation of fuel consumption. Using the results of the total 

resistance of the initial hull form (RTI) and the optimised hull form (RTM), the brake power of 

both models was estimated. The brake power was used to estimate the fuel consumption (FC) 

per hour. It was assumed that the bulk carrier ship operates in tramp shipping, where it will 

roam multiple routes in the world. It was also assumed that the velocity of the ship depends on 

the maritime zone of operation, with slow speeds close to the continental shelf, medium speeds 

within the mesopelagic zone, and optimal speed within the bathypelagic, abyssal plain, and 

hadal zones as described in Figure 20. This implies that the probability that a ship will spend 

time in any given zone on any voyage is directly proportional to the prevalence of the given 

zone, therefore forming a prediction criterion for the ship’s velocity profile. 
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Figure 20 

Maritime zones of the ocean, with their percentage coverage.

 
Source: Webb et al. (2010). 

The three vessel speeds considered included slow speed (Us) of 12 knots, medium speed (Um) 

of 13 knots, and peak speed (Up) of 14.5 knots. The percentage of coverage for each ocean 

depth zone was then converted to weights to represent the probability that the ship will spend 

voyage time in a given zone, with weights for slow speed (Ws), medium speed (Wm), and peak 

speed (Wp) as shown in Equations (52). A synthetic normalised dataset of randomly predicted 

values for total operating days (ΣOd) per year for 25 years was generated to form the basis of 

computations for total fuel consumption per year. Equation (53) was used to evaluate the 

predicted total fuel consumption per year for the initial hull (TFC0) and optimised hull form 

(TFCm). The total annual fuel savings (TFS) were computed as the difference between the 

annual TFC0 and TFCm as shown in Equation (54).  

Ws = 8.7/100 = 0.087; Wm = 5.8/100 = 0.058; Wp = (36.3+48.6+0.6)/100 = 0.855 (52) 

TFC =  (Ws *FC*24* ΣOd) + (Wm*FC*24* ΣOd) + (Wp*FC*24* ΣOd)  (53) 

TFS = TFC0 - TFCm         (54) 

The environmental impact was calculated as the annual emissions savings (TeS), computed as 

the product of the total annual fuel savings (TFS) and the IMO’s carbon conversion factor for 

HFO (Cf) (IMO, 2023a), as shown in Equation (55). To compute the economic impact in fuel 

savings, a dataset of the average global fuel prices (gfc) for the years 2000 to 2025 (EU, 2025) 

was used as the basis for computations. The total annual operational cost savings due to 

optimisation (TCS) was computed as the product of the total annual fuel savings (TFS) and the 

average global fuel price (gfc) per specific year, as shown in Equation (56).  

TeS = TFS* Cf          (55) 

TCS = TFS*gfc         (56) 

Additionally, the total loss in carriage capacity (CCL) of the vessel was computed as the 

difference in DWT of the initial model (DWT0) and the optimised model (DWTm) as shown in 
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Equation (57). The economic impact due to loss of cargo carriage capacity was computed using 

the average annual global capsize historical earnings (gcp) per day between 2000 and 2024, 

from the Clarkson’s Shipping Intelligence Network (Clarksons, 2025), as shown in Figure 21. 

The annual revenue loss due to the reduction in cargo capacity (TRL) was computed using the 

total loss in carriage capacity (CCL), average annual global charter prices per year (gcp), DWT 

of the initial model (DWT0), and predicted total operating days per year (ΣOd) as shown in 

Equation (58). The net fuel cost saving (NCS) due to hull form optimisation was then computed 

as the difference between the total annual operational cost savings (TCS) and the annual 

revenue loss due to the reduction in cargo capacity (TRL), as shown in Equation (59). 

CCL = DWT0 - DWTm        (57) 

TRL = CCL * (gcp/DWT0) * ΣOd       (58) 

NCS = TCS – TRL         (59) 

Figure 21 

Average earnings for capsize bulkers ($/day) between 1990 and 2025. 

 
Source: Clarksons (2025).



 

36 
 

4. CASE STUDY: THE JAPAN BULK CARRIER 

4.1. THE JAPAN BULK CARRIER (JBC) 

The Japan Bulk Carrier (JBC) model is a capesize single-crew hull design developed by the 

Japan National Maritime Research Institute (NMRI), the Yokohama National University, and 

the Shipbuilding Research Centre of Japan (SRC), with support from the Class NK. The 

geometry of the hull of the JBC ship is provided by NMRI (2015a), and the body plan by 

Nobuyuki (2015), as shown in Figure 22. The key design particulars of the JBC are shown in 

Table 3. 

