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Abstract 
Operationally, marine components and structures such as boiler in a Ship, are 
exposed to varying mechanically and thermally induced forces. High-frequency 
mechanical loading arises from the cyclic pressure, temperature transients, and six 
directional Rapid Amplitude Operator (RAOs). These types of loadings are mainly  
in the elastic region usually denoted as high cycle fatigue (HCF), mostly 
pronounced during the start-up and the shut-down sequence of operation, which are 
responsible for an astronomically  reduction in Marine Boiler’s lifetime as 
compared to land boiler with same designed operating condition. 

Therefore, there is a need to determine the limitations of the engineering variables 
of the boiler with respect to Pressure, temperature, RAOs and best locational point 
for the optimization of its designed lifetime during Operation. A detailed knowledge 
of this interaction between varying temperatures, RAOs and load cases is of 
considerable importance for precise lifetime calculations. 

 In order to understand and analysis the material behavior under thermo-mechanical 
fatigue (TMF) exposure, a general purpose non-linear Finite Element (FE) code, 
LS-DYNA software is used as pre-processor and solver during the simulation and 
data are post processed using stress-based fatigue method. 

 In this thesis work, the Thermo- mechanical fatigue of a Marine Boiler (SUNROD 
CPD 12) has been investigated under different loading conditions. The results show 
that the boiler was designed for land environment which was not appropriate in the 
marine environment (ship). The RAOs significantly increases yield stress beyond 
the capacity of the Material, thereby reducing its fatigue life. The investigation also 
reveal that the design operating pressure and temperature are within safe life 
threshold. Location C was found to be the most appropriate. 
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Nomenclature  
Acronyms 

FE Finite Element: -The subdivision of large parts into small in 
order to achieve the highest accuracy in the final solution 

FEM Finite Element Method: Numerical method used to solve 
engineering problem by generating engineering model and 
simulations 

FEA 
 

Finite Element Analysis: -Final analysis of engineering models 
and simulations 

RAO Response Amplitude Operators, 
  

Scalars 

 A Area of the boiler [m2] 

CB   
E 

Block Coefficient 
Material modulus of elasticity (Young´s modulus) [N/m2] 

E1 Elastic modulus temperature dependence  

F 
W 

Force [N] 
Width of the vessel [m] 

GM  
P  
R 
L 
T 
x 
fcr 
g 
kr 

m 
nr 

ρ 
v 
φ 

The vessel's metacentric height 
Pressure [Pa] 
Height Parameter [m] 
Length of the vessel   
Absolute temperature [K] 
Perpendicular distance from the boiler [m 
Phasing factor  
Gravitational acceleration [m/s2] 
Radius of gyration of roll 
Mas of boiler 
Safety factor. 
Density [kg/m3] 
Speed Parameter [m/s] 
Phase angle between bending and torsion 
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1 Introduction 
1.1 Background and problem description 

Boiler technology started as far back as 200 B.C with a Greek engineer named Hero 
who designed a simple rotary steam engine machine ‘Aelopile’ that used steam as 
its power source for pumping water from the mines. The Aelopile was the first 
device known to transform steam into rotary motion as result of personal curiosity 
of in the field of invention exploration using hollow sphere mounted on a cauldron 
so that it could turn on a pair of hollow tubes that would provide steam to the sphere 
of a cauldron. The steam generated escaped from the sphere from one or more bent 
tubes projecting from its equator, causing the sphere to revolve [1] as illustrated in 
Figure 1. 

 

 

 

  

 

Figure 1 Artistic illustration of the Aelopile [2], public domain 

George Babcock and Steven Wilcox were two of the founding fathers of the steam-
generating boiler. In 1867, Babcock & Wilcox Company in New York City were the 
first to patent their boiler design, which used tubes inside a firebrick-walled 
structure to generate steam, Where the solid firebrick walls enclosing the unit were 
facilitating the combustion process by reradiating heat back into the furnace area. 
Although their first boilers were quite small, used manual lump coal firing; and 
operated at a very low rate of heat input [1], [3 - 4]. 

In the early days of the steam boiler manufacturing the pressure retaining shell 
plates were joined by overlapping rivet joint seam, a joining technology notorious 
known for its tendency to start leaking after just a few thermo-mechanical fatigue 
load cycles. This situation motivated the Swedish Marine Engineer Oscar Kjellberg 
to invent the Shield Metal Arc Welding process (SMAW), so called stick welding in 
the early 1900’s.The industrial revolution of the nineteenth century produced 
Scottish boilers in meeting the higher steam production and pressures required for 
powering steam turbines in marine warship [4]. 

https://www.britannica.com/science/sphere
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Marine Boilers are pressurized heat exchange system that produces steam for 
various operational purposes in a ship or offshore rig and they are divided into three 
categories [5]: 

I. Main boilers, supplying steam for the propulsion of a ship. 

II. Auxiliary boiler supplies steam for heating of accommodations, fuel and 
cargo and to drive auxiliary equipment like cargo pump turbines. 

III. Exhaust gas boilers are installed on almost all ships and rigs to increase the 
overall efficiency by utilizing the waste heat in the exhaust gases. 

Also, marine boilers could be further classified according to method of manufacture/ 
construction as shell, horizontal, vertical and water tube types [5]. 

Marine boilers’ accident reports during the industrial revolution of the 19th century 
were unfortunate and common part of history, thereby, initiated a series of 
technological advancement, which shaped the world of Boiler for reliability and 
safety as core pursuit of all (mechanical Engineers, Researchers, designer and 
legislation) [6,7,8].Frequent occurrence of such accidents were fatigue related which 
has been an incentive for investigating its mechanism of failure for more than 160 
years in order to have a reliable lifetime prediction methodology that would have a 
major societal impact in terms of both economics and safety [8,9]. According to 
[10] the USA national costs associated with material fractures for a single year 
(1978) was $119 billion or 4% of the USA Gross National Product. Fatigue 
accounted for 80% of the failures investigated in fire tube boilers and 28% in water 
tube boilers [8],which has as a major issue that spans several engineering disciplines 
and costs hundreds of billions of dollars thereof [10]. Also in Year 2017,ASME 
diary still had some recent thermo-mechanical fatigue failures such as Marine 
auxiliary Boiler explosion accident of a container ship m/s Manhattan bridge at the 
port of Flex atone, United Kingdom 2017 leaving the duty oiler died and the injuries 
of various degree of the engineer onboard thereby necessitated a continuous 
investigation, analyzes of all possible root causes and remodeling of marine boilers 
in reducing thermo-mechanical fatigue failures [11]. 

Significant progress in the field of engineering were achieved globally in ensuring 
zero fatigue related failure of a marine boiler with Periodical Inauguration of 
Dedicated American Society of Mechanical Engineering (ASME) research 
conference in conjunction with designers, engineers and scientist. The proceedings 
of the conferences, Journals, books, and standards reflecting the knowledge and 
experimental capabilities from mid-seventies till today [9]. 

