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ABSTRACT 

The study is a part of the development of the new dimensioning standard for a hub 

cap, Hub Cap MK II. A goal with this study was to obtain a dimensioning tool 

which will eliminate current issues and validate its trustworthiness with FEA 

simulations. This is executed together with the purpose of giving an increased 

understanding of the hub cap’s structural behavior in its operating environment. 

The hub cap’s general structural mechanics is studied with Euler-Bernoulli beam 

theory and is modeled as a cantilever beam. An analysis of fatigue in welds and 

how much stress they can withstand is performed with S-N diagram. The clamping 

force in the bolted joint holding the hub cap in its position is studied in this paper. 

Together, a theoretical maximum length of the hub cap could be calculated to 

prevent failing. A total of 12 equations relating the maximum length 𝐿𝑚𝑎𝑥 and 

diameter 𝐷 of the hub cap are constructed. Finally, a material selection process is 

conducted for the hub cap to propose a cheaper material which is allowed to be 

used in the same environment. 

The results of equations have been summarized in diagrams where it is possible to 

determine how long a hub cap can be made and which failure-mode is closest to 

occur for a certain hub cap size. These results have then been compared with FEA 

for validation of the model and obtained equations. Errors between calculated 

values and simulated values are between 12.6%-96.4% with a mean error of 70.7%. 

The large differences bases, amongst other reasons, is that the hub cap is not best 

modeled as a classical cantilever beam. Furthermore, the section is so thin and weak 

so that other mechanical phenomena arises at loading which raises stresses and 

forces in different way than predicted. 

A dimensioning tool that determines the dimensioning limits of the hub cap was 

obtained. Correction factors 𝛼 could be obtained to correct the theory to better 

conform with the reality. The obtained relations, in their current state, can to a 

certain extent be used as a guide for dimensions of hub caps and should in these 

cases be used with great caution.  
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SAMMANFATTNING 

Studien innebär en del i att ta fram den nya dimensioneringsstandarden för en 

navkåpa, Hub Cap MK II. Målet med denna studie var att ta fram ett 

dimensioneringsverktyg som ska eliminera aktuella problem och validera dess 

trovärdighet med FEM simuleringar. Detta har utförts tillsammans med syftet att 

ge en ökad förståelse för navkåpans strukturella beteende i dess miljö. 

Kåpans övergripande hållfasthet har studerats med Euler-Bernoulli balkteori och 

är modellerad som en konsolbalk. En fördjupad studie om svetsars utmattning och 

hur mycket spänning de tål är analyserad med S-N diagram. Klämkraft i 

bultförbandet som håller kåpan på plats har studerats och ingick i undersökningen. 

Tillsammans kunde en teoretisk maximal längd på kåpan räknas fram för att 

förhindra brott. Totalt 12 ekvationer som relaterar maximala längden 𝐿𝑚𝑎𝑥 och 

diameter 𝐷 av kåpan har konstruerats. Tillslut har en materialvalsanalys till kåpan 

gjorts för att föreslå ett billigare material som ska tillåtas att användas i samma 

miljö. 

Resultaten av ekvationerna av kurvorna har sammanställts i diagram som visar hur 

lång en kåpa med en viss diameter kan göras och vilken fel-mod som är närmast 

att uppstå. Dessa resultat har sedan jämförts med finita element analyser för att 

validera om beräkningar och ekvationer speglar verkligheten. Felavvikelser mellan 

beräknade och simulerade värden var mellan 12.6–95.4% med en medelavvikelse 

på 70.7%. De stora felen grundar sig i flera orsaker bland annat i att navkåpan inte 

är bäst modellerad som en klassisk konsolbalk. Dessutom är tvärsnittet så vekt att 

andra mekaniska fenomen uppstår vid lastpåläggning i analyser som ökar 

spänningar och krafter på ett helt annat sätt en förutsagt. 

Ett dimensioneringsverktyg som bestämmer dimensioneringsgränserna av en 

navkåpa har tagits fram. Korrektionsfaktorer 𝛼 skulle kunna tas fram för att 

korrigera teorin för att bättre överensstämma med verkligheten. De framtagna 

sambanden, i sin aktuella form, kan i viss mån användas som en vägledning för 

dimensionering av kåpan och ska i dessa fall användas med stor försiktighet.  
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NOMENCLATURE 
 