Table 3 

JBC hull data and geometry 

No. Main Particulars Value  Units 

1. LOA 291 m 

2. Beam, B 45 m 

3. LPP 280 m 

4. LWL 285 m 

5. Draught 16.5 m 

6. Displacement 178370 m3 

7. WSA 19556.1 m2 

Source: Nobuyuki (2015). 

Figure 22 

The body plan of the JBC ship. 

 
Source: Nobuyuki (2015). 

There are multiple studies focusing on the improvement of the JBC’s hydrodynamic 

performance through hull modification, including the bow  (Jeong & Jeong, 2020; X. Liu & 



 

37 
 

Wan, 2018), rudder (Bekhit et al., 2020), Energy Saving Devices (Furcas et al., 2020; Kormaz, 

2015; Wu et al., 2022), propeller (Z. Liu et al., 2021), and stern (X. Liu et al., 2023). 

Additionally, towing tank tests including resistance and self-propulsion tests were undertaken 

using a scale model of the JBC ship (Nobuyuki, 2015), and a full-scale bare hull test using 

Computational Fluid Dynamics were studied (Jennie et al., 2015). However, no physical full-

scale tests have been undertaken. 

4.2. INITIAL DESIGN VALIDATION AND BASELINES 

4.2.1. REYNOLDS NUMBER AND FROUDE NUMBER 

The Reynolds numbers at various speeds were computed, as shown in Table 4, to determine 

the fluid flow characteristics around the ship’s hull. The Reynolds numbers ranged between 

5,780,356.542 at 0.98m/s, and 7,475,613.858 at 1.27m/s, which are high, symbolising a 

turbulent fluid flow. This is due to the long length of the vessel (280m), which supports 

turbulent boundary layer development. Therefore, the flow solver used to determine total 

resistance should be capable of resolving turbulence effects within the air-water fluid system. 

Additionally, the level of mesh cell divisions should be fine enough to support discretization at 

the air-water free surface, to adequately resolve wave and pressure force effects. 

Table 4 

Reynolds numbers at various model speeds. 

No. Um (m/s) Rn (UmL/v) 

1. 0.982 5,780,356.542 

2. 1.137 6,692,734.612 

3. 1.189 6,998,822.738 

4. 1.27 7,475,613.858 

Source: Author. 

In comparison, the Froude numbers were low, as shown in Table 5. These ranged between 

0.1183 and 0.1533, and indicated a displacement fluid flow regime around the ship’s hull that 

is dominated by viscous resistance and low wave-making resistance. This is due to the 

low/moderate operational speed associated. The low Froude numbers indicate minimal 

interference within the boundary layer since wave-making is low. This reduces the turbulence 

within the computational domain, and therefore, implies that the total resistance can be 

estimated more reliably using Computational Fluid Dynamics (CFD) and empirical approaches 

like Holtrop and Mennen (Elin & Felicia, 2020; Holtrop & Mennen, 1982). 
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Table 5 

Froude numbers at various model speeds. 

No. Um (m/s) Fn (Um/√𝑔𝐿) 

1. 0.982 0.1183 

2. 1.137 0.1372 

3. 1.189 0.1435 

4. 1.27 0.1533 

Source: Author. 

4.2.2. MESH INDEPENDENCE VALIDATION 

The background mesh independence study was undertaken by conducting simulations of the 

same hull mesh with varying background mesh sizes to determine the effect of mesh size on 

the accuracy of resistance estimates, as shown in Table 6. The accuracy of resistance estimates 

improved with the increase in mesh volume dimensions, because increasing the distance to 

computational domain boundaries reduced disturbances and pressure buildup within the 

system. Additionally, the accuracy of resistance estimates increased with the increase in mesh 

divisions, because the smaller cell divisions support finer feature refinement, improved 

discretization, and stability within the computational domain. The accuracy, as compared to the 

Japan National Maritime Research Institute (NMRI) towing tank test results, improved from a 

deviation of 76.6% to 38.14% at the highest background mesh resolution; however, the solver 

runtime increased from 0.86 hours to 2.17 hours. 

Table 6 

Resistance of the model ship at speed 0.98m/s using varying background mesh sizes. 