Records had it that the number of marine steam boiler and  marine steam pressure 
vessels accidents have decreased, but it is still a life threatening and operational 
obstacle for the marine and/or shipping industry with respect to recent accidents log 
[6,11]. 

From the literature survey [1-22] the author have understood that the most common 
causes of boiler failures is material fatigue. Fatigue is a progressive transient 
decrease of material strength as a result of the application of cyclic mechanical load. 
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The fast heating and cooling cycles cause thermally induced strains and stresses, 
which often operate in combination with the mechanical load cycles of the steam 
pressure variations. The resulting thermo-mechanical fatigue cycle leads to material 
degradation mechanisms and failure modes typical of service [13 -15]. 

Nevertheless, marine boiler are not only prone to fatigue failure due to its thermo-
mechanical load cases, in addition to that they are also affected by the accelerations 
of the ocean waves, which is approximated by so called sea keeping analysis 
[14].Furthermore, one has over time understood that marine boiler weld joints, like 
all other weld joints, are sensitive to fatigue failure due to the interaction of the 
Weld Residual Affected Zone (WRAZ) and the Heat Affected Zone (HAZ), both 
created by the manufacturing ,foaming ,cutting arc welding process [13,15]. 

Also, the present author have understood that other common root causes for boiler 
failures are fatigue related to corrosion and erosions phenomena of the material such 
as general surface corrosion, pitting corrosion, flow accelerated corrosion, 
capitation, fluid erosion Corrosion and stress-corrosion cracking as well as 
overheating due to thermal transfer barriers of deposits and gas waterside fouling 
e.g. bad seamen ship, thereby resulting in increased material stresses [14]. 

By statutory requirements marine boilers must by be designed, engineered and 
manufactured in accordance with the highest Rules of a Classification Society that is 
recognized by the actual ship’s Maritime Administration [14].It implies that all 
aforementioned marine boiler explosions have occurred on boilers of the highest 
class and/or approved by each single ship’s Maritime Administration. 

Recentlytwo marine engineers [16] presented a fatigue analysis report of a marine 
steam boiler of the design type Sunroid CPDB12, see Figure 2. They examined the 
boiler’s failure case as lack of fusion in the longitudinal direction of the boiler’s 
shell plate weld joint, where conventional Non Destructive Test (NDT) methods 
were used on the flaw dimension or the smallest detectable crack size according to 
[17].They recommended further research for more exact approximation of the 
boiler’s fatigue lifetime by the use of Finite Element Method (FEM). 

It implies that the author have identified a controversies where ship classification 
societies claims [10] that the explosion are more or less  caused by bad seamen ship; 
and the marine engineer officer community on the other hand claims that the boiler 
rules, design and construction are insufficient [6]. 
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Figure 2: Vertical cross-section illustration of a Sunroid CPDB12 marine boiler 
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For the time being one can according to the recommendation of IIW C-XII perform 
fatigue life calculations by the use of linear elastic engineering methods in 
combination with Paris’ Law [15]. Fatigue life analysis assessment method as 
illustrated in Figure 3 showed that LEPM option would deliver a better result [13]. 

I. Nominal stress method 
II. Hot spot stress method 

III. Effective Notch stress method 
IV. Linear Elastic Fracture Mechanics 

 
Figure 3: Schematic illustration of fatigue analysis method in relation to accuracy 
and complexity [13]. 

1.2 Purpose 

The ultimate purpose of this study is to increase understanding of how one can 
avoid stress and strain fields of fracture during marine and power boilers’ design 
lifetime. 

1.3 Hypothesis 

The present author postulates the following hypothesis: 

The fatigue life time of the SUNROD CPDB12 marine boiler’s critical weld joint 
can be approximated to a higher confidence by the use of FEA compared to the 
analytical engineering algorithms and equations used by [16].  
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1.4 Aim and Research questions 

The aim of this study is to approximate the shell stress and strain of the marine 
boiler design Sunrod CPDB12 when installed on three different locations on a ship 
structure by using linear FEA and the research questions are:  

How will the location of marine boiler affect its stress and strain fields to be able to 
answer the main research question the following research questions should be 
answered: 

a) How can the RAO be incorporated in to the FEA model in a trustworthy and 
easily understood fashion by Rigid Body Dynamics 

b) How shall an operating boiler be modeled by FEM 
c) How shall the ship hull Rigid Body Dynamic Model and Boiler FE-model be 

integrated and executed 

1.5 Limitations 

The FEA will be performed by the operational load cases and ship dimensions used 
by [16]; presented in Table 1 and Table 2. The Flaws located in one of the outer 
shell’s longitudinal weld joints are illustrated in Figure 4. 

 

Figure 4: Weld Joint Flaw 
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The Finite Element Analysis (FEA) was performed using the commercial software 
LS-Dyna and a shell element model 

The following physical phenomena will not be dealt with in this study: 
– Fatigue life reduction from oxidation, corrosion and creep 
– Transient nozzle load variations 
– Mass of components hanging on the nozzles 
 

Table 1 Essential Ship and Boiler Data [16] 

Gravitational Force 
(m/s2) 9,81 

Thickness of the 
shell 
(m) 

0,012 

Width of the vessel 
(m) 27,5 

Steam Boiler 
Parameter 

(m) 
1,4 

Lengthof the vessel 
(m) 162,5 Free Board 

(m) 
13,8 

Block Coefficient 
(m) 

0,74 Speed Parameter 
(knot) 5 

Coeffiecent of 
strength assesment 1 

Perpandicular 
distance from the 

boiler 
(m) 

20 

Constant for load 
condition 1 

Hight Parameter 
(m) 

6,9 
 

Radious of gyration 
of roll 

(m) 
10,725 fBK 1,2 

Massof the boiler 
with water 

(kg) 
12000 Hight Parameter 

(m) 
10,35 

 

Draft at midship in 
considered loading 

conditions 

5 
 

Vessel metacentric  
height (GM) 

 (m) 
 

1,925 
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Table 2 Response Amplitude Operators [16] 

Heave Acceleration 
(m/s2) 0,963299 Pitch Accceleration 

(rad/s2) 0,04946 

Surge Acceleration 
(m/s2) 1,302153 apitch-Y 

(rad/s2) -3,45201 

Sway Acceleration 
(m/s2) 0,135219 apitch-Z 

(rad/s2) -0,23114 

Rolling 
Accceleration 

(rad/s2) 
0,057 

Acceleration 
Perameter 

 
0,406207 

aroll-Y 

(rad/s2) -0,23048 aroll-x 

(rad/s2) 
-0,23048 

 

1.6 Objectives 

The objectives of this study are 

– Analytical load cases result from Castenson and Grandics 2018 [16] thesis 
shall be reviewed and verify 

– Non-linear FEA of the boiler shall be performed thereby identifying critical 
areas liable to thermo-mechanical fatigue failures.  