𝑎 Acceleration 𝑁𝑓 Load cycles until failure 

𝐴𝑏 Stress effective area of bolt 𝑃𝐶𝐷 Pitch circle diameter 

𝐴𝑗 Stress effective area of joint 𝑝 Total price 

𝑐 Proportionality constant 𝑞 Distributed load 

𝑐𝑏 Spring constant of bolt 𝑞𝑖𝑐𝑒 Distributed ice load 

𝑐𝑗 Spring constant of joint 𝑞𝑣𝑖𝑏 Distributed vibration load 

𝑐𝑚 Price per mass unit 𝑅 Hub cap radius 

𝑐𝑣 Price per volume unit 𝑅 Min/max stress ratio 

𝑑𝑏 Bolt diameter 𝜌𝑒𝑞 Equivalent density 

𝑑𝑏ℎ Bolt hole diameter 𝜌𝑚 Density of material 

𝐷 Hub cap diameter 𝜌ℎ𝑐 Density of hub cap 

Δ Extension 𝜌𝑤 Density of water 

Δ𝜎 Stress range 𝜎 Stress 

Δ𝜎𝑙𝑖𝑚 Fatigue limit 𝜎𝑎 Stress amplitude 

Δ𝜎𝑓 Characteristic fatigue strength 𝜎𝑒 Equivalent vM stress 

𝐸 Young’s modulus 𝜎𝑚𝑎𝑥 Maximum stress 

𝐸𝑏 Young’s modulus of bolt 𝜎𝑢 Fatigue strength of material 

𝐸𝑗 Young’s modulus of joint 𝑡 Hub cap plate thickness 

𝐹 Force 𝑇 Shear force 

FAT Fatigue strength at 2⋅106 ccs 𝜏 Shear stress 

𝐹𝑏 Force in bolt due to bending 𝑉ℎ𝑐 Hub cap volume 

𝐹𝑏,𝑡𝑜𝑡 Total bolt force due to bending 𝑤 Deflection 

𝐹𝑓𝑟 Friction force 𝑤𝑚𝑎𝑥 Maximum deflection 

𝐹𝑖𝑚𝑝 Impact force 𝑧 Distance from neutral plane 

𝐹𝑙 External applied load to joint 𝑧𝑚𝑎𝑥 Maximum 𝑧 value 

𝐹𝑝𝑟 Pretension force of bolt   

𝐼 Second moment of inertia   

𝐿 Hub cap length   

𝐿𝑏 Bolt length   

𝐿𝑐 Clamping length   

𝐿𝑚𝑎𝑥 Maximum hub cap length   

𝑚ℎ𝑐 Mass of hub cap   

𝑚𝑤 Mass of contained water   

𝑀 Bending moment/index value   

𝑀𝑚𝑎𝑥 Maximum bending moment   

𝜇 Friction coefficient   

𝑁 Number of bolts   

𝑁ℎ𝑐 Loading cycles of hub cap   
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1 INTRODUCTION 
This is a master thesis work that will be conducted at Karlstad University and in 

which a study is to be done during a 20 weeks’ time of period. The project consists 

of obtaining a calculating tool for dimensioning in where the theory of structural 

mechanics lies as a foundation. With the help of the theory, the obtained tool should 

be able to predict critical failure modes in a component and in which dimensions 

to stay within to avoid them. Thereafter, the tool is critically studied and compared 

to FEA simulations to validate the tools trustworthiness. 

1.1 BACKGROUND 
There are many different ways to combine thrust and maneuverability of ships 

operating out in the big seas. One typical configuration of driving system is the one 

consisted of a fixed bolt propeller (FBP) together with a rudder (Carlton, 2012). A 

propeller is driven and rotated by an engine which generates a forward driving 

force by pushing the water in the aft direction, this main mechanism of converting 

rotation to translation is called marine propulsion (Woodford, 2018). To enable a 

maneuvering ability and making it possible for a vessel to turn the water is pushed 

by the propellers towards the rudder, where the rudder can be rotated around a 

vertical axis and control the water flow direction (Chakraborty, 2017). From 

Newton’s 3rd law, a force is always followed by a reaction force (Brander, 2017), 

which in this case results in that the rudder pushes the water in a direction and the 

water pushes the rudder in the opposite direction, which results in the vessel 

making a turn. Huge developments in this field have resulted in more modern 

propulsion systems. Some other solutions to marine propulsion manufactured and 

designed by Rolls-Royce are controllable pitch propeller (CPP) with rudder, ducted 

propulsors, podded propulsors, azimuthing propulsors, waterjets and more (Rolls-Royce, 

2019a). According to Rolls-Royce, the best solution in both propulsion and 

maneuvering is the recently developed propulsion and maneuvering system, 

“Promas” (Rolls-Royce, 2019b). 

1.2 KONGSBERG MARITIME AB 
With over 7300 employees and over 117 offices in 34 countries the Kongsberg 

Maritime AB delivers innovative and advanced solutions to the marine sector. 