No. volume 

dimensions 

(m*m*m) 

Mesh 

divisions 

(nx, ny, nz) 

Timestep 

(s) 

Half-ship 

Resistance, 

(N) 

Deviation 

from NMRI 

Results (%) 

solver 

runtime 

(hrs) 

1. 20 * 3.5 * 

5.0 

60, 50, 50 0.05 23.098 76.65 0.86 

2. 25 * 4.5 * 

7.5 

80, 55, 55 0.05 20.313 55.36 1.27 

3. 30 * 5.5 * 10 100, 60, 60 0.05 18.054 38.14 2.17 

4. 30 * 5.5 * 10 100, 60, 60 0.005 11.320 13.58 5.12 

Source: Author. 

At the mesh volume dimensions (30*5.5*10) and divisions (100, 60, 60), the reliability and 

precision of resistance estimates reduced with wildly varying results as compared to other mesh 

estimates. The CFD solver failed execution at mesh divisions above (100, 60, 60), due to solver 
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divergence. This indicated that the option of volume dimensions (30*5.5*10) and divisions 

(100, 60, 60) was the optimal background mesh to execute the CFD solver reliably with 

adequate accuracy and optimal runtime, as shown in Figure 23. However, the accuracy of the 

resistance estimates could be improved by lowering the time-step to below or equal to 0.005s, 

but with an increase in the computation time. At the timestep of 0.005s, the accuracy of 

resistance estimates improved to a deviation of 13.58%, with a runtime of 5.12 hours. To 

balance accuracy, solver efficiency, and solver runtime requirements, all other computations 

within this research requiring multiple iterations were undertaken using the timestep of 0.05s, 

at reduced time requirements. The timestep 0.005s was used for high accuracy resistance 

estimates, used for validation of the initial hull model against NMRI towing tank test results. 

Figure 23 

A comparison of the accuracy and time requirements of each mesh studied. 

 
Source: Author. 

4.2.3. FLOW STABILIZATION TIME FOR CFD SOLVER 

The time taken for the flow to stabilise with minimal deviation in the values of total resistance 

was studied at speeds 0.98m/s, 1.137m/s, 1.189m/s, and 1.27m/s, as shown in Figure 24. The 

flow stabilised at approximately 5 seconds for 0.98m/s and 1.137m/s, and at approximately 6 

seconds for 1.189m/s and 1.27m/s. The increase in time required for flow stabilisation was due 

to the increase in Reynolds and Froude numbers at high speeds, which increased the turbulence 

and the wave-affected area around the ship; this is consistent with predictions by Ovchinnikov 

(2019). 
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Figure 24 

Total resistance at each time of progression of the simulation at 0.98m/s. 

 

 
Source: Author. 

4.2.4. RESISTANCE VALIDATION USING NMRI RESULTS 

The average total resistance after flow stability was computed at speeds 0.98m/s and 1.189m/s, 

as shown in Table 7, where the total resistance at time, t, was computed as the sum of pressure 

and viscous forces in the x-direction. A comparison to the resistance results from NMRI 

(2015b) showed a percentage deviation of -14.3% and 23.2%. This indicates that the parametric 

model closely represents the body plan provided for the JBC ship, and can be used to study the 

resistance of the JBC. 

Table 7 

Total Resistance versus the results from the NMRI towing tank tests. 

No. Um (m/s) OpenFOAM 

0.5RT (N) 

OpenFOAM 

RT (N) 

NMRI Test 

Results RT (N) 

Deviation 

(N) 

% 

Deviation 

1. 0.98 11.227 22.454 26.195 -3.736 14.3 

2. 1.189 23.423 46.846 38.039 8.807 23.2 

Source: Author. 

4.2.5. VALIDATION OF DISPLACEMENT 

The displacement of the initial hull model was compared to the displacement given by NMRI 

(2015b). The estimated total displacement, D, of the model was 2.7862m3 as shown in Table 8. 

This had a percentage deviation of 0.000287% as compared to the displacement given by 
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NMRI (2015b). This reaffirmed that the parametric model closely replicated the shape of the 

JBC. 

Table 8 

Calculated displacement of the model ship versus the NMRI displacement results. 

No. 0.5Dm(m3) Dm(m3) NMRI D (m3) Deviation (m3) % 

Deviation 

1. 1.3931 2.7862 2.7870 -0.0008 2.870e-4 

Source: Author. 