– Post processing of simulation results for review, interpretation and inferring 
possible deduction of the 20 years fatigue lifetime of a Sunroid Boiler CPDB 
12. 

1.7 Reliability, validity and objectivity 

The results of this study would be benchmark toward the analytical results 
presented in the work of Castenson and Grandics 2018 [16]. 
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2 Scientific Engineering Research Method 
The study is performed with the well-established Design For Six Sigma DFSS 
process [34] that constitutes a part of the well-recognised scientific engineering 
method ‘Systems Engineering’ as defined by: 

I. International Council on Systems Engineering Website (INCOSE) [18] 

II. National Aeronautics and Space Administration (NASA) [19] 

III. American Society of Mechanical Engineers (ASME) [11] 

2.1 Introduction to Design for Six Sigma  
Design for Six Sigma DFSS is a systematic methodology that provides 
organizational tools to improve and optimizes any product, process, or services to 
meet or exceed the product´s expectations. This method can assist with getting an 
idea of the outcomes which a planned unit can have, which can be reflection of 
initial perceptions.  

The subject matters depend on a blend of proposals and hypotheses, understanding 
and perception, the range of observed and scientific models, and classification of 
phenomena or articles [35]. The reason for Design for Six Sigma DFSS is to have 
the option to get ready something accurately just because to abstain from halting 
work and characterize structure issues that are not compelling or can be limited 

DFSS is based on  

• Statistical and non-statistical tools 
• Best Practices 
• Training  
• Measurements  

2.2 Stages of DFSS 
DFSS can be very helpful to improve new products or services by a reasonable and 
adaptable advancement process, a fair arrangement of apparatuses and best 
practices, and trained utilization of product management techniques. There are four 
different stages to implement this product development tool can be seen in Figure 5 
and are given below. 

1. Identification  
2. Designing 
3. Optimization 
4. Validation 

This study is performed up to Stage Gate 2 (SG 2) from where one can proceed with 
further improvements etc if the results of this study is found feasible. 
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Figure 5: Illustration of the DFSS process [36] 

2.3 Tools for DFSS 
There are several DFSS tools to define and develop the product or services some are 
given below [36]. 

1. Quality Function Developments  
Translating customers’ requirements into product design if that meets those 
needs 

2. Risk Assessments Tool  
Helps to identify the risks which can become a factor in lose of technical 
financial or other aspects. 

3. Robust Design 
Make sure that the final design has less flaws which can be external and internal  

4. Pugh Matrix 
Using customer CTS (Customer Technical Services) as evaluation to compare 
design concept. 

5. 5TRIZ (Theory of Inventive Problem Solving) 
Based on inventive principles which is derived from large study of patents and 
inventions to solve systematically problems. 

6. Simulation 
Using a theoretical model to analyze system behavior output in different 
situations   
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2.4 Need of (DFFS) 
DFFS has a wide range of tools to develop and optimize any product design, only 
60% of overall new products reach to a successful launch and 45% of the recourses 
are consumed by the research and development of the product which are most likely 
to fail before the launch so, it is very important for a new product to be designed and 
optimized properly, for that reason (DFFS) comes into play and has largest impact 
on the product success with a less amount of resource consumptions. This process 
also can save time and lose of resources and the product will be more cost efficient 
and capable. In the following (Figure) the impact of different factors on the actual 
cost and influence cost can be seen which shows the impact of a design is higher 
with a less amount of initial cost See Figure 6. 

 

Figure 6: Design influence on total cost [36] 

2.5 Application of DFSS 
DFSS is used when there is a need of making or developing a completely new 
product or services and previous design cannot be modified or redesign. The 
procedure can be implemented in different fields of areas which are followings. 

1. Business Enterprises or process 
2. Product manufacturing process 
3. Research and development process 
4. Industrial management and operational procedures  

2.6 Benefits of DFFS 
DFSS has a key role in product or service development procedure this methodology 
helps to make the risk factor down and keep the research on track and helps in 
iteration processes when it requires to go back and reduce the failure in the product 
or service here are some following benefits which can be achieved by implementing 
DFFS in the system. 

1. Presence of clear plan and techniques 
2. Highly communication between the team members  
3. Failures can be fixed before the implementations 
4. Reducing the overall cost of the product  
5. Highly focused on the product requirement 
6. Properly defined product criteria      
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3 Response Amplitude Operator 
3.1 Introduction to Sea-keeping accelerations 

Sea-keeping qualities are general term in marine engineering for sea worthiness of a 
ship to remain at sea in all conditions and to carry out its specified duty. 
Consideration of ship’s strength, stability and endurance in response to the sea 
waves are important. Therefore features, such as motions, speed and power in 
waves, wetness and slamming are engineering variables [26,27]. 

DNVGL rules were created in September 2013 when two leading Classification 
Societies within the High Speed Light Craft (HSLC) segment -Det Norske Veritas 
(DNV) and Germanischer Lloyds (GL) merged into one company and developed 
harmonized structural rules set for High Speed Craft (HSC) in determining sea-
keeping acceleration using harmonized well-established theories [28]. 

Excessive wave’s amplitudes of motion are undesirable. They can make shipboard 
tasks hazardous or even impossible and reduce crew efficiency and passenger 
comfort. Large motion amplitudes increase the power demands of such systems and 
may restrict the safe arcs of fire. Meteorological data are used to predict the speed 
loss in various ocean areas and to compute the optimum route for a ship [27]. 

Ships are floating body with six degrees of freedom as illustrated in Figure 12.The 
motions are defined as movements of the center of gravity of the ship and rotations 
about a set of orthogonal axes through the center of gravity, G. These are space axes 
moving with the mean forward speed of the ship but otherwise fixed in space. It will 
be noted that roll and pitch are the dynamic equivalents of heel and trim. 
Translations along the x- and y -axis and rotation about the z -axis lead to no 
residual force or moment, provided displacement remains constant, as the ship is in 
neutral equilibrium. For the other translation and rotations, movement is opposed by 
a force or moment provided the ship is stable in that mode. Thus, it is to be expected 
that the equation governing the motion of a ship in sea, which is subject to a 
disturbance in the roll, pitch or heave modes, will be similar to that governing the 
motion of a mass on a spring (damped and un-damped in terms of level of the sea 
waves) in relation to harmonic excitation responses [27]. 

The effect of damping is to cause the free oscillation to die out in time and to 
modify the amplitude of the forced oscillation. Another way of viewing the pitching 
and heaving motion is to regard the ship/sea system as a mass/spring system. 

3.2 Response Amplitude Operator Analysis  
Therefore, these accelerations (Rotational and Translational) need to be calculated 
in predicting the fatigue life cycle of the boilers.  