4.3. PARAMETER SENSITIVITY 

4.3.1. SPEED (Um) SENSITIVITY 

To understand the sensitivity of total resistance to vessel speed, changes in speed were tracked 

over the desired speed range, as shown in Figure 25.  The relationship between speed and 

resistance was non-linear, and the total resistance was directly proportional to the third-order 

polynomial of the operational speed. There was a gradual increase in resistance at low speeds 

between 0.98m/s and 1.1m/s, indicating low sensitivity, and a sharp increase in resistance 

between speeds 1.1m/s and 1.27m/s, indicating high sensitivity. This was consistent with the 

relationship described by USNA (2020). The low sensitivity at low speeds implies minimal 

turbulence and a near-laminar flow with minimal effect on resistance; however, at higher 

speeds, the high sensitivity indicates high turbulence, which significantly impacts resistance. 

This confirms that the resistance estimates can be determined more reliably at low speeds than 

at high speeds. 

Figure 25 

Impact of operational speed on total resistance at Zb=227.9107mm. 

 
Source: Author. 
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4.3.2. BULB DEPTH (Zb) SENSITIVITY 

The sensitivity of resistance estimates and the displacement to bulb depth (Zb) was investigated 

at a constant speed of 1.1194m/s, over the range from 190.54mm to 300mm, as shown in Figure 

26. For resistance, for Zb values from 0 mm to 222 mm, and 238mm to 265mm, there was an 

increase in resistance, while for values 222mm to 238mm, and 265mm to 300mm, there was a 

sharp decrease in resistance. These sharp changes in resistance indicate high sensitivity to 

changes in bulb depth.  

For displacement, Zb values from 0 mm to 225 mm, the displacement values increased 

gradually, while for values between 225 mm and 300 mm, the displacement values reduced 

gradually; however, the difference between the maximum change in displacement was small. 

The gradual change indicated that displacement has low sensitivity to changes in bulb depth. 

The difference in the sensitivity of resistance and displacement to the bulb depth confirms that 

changes in bulb depth can significantly reduce or increase resistance while minimally affecting 

the displacement, which is beneficial for the maintenance of the cargo capacity. 

Figure 26 

Impact of change in bulb depth (Zb) on resistance and displacement. 

 
Source: Author. 

4.4. MULTI-OBJECTIVE GENETIC ALGORITHM OPTIMISATION 

4.4.1. BASELINE RESISTANCE MODEL 

The resistance of the initial hull form was evaluated for speeds between 0.98m/s and 1.27m/s 

using ten intervals, as shown in Figure 27. The underlying curve predicting the total resistance 

based on speed within the prescribed range was estimated as a third-degree polynomial with 

coefficients a=750.99, b= -2467.2, c = 2729.3, and d= -992.92, and the coefficient of 
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determination, R2, of 0.9983, indicating that the curve closely approximates estimates of the 

underlying model. The function of the curve predicting the total resistance of the initial hull 

form was used to estimate resistance baselines for comparison with estimates from the modified 

hull forms during objective function evaluation. 

Figure 27 

Estimation of the base model for total resistance. 

 
Source: Author. 

4.4.2. PARETO FRONT 

The Multi-Objective Genetic Algorithm (MOGA) was initialised using 10 initial designs, with 

a uniform replacement mutation type of mutation rate 0.1, and random shuffle crossover type. 

Since the computing resources were limited (8 cores), no concurrent processing was 

implemented. The convergence or termination conditions were set to a maximum of 50 function 

evaluations or 10 generations. A total of 10 generations were evaluated, utilising 30 function 

evaluations, leading to two Pareto points as shown in Table 9. 

Table 9 

Pareto points representing best-fit function evaluation designs. 

No. Zb (mm) Um (m/s) ΔRT ΔD 

1. 227.9107 1.1194 -0.04155616 -0.000864604 

2. 222.8108 1.1298 -0.038898495 -0.000862208 

Source: Author. 

Since the difference between the change in displacement (ΔD) for the two best designs was 

very small (0.0000024), the design with the best value for change in resistance, -0.041556, was 

chosen as the optimum design solution. A graph showing the evaluated objective 2 against 
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objective 1 for each design, the Pareto front, from the Multi-Objective Genetic Algorithm 

optimisation, is shown in Figure 28. The results showing the design variations, estimated 

resistance, and objective function evaluations from the optimisation process are attached in 

Appendix 2 Table 1. 

Figure 28 

Pareto front for the multi-objective optimisation of 30 alternative designs of the JBC ship. 

 
Source: Author. 

Additionally, a four-dimensional scatter plot of variables bulb depth (Zb) and speed (Um) 

against optimisation objective (1) and objective (2) was plotted as shown in Figure 29. The 

best performing designs were between bulb depth (Zb) values 200mm and 230mm, and speed 

(Um) values between 1.10m/s and 1.20m/s. This indicated that a modification of the bulb depth 

is most beneficial at higher speeds. 

Figure 29 

A scatter plot of variables Zb and Um against objectives 1 and 2. 

 
Source: Author. 



 

45 
 

4.4.3. RESISTANCE PROFILE AT THE OPTIMISED BULB DEPTH 

The initial and optimised hull forms were reevaluated to determine the total resistance of each 

design at speeds 0.98m/s, 1.1194m/s, and 1.137m/s, as shown in Table 10. At 0.98m/s, the 

percentage reduction in total resistance was minimal at 0.6%, because the Froude number was 

low and the wavemaking resistance is very little. However, the 0.6% resistance reduction is 

attributed to a reduction in bulb-induced pressure resistance, and a reduction in viscous 

resistance since the wetted surface area was reduced. 

Table 10 

Re-evaluation of total resistance between optimised and initial hull form. 

Speed (m/s) RTI (N) RTM (N) %reduction in 

RT (N) 

0.98 18.194 18.085 0.6 

1.1194 26.181 25.058 4.2 

1.137 28.008 27.074 3.3 

Source: Author. 

At 1.1194m/s, the percentage reduction in resistance was maximum at 4.2%, and 3.3% at 

1.37m/s. This is because at increased speeds, there is an increase in Froude numbers and wave-

making potential for a ship’s hull, and consequently, the bulbous bow’s creation of countering 

wave systems also increases. Therefore, there is a significant reduction in wave-making 

resistance. However, the resistance reduction decreases between 1.1194m/s and 1.137m/s, 

indicating that 1.1194m/s is the optimum speed for maximum resistance reduction. The 

forebody plan of the initial versus optimised hull forms is shown in Figures 30 and 31, with 

vertical changes at the bulb area. 

Figure 30 

The forebody cross-sectional hull lines of the initial versus optimised hull forms. 

 
Source: Author. 
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Figure 31 

The forebody longitudinal view of the initial versus optimised hull forms. 

 
Source: Author. 

4.4.4. RESISTANCE VALIDATION BY HOLTROP AND MENNEN 

 The OpenFOAM resistance estimates for the optimised hull form at operational speeds 

between 0.98m/s and 1.137m/s were compared to estimates by the Holtrop and Mennen 

method, as shown in Table 11. The deviation of the estimates between OpenFOAM and Holtrop 

resistance was between 15.26% and 30.35%, and it increased with the increase in speed. This 

was because at higher speeds, the turbulence within the computational domain is increased, 

thus requiring higher discretization; however, since the resolution of the background mesh was 

maintained, the OpenFOAM solver estimated higher resistance. 

Table 11 

Comparison of OpenFOAM resistance estimates against Holtrop and Mennen resistance. 

No. Um 

(m/s) 

0.5RT (N), 

OpenFOAM 

RT (N), 

OpenFOAM 

RT (N), 

Holtrop & 

Mennen 

Deviation 

(N) 

Deviation 

(%) 

1. 0.98 18.085 36.17 31.38 4.74 15.26 

2. 1.1194 25.058 50.116 40.38 9.736 24.11 

3. 1.137 27.074 54.148 41.54 12.608 30.35 

Source: Author. 

4.5. POWER ESTIMATION 

The brake power requirements were estimated for operational speeds between 0.98m/s and 

1.137m/s, as shown in Table 12, to determine the changes in power requirements with respect 

to speed. The estimated brake power required for the initial hull form ranged between 

16,227.96 kW and 30,185.93 kW, while for the optimised hull form, it ranged between 16,130 

kW and 29179.30 kW. The percentage reduction in brake power required between the initial 

and optimised hull forms increased with the increase in speed, with the maximum reduction of 

3.33% at 1.137 m/s.  
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Table 12 

Brake power estimates for the initial hull form and optimised hull form. 

Speed 

(m/s) 

Brake power for the 

initial hull (kW) 

Brake power for the 

optimised hull (kW) 

Percentage reduction 

in brake power (%) 

0.98 16,227.96 16,130.74 0.5991 

1.1194 18,612.15 18,500.64 0.5991 

1.137 30,185.93 29,179.30 3.3348 

Source: Author. 