Rotational Acceleration on any floating ship structures are the moments around the 
vertical, transverse and longitudinal axes known as yaw, pitch and roll respectively 
While translational acceleration are the accelerations of the ship motions around the 
vertical, transverse and longitudinal axes known as heave, sway and surge 
respectively. 
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Figure 7: Ship motion and acceleration [27-28]. 
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𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ 𝑋𝑋 = 𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ ∗ (𝑧𝑧 − 𝑅𝑅) 
𝑎𝑎𝑠𝑠𝑜𝑜𝑟𝑟𝑟𝑟 𝑌𝑌 = 𝑎𝑎𝑠𝑠𝑜𝑜𝑟𝑟𝑟𝑟 ∗ (𝑧𝑧 − 𝑅𝑅) 

𝑎𝑎𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝ℎ  𝑍𝑍 = 𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ ∗ (1.08 ∗ 𝑋𝑋) − (0.45 ∗ 𝐿𝐿) 

(12) 
 
 

Table 3: RAO Calculations 

Pitch 
λϕ Tϕ 

(S) 
Φ 

(deg) 
aritch(Z) 

 
(rad/s2) 

aritch(Y) 

 
(rad/s2) 

195 11,17565 13,25954 -0,358353 1,519103 

Roll 

Roll Period 
(S) 

Roll Angle 
(deg) 

aroll 

(rad/s2) 
aroll(X) 

(rad/s2) 
aroll(Y) 

(rad/s2) 

17,83303 30,78967 0,06671 -0,23015 -0,23015 

Heave 
aheave 

(m/s2) Acceleration Parameter 
(m/s2) 

 
0,461804 

4,472317 

Surge 

aSurge 

(m/s2) 

Acceleration Parameter 
(m/s2) 

 
0,461804 

1,483736 

Sway 

aSway 

(m/s2) 

3,738749 
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3.3 Load Cases Implementation 

The author only considered wave-induced loads in different loading conditions with 
respect to the positioning of the boiler in the ship [29]. The loading conditions are 
classified using two approaches in accordance to sea-keeping rules, by Identifying 
most unfavourable load cases with respect to the mean stress and the stress ranges 
details and loading conditions with respect to the positioning of the boiler in 
different ship/cargo, Load cases could be analysed using three positions as follows 
in Figure 6. 

 
Figure 8: load case and different loading condition (a, b, c) 

3.4 Methods of analysis 

I. Simplified Deterministic Analysis 

In simplified deterministic analyses, sea-keeping data obtained for the waves in 
forms of RAOs and varying loading conditions by considering the maximum stress 
range between the maximum and associated mean stress.  The wave/ RAOs induced 
loads and loads combination were synchronised with combination factors according 
to the Rules for Seagoing Ships [29].Stress range spectrum characterisation for the 
wave-induced stresses mostly are straight-line spectrum in semi logarithmic 
representation. 

II. Spectral Method 

Spectral method, Calculation of the structural response (stress)in the form of 
transfer functions (response amplitude operator RAO) for waves of different length, 
stress spectrums and its stress range distribution in various sea state are obtained. 
The ship’s speed is assumed to be 2/3 of the service speed in case service profile is 
not specified; transfer function between wave amplitude and structural response 
(normally 15 – 25 wavelengths) and encounter angle of 30 degrees could be used. 
The stress spectra are calculated for all sea states according to the available long-
term statistics, all loading conditions and angles of encounter, transfer function 
(quadratic multiplication factor) with the individual wave spectra. 

III. Simulation of the Stress History 

Simulation of the stress history could be either based on computed stress range 
spectra for the individual sea states or complete motion and load process for the 
whole ship structure. The structural response is in connection with the spectral 
method. The stress history evaluation could be done using rain flow counting 
method. This method allows for refined assessment of the damage process. Ls Dyna 
commercial software is used in this thesis.  
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4 Rigid Body Dynamics Analysis 
4.1 Introduction 

The body is called as rigid when the applied forces don’t affect the physical changes 
like change in size or shape on that body. In this study the base of the ship is rigid 
because this study is not dealing with stresses on the ship base 

Rigid body dynamics of a ship is the excitation response of a ship when the wave 
accelerations are acting on the ship base. The response then can be simulated by 
adding the rigid body into the model and adding motions on to this body by 
prescribed motions. 

The center of Buoyancy (B) is a theoretical point in which the upward forces are 
acting on the ship against the gravitational forces, surface of the hull under the 
center of bouncy center is always in contact with the water surface. This point can 
be changed by the movement of the ship 

The center of Gravity (G) is the point by which the entire weight of the body is 
acting is called the center of the gravity at this point the body would remain in the 
equilibrium state. 

The Metacenter height (GM) is a measurement of the initial static stability of a 
floating body. This can be calculated as the distance between metacenter of the ship 
and the center of gravity of the ship the buoyant forces act on the metacenter  

The Metacentric radius BM can be calculated as distance between the Metacenter 
and the center of buoyancy 

The draft of the ship changes during the accelerations are acting due to these 
motions’ metacenter and center of buoyancy also shifted while center of gravity 
remains at the same line of action. Illustrated in Figure 7,Figure 8  

 

 
Figure 9: Ship Rigid body dynamics at COG 

 



 

17(44) 
 

 

Figure 10: Ship rigid body motion about rotation 

4.2 RBD Modelling 

By using the dimensions give on the Table 1author made a FEM model by using 
the numerical software LS Dyna the mesh was to be taken as (100*10). Author used 
prescribed motions command to put the RAO acceleration at the center of the ship 
and tested the resultant accelerations at three different position first position was 
considered close to the center of the ship which author named as (Position 1) second 
position was 27.67 m away from the center of the ship which was named as 
(Position 2) third and the last position was further away with the same 27.67m from 
the (Position 2) which was named as (Position 3) considering all these positions the 
resultant accelerations were found as can be seen in the Figure 9. 

 

Figure 11: Resultant Accelerations at the different locatons  by LS Dyna 
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During the analysis of the RAO on a rigid body the author found that the 
accelerations increases when the position is moving away from the centre of the 
gravity as in Figure 9 the blue line represents the accelerations at the centre of the 
gravity where accelerations are lower the red line represents the accelerations at the 
(position 2) which is in the centre of (Position 1) and (Position 3) has higher 
resultant accelerations than the accelerations at te centre point and lower than the 
(Position 3) so it represents the map which gives some idea that how will a boiler 
behave in different locations. Table 4 shows the resultant maximum accelerations 
are at 14.9 sec and the (location 3) is more vulnerable because it has higher 
accelerations then the other two locations. 

 

  

Table 4: Resultant Accelerations on the different Locations 

Location Distance From 
the Centre (m) Time Step Resultant 

Accelerations 
Location 1 0 1 s 30 

Location 2 27.67 1 s 69 

Location 3 55.34 1 s 100 
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5 Boiler Finite Element Analysis 
5.1 Introduction 

The commercial FEM software LS-DYNA performs numerical analysis of the 
Marine boiler. The code's origins lie in highly nonlinear, transient dynamic finite 
element analysis using implicit time integration responses to: 

– Changing boundary conditions  
– Large deformations  
– Non-linear materials that do not exhibit ideally elastic behavior  
– Transient dynamic 

Finite Element Method (FEM) simulation would be analysing Fracture mechanics 
(LEFM/EPFM) of the boiler due to thermo-mechanical loading [31]. 

Finally systems analyses acknowledged the British standard BS 7910:2013 clause 4, 
7, 8, 9, 10 as an ASME guide on assessment of fatigue related failure and material 
response mechanisms due to applied loads, thermal stress variations and vibrations 
[20]. Therefore, sensitivity analysis of the FEM simulation results of the Fatigue 
lifetime of the marine boiler be evaluated using option 1, 2, 3 according to ref [17] 

5.2 Boiler Modeling 

The transient thermo-mechanical (TOM) of marine boiler using Finite Element 
Analysis (FEA) was carried out in the following order. 
The model geometry contained the same parts with the same dimensions. The 
dimensions of the geometry could be seen in Figure 10. 
 

 

Figure 12 : FEM Model with Dimensions 
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5.3 Meshing of the Boiler’s 3D shell model 

LS-DYNA, which is a compressible solver, was used in the simulations. The mesh 
was the same for all cases. The Shell domains were build-up of the 13 parts using 
the shape masher tool in LS-DYNA. Shell meshing adopted were using triangular or 
quadrilateral elements such as mid-surfaces (Sandwiches features between 
previously defined surface pairs), Shell (Applied a triangular or quadrilateral shell 
mesh to quilt surfaces previously defined as simple or advanced shell idealizations) 
and along the boundaries (applied the shell mesh directly to the part surfaces). The 
element size was 20mm in all directions which resulted in a total of 35,379 elements 
and 36,296 nodes for the boiler domains. This element size was the smallest size 
with acceptable computational time. The shell model meshing approach would 
create a fast running accurate simulation as shown in Figure 11. 

 

Figure 13: Meshed Model 
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5.4 Material Modeling  
A Normalized Steel plate material (St 52-3) steel plate material data is used in this 
study. The Material properties such as its yield strength, young’s modulus, 
tangential thermal expansion(Per, 2017), thermal conductivity, and specific heat 
capacity values used were presented in Figure 12-15 with the permission of P. 
Lindström  

 

Figure 14: Poisson’s ratio and Tangent coefficient of Thermal Expansion 

 

Figure 15: Specific Heat and Thermal Conductivity 
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Figure 16: Tangent plastic hardening and Young’s modulus 

 

Figure 17: Yield strength 

5.5 Boundary Conditions 

Boundary conditions are all physical phenomena acting and/or reacting on a 
structure, thereby subjecting all structures to response to thermal, mechanical or 
thermo-mechanical excitation. Nevertheless, for the sake of simplicity some 
structural analysts prefer to mention some B.C. as loads and some for B.C. But in a 
physical sense they are all B.C. [Ref P. Lindström private communication] 

The present author has identified that the marine boiler is subjected to the following 
mechanical boundary conditions: 

– Gravity and ship motion reaction forces in the boilers support points 
– Thermal expansion and contraction as a function of the fluids’ temperature 

variations 
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– Gravity variation as a function of the boiler water level and water 
temperature 

– Boiler water and steam pressure variations 
The ship motion reaction forces are by convention given in the form of acceleration 
values were denoted as Response Amplitude Operators, (RAO) [26]. 

5.5.1 Pressure boundary conditions 

Identification and quantification of Cyclic loading due to Pressure boundary 
conditions could be defines as the stresses (constant or varying amplitude during 
operation) as a result of the changing temperature thereby accounted for pressure 
variation within the system. See Table 5 for analytical data which had been 
calculated during the boiler operation and Figure15 for input data for LS-dyna cure:  

 

 

 

 

 

 

 

 

 

Figure 18: Pressure Variation LS-Dyna Input 

  

Table 5: Pressure Initial Conditions 

S/No Category Pressure (kpa) 

1 Startup/ Stop 800 

2 Boiler Rating 1400 

3 Maintenance Stop  800 

4 Pressure Variation  50 
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5.5.2 Thermal Boundary Conditions 

The present author have identified that the marine boiler is subjected to the 
following thermal boundary conditions. Analytical data been calculated see Table 8 

– Internal surface (boiler water and steam temperature variations) 
–  External surface (Heat transfer from boiler to surrounding atmosphere by 

convection and radiation) 
– Conduction heat transfer across contact surfaces 

– Heat flux between the exhaust gas on the inner surface of the tube and 
firebox. 

German Boiler Code TRD301 or European Standard EN 12952–3 Method. The 
allowable rates of fluid temperature changes can be determined from the standard 

 

 
Figure19: Temerature Variation LS-Dyna Input 

  

Table 6: Temperature Inside the boiler 

S/No Temperature Average Cyclic Temperature 

1 Minimum 20°C 
155°C 

2 Maximum 200°C 
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5.5.3 Response Amplitude Operators (RAO) and boundary Conditions  

Response Amplitude Operator (RAO), Sea-keeping Analysis boundary conditions 
were significant to the geometry of a ship and its motion. The momentum 
conservation principles of the ship responded to the wave’s propagation of the sea 
with respect the ship motion, thereby causing excitation responses of the marine 
boiler. The author adopted DNVGL model as showed in Eq 22-39 for the 
computation of the Response Amplitude Operator (RAO) [Appendix 1]. As in real 
world the boiler is fixed with the ship base auther fixed the boiler base with the ship 
base as showed in Figure 18 and the accelerations are acting on the ship base so 
because of these acelerations the boiler is affected by these accelerations indirectly 
so in a FEM model author used (BOUNDARY_PRESCRIBED_MOTION_RIGID) 
command to give the accelrations to the base of the ship. 