4.6. ECONOMIC IMPACT 

The average fuel consumption for the initial and optimised hulls was 25,030 and 24,256 tonnes 

of HFO, respectively. This showed a 3.092% reduction in fuel consumption and indicates that 

a reduction in resistance contributes to a significant cut in fuel consumption. The total fuel cost 

followed the same curve as the average HFO fuel cost, as shown in Figure 32, indicating the 

high sensitivity of operational costs on the fuel price. Figure 32 also indicates that optimised 

hulls are advantageous and give greater fuel cost savings at periods of high prices, indicating 

that optimisation creates a buffer against fuel price volatility. The average percentage reduction 

in annual fuel costs was 2.264%, which translates into an average annual gross fuel cost savings 

of $372,907.09.  

Figure 32 

Projected fuel costs for the initial and optimised hulls. 

 
Source: Author. 

The estimated average annual cargo revenue loss was $7,222.51, a total of $180,560 in 25 

years, which is in comparison 1.9% of the estimated annual gross fuel cost savings. The 

estimated average annual net fuel cost savings were $372,907.09, with a total of $9.322 million 

in 25 years. This indicated that hull form optimisation has a significant benefit to the ship 
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owner, illustrating long-term savings that greatly outweigh the revenue loss. The estimated 

annual gross fuel cost savings and annual net fuel cost savings against the annual cargo revenue 

loss are shown in Figure 33. The table showing estimates of economic impact on vessel 

operations is attached as Appendix III Table 1. 

Figure 33 

Estimated net fuel savings for optimised hull versus the cargo revenue loss. 

 
Source: Author. 

4.7. ENVIRONMENTAL IMPACT 

The annual estimated CO2 emissions for the initial and optimised hull forms are shown in 

Figure 34. The average annual reduction in CO2 emissions was 2412 tonnes, with a total of 

60,289 tonnes in 25 years; this represents a 3.094% reduction, which was equal to the average 

annual reduction in fuel consumption. This indicates that the quantity of CO2 emissions 

depends directly on the quantity of fuel consumed. This also showed that the optimised hull 

form can deliver long-term emissions reductions from optimisation. The table showing 

estimates of environmental impact on vessel operations is attached as Appendix III Table 1. 

Figure 34 

Estimated CO2 emissions from the initial and optimised hull forms. 

 
Source: Author.
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5. ANALYSIS OF RESULTS 

5.1. ACCURACY 

For validation with NMRI results and Holtrop and Mennen results, high and moderate accuracy 

CFD estimates were required, respectively. This justifies the need for process optimisation 

before undertaking CFD simulations, since the accuracy and resources employed should 

depend on the design task requirements. Holtrop and Mennen’s moderate accuracy estimates 

are typically for preliminary design, while towing tank test high accuracy estimates are usable 

for final design evaluation. 

Correspondingly, CFD methods for the preliminary design stage require moderate solver 

fidelity, with reduced mesh resolution and moderate computing resources, for exploration of a 

wide design space. In contrast, for final design evaluation, high solver fidelity, with increased 

mesh resolution and higher computing resources, is required. However, since adaptive meshing 

and structured meshing were not fully implemented, the solver’s ability to resolve flow 

separation and wave interference, especially at high speeds, was limited; this constrained the 

accuracy of measurements. Since this research was undertaken with moderate accuracy, the 

findings of this research are usable for the preliminary design. However, further studies into 

the uncertainty in the estimated CFD results should be conducted to guide further shape 

refinement. 

5.2. IMPACT OF OPEN-SOURCE TOOLS 

This research demonstrated the capability of open-source tools to deliver high accuracy and 

dependable results for hull form optimisation, while utilising limited computing resources. This 

can be beneficial for ship design industries, especially in Least Developed Countries (LDCs) 

and Small Island Developing States (SIDS). The availability of open-source CFD software can 

ably support skills development and energy efficiency improvement in the domestic shipping 

fleet. This would significantly contribute towards the IMO GHG Strategy by boosting the 

decarbonisation of the domestic maritime fleets. 