 
Figure 20: ResponseAmplitudeOperaatorImplimentation 

5.6  FEA Model Results of a Land Boiler 

This chapter is about the analysis of the normal land boiler a boiler which is 
considered to be an simple boiler which is fixed a land surface , so there will be no 
RAO accelerations acting on the boiler, author used the initial conditions as the base 
sof the boiler is fixed and cannot move in any direction, the pressure and 
temperature is changing inside the boiler during the start-up of the boiler but these 
variables stabilised after the boiler reaches at the operating pressure and the 
temperature the initial temperature of the boiler is lower and it gets stabilised after it 
reaches max operating temperature of (200oC) and the pressure at (8 bar) which in 
the beginning start from (14 bar) due to thermal and pressure load stresses inside the 
boiler is generated which can be calculated as seen in  Figure 19,20 most of the 
stresses are working at the burner inlet point and this area is very critical as the 
crack starts from this area, burner weight can be a one of the reason behind reason 
behind these height stresses. 
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Figure 21: Von Misses Stresses at Pressure of 14 Bar 

 

Figure 22: Von Misses Stresses at Pressure of 8 Bar 
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6 Combined Rigid Body Dynamic – Boiler FEA 
6.1 Introduction 
This chapter contains the numerical analysis of the final model combining both the 
rigid body and the FEM boiler, So in this chapter the RAO,s are working at the base 
of the ship and the base itself is fixed with the boiler base considering the real life 
situations author used calculated RAO,s and put these accelerations values first 
separately and divided into different time steps one by one and at the end merge all 
these values together after 36 second (time step) and derived the maximum stress 
values from it author did the same thing for different boiler locations to derive the 
best location for the better stress life of the boiler. Constitutional material data used 
at the linear elastic part of FEA model are: E = 210 GPa, ν = 0,3, ρ = 7 800 kg/m3 ; 
and the solver settings used at the implicit FEM simulation was in accordance with 
the standard recommendations of LS Dyna. 

6.2 Load Curves 
To determine the best loading conditions for the boiler to increase the stress life of 
the boiler, Author used different load cases and run the simulations, in this regard 
from Table 3 values for different location was considered to verify which position 
would be the safer, during the analysis the position in the Z direction was changed. 
Accelerations on different directions were added to the ship separately and at the 
end combined these accelerations together to determine what factors are affecting 
the most to increase the stresses on to the boiler. Following load cases were tested as 
Figure 21-25 

 

        
Figure 23: Input Curve for RAO-X             Figure 24: Input Curve for RAO-Y 

          

Figure 25: Input Curve for RAO-Z              Figure 26: Input Curve for Rotaion-X      
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Figure 27: Input Curve for Rotaion-Z      

6.3 Analysis of the load cases  
The model was tested to see the effects of the load case variables. Load case data 
from Table 1 was used for the accelerations and as for the initial conditions pressure 
started from 14 bar as the initial stage and stabilizes at the pressure of 8 bar and 
temperature starts from (0 to 2000C). Author considered the model in the middle of 
the ship to see the effects on the boiler. After running the simulations author found 
following results out of the model, maximum stresses where found on to the 
supports of the biller when the rotational accelerations were acting; that mean these 
accelerations are more damaging than the others. As it can be seen in the Figure 26 
and 27. 

 
Figure 28: Final results with most affected areas  

 

Figure 29: Final results of the boiler with combined load 
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7 Results of Combined Loads 
7.1 Combined Stress and Strain Results Outer-Shell 
 

Table 7: Load Cases tested separately 

Load Cases Symbols Loading Conditions 

Load case 1 LC 1 Pressure at 14 bar 

Load case 2 LC 1 Pressure at 8 bar 

Load case 3 LC 1 RAO acceleration working on X-Axis on the ship 

Load case 4 LC 1 RAO acceleration working on Y-Axis on the ship 

Load case 5 LC 1 RAO acceleration working on Z-Axis on the ship 

Load case 6 LC 1 Rotational acceleration working on X-Axis on the ship 

Load case 7 LC 1 Rotational acceleration working on z-Axis on the ship 

 

7.1.1 Maximum stress and strain results at outer-shell (Location-1) 
 

 
Figure 30: Areas affected by the stress at outer-shell 
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Figure 31: Final resulting stress curve by LS.Dyna (Outer-Shell) 

 

7.1.2 Maximum stress and strain results at outer-shell (Location-2) 
 

 
       Figure 32: Final resulting stress curve by LS.Dyna (Outer-Shell) 

7.1.3 Maximum stress and strain results at outer-shell (Location-3) 
 

 
         Figure 33: Final resulting stress curve by LS.Dyna (Outer-Shell) 
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Table 8: Loading Results at Outer-Shell 

 Maximum Stress 
(N/m2) 

Maximum Strain 

Young’s Modulus at 
(2000C) = (2,1e+11) 

Load Case Location 1 Location 2 Location 3 Location 1 Location 2 Location 3 

LC 1 1,53∙108 1,53∙108 1,53∙108 0,728∙10-3 0,728∙10-3 0,728∙10-3 

LC 2 8,93∙107 8,93∙107 8,93∙107 0,425∙10-3 0,425∙10-3 0,425∙10-3 

LC 3 8,94∙107 8,95∙107 9,13∙107 0,422∙10-3 0,425∙10-3 0,435∙10-3 

LC 4 8,94∙107 8,95∙107 9,14∙107 0,422∙10-3 0,425∙10-3 0,435∙10-3 

LC 5 8,96∙107 8,97∙107 9,14∙107 0,423∙10-3 0,426∙10-3 0,435∙10-3 

LC 6 8,97∙107 8,97∙107 9,17∙107 0,423∙10-3 0,426∙10-3 0,437∙10-3 

LC 7 8,93∙107 8,93∙107 9,14∙107 0,422∙10-3 0,425∙10-3 0,435∙10-3 

Combination  
LC 2 – LC 7 9,01∙107 9,04∙107 9,20∙107 0,429∙10-3 0,430∙10-3 0,438∙10-3 

 

7.2 Combined Stress and Strain Results at Fire Box 

7.2.1 Maximum stress and strain results at Firebox (Location-1) 
 

 

 

 

Figure 34: Illistrated affected areas by the stress at Fire-Box 
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Figure 35: Final resulting stress curve by LS.Dyna of Fire-Box (Location 1) 

 

7.2.2 Maximum stress and strain results at Firebox (Location-2) 
 

 
 Figure 36: Final resulting stress curve by LS.Dyna of Fire-Box (Location 2) 

7.2.3 Maximum stress and strain results at Firebox (Location-3) 
 

 
   Figure 37 : Final resulting stress curve by LS.Dyna of Fire-Box (Location 3)  
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Table 9: Load Case Results at Fire-Box 

 Maximum Stress 
(N/m2) 

Maximum Strain 

Young’s Modulus at 
(2000C) = (2,1e+11) 

Load Case Location 
1 Location 2 Location 3 Location 1 Location 2 Location 3 

LC 1 1,10∙108 1,10∙108 1,10∙108 0,524∙10-3 0,524∙10-3 0,524∙10-3 

LC 2 6,15∙107 6,15∙108 6,15∙107 0,293∙10-3 0,293∙10-3 0,293∙10-3 

LC 3 6,16∙107 6,18∙107 6,20∙107 0,293∙10-3 0,294∙10-3 0,295∙10-3 

LC 4 6,24∙107 6,50∙107 6,67∙107 0,297∙10-3 0,309∙10-3 0,317∙10-3 

LC 5 6,16∙107 6,42∙107 6,58∙107 0,293∙10-3 0,306∙10-3 0,313∙10-3 

LC 6 6,33∙107 6,60∙107 6,77∙107 0,30∙10-3 0,314∙10-3 0,322∙10-3 

LC 7 6,15∙107 6,16∙107 6,15∙107 0,293∙10-3 0,293∙10-3 0,293∙10-3 

Combination  
LC 2 – LC 7 6,43∙107 6,71∙107 6,87∙107 0,306∙10-3 0,320∙10-3 0,323∙10-3 

 

7.3 Combined Stress and Strain Results at Upper-End 

7.3.1 Maximum stress results and strain at upper end (location 1) 
 

 
Figure 38: Illistrated affected areas by the stress at upper-end  
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    Figure 39: Final resulting stress curve by LS.Dyna of uper-end (Location 1) 

 

7.3.2 Maximum stress results and strain at upper end (Location 3) 
 

 
     Figure 40: Final resulting stress curve by LS.Dyna of uper-end (Location 3) 
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Table 10: Load Case Results at Upper-End 

 Maximum Stress 
(N/m2) 

Maximum Strain 

Young’s Modulus at 
(2000C) = (2,1e+11) 

Load Case Location 1 Location 2 Location 3 Location 1 Location 2 Location 3 

LC 1 1,08∙108 1,06*10e+8 1,08*10e+8 0,514∙10-3 0,513∙10-3 0,514∙10-3 

LC 2 6,04∙107 6,08∙107 6,04∙107 0,287∙10-3 0,288∙10-3 0,287∙10-3 

LC 3 6,04∙107 6,08∙107 6,05∙107 0,287∙10-3 0,288∙10-3 0,287∙10-3 

LC 4 6,08∙107 6,08∙107 6,14∙107 0,288∙10-3 0,288∙10-3 0,292∙10-3 

LC 5 6,07∙107 6,06∙107 6,06∙107 0,288∙10-3 0,288∙10-3 0,288∙10-3 

LC 6 6,09∙107 6,10∙107 6,24∙107 0,288∙10-3 0,290∙10-3 0,297∙10-3 

LC 7 6,04∙107 6,04∙107 6,04∙107 0,287∙10-3 0,288∙10-3 0,288∙10-3 

Combination  
LC 2 – LC 7 6,10∙107 6,11∙107 6,35∙107 0,290∙10-3 0,290∙10-3 0,302∙10-3 

 

7.4 Combined Stress and Strain Results at Lower-End 

7.4.1 Maximum stress and strain results at lower end (Location 1) 
 

 
Figure 41: Illistrated affected areas by the stress at lower-end  
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Figure 42: Final resulting stress curve by LS.Dyna of lower-end (Location 1) 

7.4.2 Maximum stress and strain results at lower end (Location 2) 
 

 
Figure 43: Final resulting stress curve by LS.Dyna of lower-end (Location 2) 

7.4.3 Maximum stress and strain results at lower end (Location 3) 
 

 
Figure 44: Final resulting stress curve by LS.Dyna of lower-end (Location 3) 
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Table 11: Load Case Results at Lower-End 

 Maximum Stress 
(N/m2) 

Maximum Strain 

Young’s Modulus at 
(2000C) = (2,1e+11) 

Load Case Location 1 Location 2 Location 3 Location 1 Location 2 Location 3 

LC 1 1,71∙108 1,71∙108 1,7∙108 0,14∙10-3 0,814∙10-3 0,814∙10-3 

LC 2 9,84∙107 9,84∙107 9,84∙107 0,468∙10-3 0,468∙10-3 0,468∙10-3 

LC 3 9,85∙107 1,01∙108 1,02∙108 0,469∙10-3 0,480∙10-3 0,481∙10-3 

LC 4 9,98∙107 1,03∙108 1,04∙108 0,475∙10-3 0,490∙10-3 0,491∙10-3 

LC 5 9,84∙107 1,01∙108 1,02∙108 0,468∙10-3 0,480∙10-3 0,491∙10-3 

LC 6 1,01∙107 1,04∙108 1,05∙108 0,480∙10-3 0,495∙10-3 0,5∙10-3 

LC 7 9,84∙107 9,84∙107 9,84∙107 0,468∙10-3 0,468∙10-3 0,468∙10-3 

Combination  
LC 2 – LC 7 1,03∙107 1,06∙108 1,07∙108 0,490∙10-3 0,5∙10-3 0,51∙10-3 

 

7.5 Combined Stress and Strain Results at Exhaust-Tubes 

7.5.1 Maximum stress and strain results at exhaust tubes (location 1) 
 

 
Figure 45: Illistrated affected areas by the stress at exaust-tubes 
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7.5.2 Maximum stress and strain results at exhaust tubes (location 1) 
 

 
Figure 46: Final resulting stress curve by LS.Dyna of exaust-tubes (Location 1) 

7.5.3 Maximum stress and strain results at exhaust tubes (location 2) 
 

 
Figure 47: Final resulting stress curve by LS.Dyna of exaust-tubes (Location 2) 

7.5.4 Maximum stress and strain results at exhaust tubes (location 3) 
 

 

Figure 48: Final resulting stress curve by LS.Dyna of exaust-tubes (Location 3) 
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Table 12: Load Case Results at Exhaust-Tubes 

 Maximum Stress 
(N/m2) 

Maximum Strain 

Young’s Modulus at 
(2000C) = (2,1e+11) 

Load Case Location 1 Location 2 Location 3 Location 1 Location 2 Location 3 

LC 1 1,47∙108 1,50∙108 1,50∙108 0,7∙10-3 0,7 ∙10-3 0,7 ∙10-3 

LC 2 8,43∙107 8,43∙107 8,43∙107 0,4∙10-3 0,4∙10-3 0,4∙10-3 

LC 3 8,46∙107 8,49∙107 8,57∙107 0,402∙10-3 0,404∙10-3 0,408∙10-3 

LC 4 8,49∙107 8,56∙107 8,67∙107 0,404∙10-3 0,408∙10-3 0,412∙10-3 

LC 5 8,46∙107 8,46∙107 8,46∙107 0,402∙10-3 0,402∙10-3 0,402∙10-3 

LC 6 8,51∙107 8,66∙107 8,70∙107 0,405∙10-3 0,412∙10-3 0,414∙10-3 

LC 7 8,43∙107 8,46∙107 8,43∙107 0,4∙10-3 0,402∙10-3 0,4∙10-3 

Combination  
LC 2 – LC 7 8,69∙107 8,79∙107 9,17∙107 0,413∙10-3 0,418∙10-3 0,436∙10-3 
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8 Discussion 
This study is based on FEM analysis, in order to complete this study work, a 
scientific engineering method was used by implementing six sigma tools to solve 
the problem. The study is based on a author hypothesis which is to inspect and 
verify the effects of different loading conditions on a specific kind of marine boiler 
by use of FE model, In order to achieve the results an FE model was design by use 
of commercial software (LS Pre-Post) using standard dimensions given in Table 3.  