5.3. HULL FORM OPTIMISATION 

The design speed of the initial hull was 14.5 knots, which is much higher than the current 

average speed of bulk carriers, 11.4 knots (Clarksons, 2025), as shown in Figure 35. From the 

optimisation process, the speed 13.76 knots (Um = 1.1194m/s) was identified as the optimum 

speed, which is a 5.1% reduction from the design speed. This reduction in speed is essential 



 

50 
 

since it ensures that the design modifications are effective even at low speeds, and the optimised 

hull demonstrated a 0.6% resistance reduction at 12 knots (Um = 0.98m/s), which can deliver 

significant fuel savings. Additionally, improvement in fluid flow over the ship’s hull reduces 

the load on the propulsion and engine system, thus decreasing the wear of constituent 

components. This can positively impact the ship’s maintenance and actively reduce 

maintenance costs. 

Figure 35 

Average speed of the global bulk carrier fleet from 2008 to 2025. 

 
Source: Clarksons (2025). 

The advantage of bulbous bow optimisation is that it can be retrofitted for an existing vessel 

with minimal impact to its structure and stability. Typically, modifications are made at the bow 

section only. This implies that the vessel’s time within drydock for retrofit will be minimal, 

therefore reducing the revenue loss due to operational downtime. Based on the implementation 

costs for bulbous bow optimisation at $1,000,000 (DNV-GL, 2025b), and the average net fuel 

cost savings $372,907.09, the Net Present Value (NPV) over 25 years was estimated between 

$6,280,435 and $844,990 at discount rates between 2% and 20%, respectively, as shown in 

Figure 36. And, the payback time was estimated between 2.79 and 4.23 years. This indicates 

that hull form optimisation is highly profitable for shipping operations, even at high interest 

rates. The NPV and payback time computations are shown in Appendix III Table 3. 
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Figure 36 

NPV projections at varying discount rates 

 
Source: Author. 

5.4. EFFECT ON RESISTANCE 

The modification of the bulb depth affected the bulb entry angle, bulb shape, wetted surface 

area, and bulb induced pressure. The reduction in wetted surface area reduced the frictional 

resistance, the change in the bulb entry angle reduced the bulb induced pressure resistance, and 

the change in bulb shape reduced the amplitude of wave forms produced by the bulbous bow 

at various operational speeds, thus reducing the optimum speed for wave cancellation. This 

wide impact of the bulb shape, therefore, highlights its high significance in resistance 

reduction. 

Additionally, the hull form optimisation resulted in a noticeable reduction in the amplitude of 

wave peaks and troughs produced by the optimised hull in comparison to the initial hull form 

at the same speed, as shown in Figure 37. The more efficient wave cancellation at the reduced 

optimum speed led to the alteration of the phase distribution in the wake wave system. While 

the optimisation process gained resistance reduction by bulb optimisation, more resistance 

reduction can be gained by exploration of other parameters like the vessel’s beam, draught, 

length, and trim (Adam et al., 2024). 



 

52 
 

Figure 37 

Visualised wave pattern of the initial and optimised hull forms at 1.1194m/s. 

 
Source: Author. 

5.5. IMPACT ON THE GLOBAL SHIPPING FLEET 

Based on the estimated annual fuel cost savings of $372907.09, a single ship can save a total 

of $9.322 million by 2050, and if the global bulk carrier fleet is considered, $4.8 billion can be 

saved by 2050. This presents an advantage for ship operations’ profitability, especially with the 

industry switching to alternative fuels that can be much costlier than Heavy Fuel Oil (HFO). 

Although the cargo revenue loss was minimal, the retrofitting or construction costs have to be 

integrated into the economic impact for a more realistic cost-benefit analysis. Additionally, 

vessels of various types and sizes require varying objectives for hull optimisation, and no one 

solution can be applied to all. 

Using linear regression, the impact of hull optimisation on CO2 emissions was extrapolated to 

the global fleet of capesize bulk carriers, which projected a 3% reduction of CO2 emissions in 

25 years, as shown in Figure 38. The projected CO2 emissions reduction will further reduce the 

total CO2 emissions from the global bulk carrier fleet by 0.439%, and the total Tank-to-wake 

emissions of the global shipping fleet by 0.101% in 25 years. If hull form optimisation is 

applied to the global bulk carrier fleet, with a general 3% reduction in CO2 emissions for 

various bulk carrier sizes, a reduction of 163 million tonnes of CO2 emissions can be achieved, 

which translates to a 0.712% reduction in global shipping fleet tank-to-wake CO2 emissions by 

2050. The table showing CO2 emissions estimates for the impact of hull optimisation on the 

global shipping fleet is attached as Appendix III Table 2. 
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Figure 38 

Projected impact on CO2 emissions of the global capesize bulk fleet by 2050. 