As testing a typical marine boiler in a marine environment, the seakeeping 
accelerations were needed to be calculated, for that purpose mathematical equations 
were used to calculate the response amplitude operator (RAO) and after been 
incorporated in a FE model. Also, other loads like pressure and temperature were 
also been added in the FE model as initial and final loading condition inside the 
boiler. 

In order to incorporate (RAO) in the model a rigid body been introduced in the FE 
model and then by use of prescribed motion command these accelerations were 
added into the FE model as the ship base. All these accelerations were added in the 
center of the rigid body as this is also the center of gravity of the ship. 

Different load cases were tested by executing the model using (LS-Run) to verify 
the best possible loading conditions for a marine boiler. In the first load case the 
boiler was tested when the position of the boiler was in the center of the ship. For 
the second load case it was tested when the position was moved away from the 
center of the ship about 30 meters. For the final load case model was run when the 
boiler was tested further 30 meters away from the center of the ship. 

To get more understanding about the model author tested the model with different 
loads in a separately, to test the intensity of the stress generated by these loads 
inside the boiler. The result of these simulation can be found in Table 8-12. 

During the testing seakeeping showed consistently lower RAO´s in all waves and at 
all speeds, the conclusion to be reached would be clear cut. This is not usually the 
case, and one design will be superior to the other in some conditions and inferior in 
other conditions of sea waves. 

The simulation results seem to be reasonable as the model did not failed during the 
simulation but still there were some parts which showed higher stresses these can be 
modeling errors and can be ignored. 
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9 Conclusion 
The main research question in the study was how the location of a marine boiler will 
affect its stress strain fields. In order to answer that question the DFSS process of 
the scientific engineering method Systems Engineering was used, after carefully 
analyzing the results it can be clearly seen that location of the boiler in the center of 
the ship hull’s rotation yields the lowest stress and strain values. At location 2, 
27,67 meters from the center of the rotation (CoR), has slightly more stress and 
strain values than at the location at the center of the rotation. As the boiler location 
moves further away from the center of rotation, to location 3, 55,34 m from CoR, 
the stress and strain values increases. Making it the worst location for the boiler 
with respect to the stress and strain magnitudes. 

Response Amplitude Operators (RAO) can be incorporated in to a FEA model in a 
trustworthy and easily understood fashion by Rigid Body Dynamics (RBD) if one is 
proceeding in accordance with the procedure described throughout this report. 
Accelerations were implemented in 6 Degree of Freedom (DOF) using prescribed 
motions of the ship hull RBD model’s center of the rotation.  
An operating boiler FEM model shall contain all necessary physical data and load 
cases required to capture the physical responses that are of an interest for the actual 
study.  
The boiler FE-model shall, in LS Dyna, be integrated with the ship hull Rigid Body 
Dynamic Model. For the sake of capturing hull´s RAO response accelerations a 
constrained contact (CONSTRAINED_EXTRA_NODES_SET) was introduced to 
effectively connect the rigid body and the boiler together. 

10  Recommendations 
From the calculated data author have some of the recommendations for the future 
which are following 

• Author used Sunrod boiler for the analysis in future more marine boiler can 
be used to testify and verifications. 

• Author used numerical RAO data which might defers from the practical 
situation as these waves are unpredictable in future some equipment’s can 
be used to get more précised results. 
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Appendix I – Mat-lab code for ship RAO calculation 
 
%Fatigue due to RAO 
g=9.81;     %Gravitational Force 
w=27.5;       %Width of the vessel 
L=162.5;      %Length of the vessel 
CB=0.74;     %Block Coefficient 
fp=1;       %Coeffiecent of strength assesment 
fT=1;       %Constant for load condition 
kr=10.725;    %Radious of gyration of roll 
GM=1.925;     %The vessel's metacentric height (GM) 
fbk=1.2; 
v=5;        %Speed Parameter 
z=6.9;      %Hight Parameter 
TLC=5;      %Draft at midship in considered loading conditions 
R=10.35;    %Hight Parameter 
x=20;       %Perpandicular distance from the boiler 
m=12000;    %Mass of the boiler with water 
M=7000;     %Mass of the boiler without water 
%P_Angel=       
T_area=52299.84;                                                        
%Area of the Vessel 
a_0=(1.58-0.47*CB)*(2.4/sqrt(L) +(34/L)-(600/L^2 ));                     
%Acceleration Parameter   
a_heave=(1.15-(6.5/sqrt(g*L) ))*fp*a_0*g;                                
%Heave Acceleration 
a_surge=(0.2)*(1.6+(1.5/sqrt(g*L) ))*fp*a_0*g;                           
%Surge Acceleration 
Roll_period=2.3*pi*kr/sqrt(g*GM);                                        
%Roll Period 
Roll_Angle=(9000*(1.4-(0.035*Roll_period 
))*fp*fbk)/(((1.15*w)+55)*pi);  %Roll Angle 
a_roll=fp*Roll_Angle*pi/180*((2*pi)/(Roll_period ))^2;                   
%Roll Acceleration 
a_sway=0.3*(2.25+(20/sqrt(g*L) ))*fp*a_0*g;                              
%Sway Acceleration 
Lambda=0.6*(1+fT)*L;                                                     
%Wave Length 
P_period=sqrt(2*pi*Lambda/g);                                            
%Pitch Period 
P_angle=920*fp*L^(-0.84)*(1+((2.57/sqrt(g*L) )^1.2 ));                   
%Pitch Angle 
a_pitch=0.8*(1+0.05*v)*fp*(0.72+(2*L/700))*(1.75-22/sqrt(g*L) 
)*P_angle*(pi/180)*(2*pi/(P_period))^2; %Pitch Acceleration 
fv=0.2*v*(-0.105+(0.12)*((z-(0.875*TLC))/TLC));                           
%Correction Factor Based on vessel Speed 
a_pitch_x=a_pitch*(z-R);                                                 
%Pitch Acceleration X-Drirection 
a_x=(0.7+fv)*sqrt((a_surge 
)^2+(L/325*g*sin(P_angle*pi/180)+(a_pitch_x))^2 ); %Total 
Acceleration X-Direction 
a_roll_y =a_roll*(z-R);                                               
%Roll Acceleration Y-Direction 
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a_y=(1-exp((-(w*L)/(215*GM))) )*sqrt((a_sway 
)^2+(g*sin(Roll_Angle*pi/180)+(a_roll_y  ))^2 ); %Total 
Acceleration Y-Direction 
a_roll_z=a_roll_y;                                                       
%Roll Acceleration Z-Direction 
a_pitch_z=a_pitch*((1.08*x)-(0.45*L));                                    
%Pitch Acceleration Z-Direction 
a_z=sqrt((a_heave )^2+((0.95+exp((-L/15)) 
)*(a_pitch_z))^2+((1.2*a_roll_z))^2 ); %Total Acceleration Z-
Direction 
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