 
Source: Author.
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6. CONCLUSION 

Hull form optimisation is a well-established method the hydrodynamic performance 

improvement of ships. This research demonstrated the critical role of hull form optimisation in 

improving energy efficiency and reducing CO2 emissions across the global shipping fleet.  By 

optimising the bow section of the Japan Bulk Carrier (JBC), the study achieved a reduction in 

resistance and assessed the viability of the implementation of optimised hull forms. The key 

findings were as follows: 

i. Computational Fluid Dynamics (CFD) accuracy. CFD methods can produce results with 

accuracies comparable to empirical approaches and towing tank tests. However, the 

accuracy of CFD results depends on the mesh resolution and computational resources, 

which make it both time and computationally intensive. 

ii. Accessibility to open-source tools. Open-source CFD tools can deliver precise and high 

accuracy results to support hull form optimisation. This boosts the accessibility to hull 

form optimisation for ship designers in Least Developed Countries (LDCs) and Small 

Island Developing States (SIDS), where proprietary design software may be 

unaffordable. This accessibility supports the decarbonisation of domestic shipping 

fleets. 

iii. Economic viability. Although bulk carriers operate at moderate speeds, they benefit from 

hull form optimisation. In this study, a 2.264% reduction in average annual fuel cost was 

estimated while lowering the optimised speed from 14.5 to 13.76 knots.  The savings 

from hull optimisation significantly outweighed the loss in cargo carrying capacity, 

making it beneficial for both new builds and retrofits. 

iv. Impact on CO2 emissions. Hull form optimisation could reduce the CO2 emissions from 

the global bulk carrier fleet by up to 3%, and global shipping emissions by 0.712% by 

2050. However, a greater impact can be attained by integration of hull optimisation with 

alternative/renewable fuel technologies and operational improvements. 

Beyond the observed technical insights, this research revealed wider economic, 

environmental, and policy implications, underscoring its relevance to global maritime 

decarbonisation efforts. The broader implications include: 

i. Cost-effective innovative development. The demonstration of the use of open-source 

tools, including FreeCAD, OpenFOAM, and Dakota Toolkit, provides a scalable and 
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affordable pathway for ship designers in less privileged regions to adopt hull 

optimisation, therefore lowering the barrier to entry. 

ii. Strategic economic and environmental impact. Based on the estimated net annual fuel 

cost savings of $372,907.09 per capesize ship, and assuming the fuel prices and fleet 

size remain stable, the global capesize bulk carrier fleet can realise over $4.8 billion by 

2050. The reduction in CO2 emissions from the global shipping fleet directly supports 

the IMO’s GHG Strategy and the United Nations SDG 13. 

iii. Maritime policy. As a baseline study, this research advocates for the inclusion of energy 

efficiency improvement into national maritime decarbonisation policies, particularly for 

LDCs and SIDS. 

This research established a replicable open-source workflow that is a foundation for further 

research into the development of a robust multi-objective hull optimisation toolkit.  Future 

research should focus on extending this methodology into an integrated open-source marine-

oriented CFD optimisation platform freely accessible to all ship designers, especially in LDCs 

and SIDS. This research confirmed the viability of the implementation of optimised hull forms 

and demonstrated that hull optimisation can serve a greater transformative role towards IMO’s 

decarbonisation targets.   At this juncture, innovations towards decarbonisation must meet the 

required urgency and have universal applicability to support policy-making and ship designs 

that embrace energy efficiency improvement as standard practice, especially for domestic 

fleets.
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APPENDIX I: OPENFOAM FILES 
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APPENDIX II: DAKOTA SUPPORTING FILES 
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Table 1 

Results from the Multi-Objective Genetic Algorithm optimisation 



 

75 
 

APPENDIX III: FUEL SAVINGS AND CO2 EMISSIONS ESTIMATES 

Table 1 

 Estimation of fuel consumption and CO2 emissions for both the initial and optimised JBC hull models 

 
Source: Author. 

 



 

76 
 

Table 2 

 Projection of impact of optimised hull on the global maritime GHG emissions 

 
Source: Author. 
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Table 3 

NPV and payback period analysis for hull form optimisation at discount rates 2%, 5%, 10%, 15%, and 20%. 

 
Source: Author 