During a period of 80 years over 30 000 vessels has been equipped with Kongsberg 

Maritime solutions. It is a part of the Kongsberg group which also delivers 

solutions in the defense and aerospace sector and in the digital industry sector. In 

the facility located in Kristinehamn, Sweden, which is the only Kongsberg facility 

in Sweden, the focus is on development of marine propellers. The facility consists 

of a development sector, a service sector, a workshop and a hydrodynamic lab & 

research center. This master thesis is conducted in a collaboration with the 

development unit of Kongsberg Maritime AB. Before the 1st of April 2019 this 

facility was owned and a part of the Rolls Royce concern. (Kongsberg, 2019) 
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1.3 PROMAS 
Promas propulsion system integrates the propeller and rudder together with a hub 

cap and a rudder bulb, illustrated in Figure 1.1, resulting in a more 

hydrodynamically efficient unit. The hub cap is fastened with numerous bolts to 

the propeller hub so that the rudder and rudder bulb are free to rotate and will not 

interact with the hub cap mechanically. Thanks to the ability of the hub cap together 

with the rudder bulb to lead the water flow all the way from propeller and past the 

rudder Promas suppresses formation of water swirls in between them. It also 

eliminates the risk of hub vortex cavitation developed at the rotation axis line of the 

propeller behind the hub which can cause serious damage to the surrounding 

components such as the rudder by implosion of cavitation bubbles. Other key 

features conducted from the Promas concept are reduced noise and vibration and 

improved maneuverability at low speeds. Energy that is normally lost to water 

swirls formation, component vibrations and cavitation is instead used and 

converted to extra forward thrust. This increases the propulsive efficiency up to 

8%, resulting in reduced fuel consumption and emissions (Rolls-Royce, 2019b). 

 

Figure 1.1: Model of a Promas and a description of its essential components (Rolls-Royce, 2019b). 

Typical applications of Promas are bigger vessels like ferries, cruise ships, car 

carrier vessels, cargo carriers, bulkers, tankers and platform supply vessels (Rolls-

Royce, 2019b) and has been in use by customers since its release 2009.  

Promas is sold to customers as a package including propellers, hub cap, bulb and 

rudder and is completely customized according to customer requests and operation 

area. For vessels already in service the whole Promas pack is not a very cost-

efficient solution. However, the option to improve propulsive efficiency and reduce 
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emissions is not an impossibility even for these vessels thanks to the Promas Lite. 

With Promas Lite a prefabricated bulb is welded onto the existing rudder of the 

vessel and a fitting hub cap is bolt jointed to the propeller hub. Some adjustments 

or complete replacement of the propellers may be needed as well, and the results 

are 5–15% more efficient propulsion. (Rolls-Royce, 2017) 

1.4 HUB CAP 
The size of Promas hub cap is independent of the propellers blade size. However, 

it is dependent on the propeller hub cylinder size on which the blades are fitted and 

on which the hub cap is jointed to. To achieve a nice flow of streamline across all 

components of Promas the transition between the components needs to be smooth, 

i.e. no edges or corners where the water flow is slowed down or blocked. Therefore, 

it is convenient to have a hub cap with the same outer diameter as the hub cylinder 

base-flange diameter. Some typical hub cylinders available for customers ordering 

from Rolls-Royce are models like A, A1 and XF5. They are different in their 

conceptual design of mechanisms and come in a broad band of different sizes to be 

able to satisfy any customer. The smallest one has a diameter of 50 cm and the 

biggest has a diameter of 202 cm. Even bigger hub cylinders up to 260 cm has been 

sold but orders bigger than 202 cm are very rare and are only sold to customers in 

special cases. To implement Promas the final design of the hub cap needs to be 

adjusted with respect to the propeller hub cylinder and it must be designed to fit 

all types and sizes. Its length must also be adapted so that it fits together with the 

rudder bulb to create a nice smooth transition, i.e. not being too short to cause swirl 

formation and not too long to cause collision between them. These are some of the 

parameters that constrains and determines the final design of the hub cap. 

1.5 PROBLEM DEFINITION 
Promas is a hydrodynamical product which constantly is in a phase of 

development. Like with all products engineers are trying to improve and make 

processes easier, faster and more effective. All hub caps that are designed since the 

launch of Promas has been examined and validated with finite element analysis 

(FEA). This process can be very time consuming to engineers and hardware if the 

hub caps are complex in the design and shall be analyzed in different 

environments. Other options are evaluated to replace this method which would be 

faster, easier and simple to use by engineers and non-engineers. To avoid critical 

damage scenarios that can be experienced related to the hub cap a need for a 

reliable dimensioning tool is self-evident. 

The aim of this master thesis is to provide a simple dimensioning tool for the 

Promas hub cap that will be a part of the new Promas MK II generation. That means 

that the tool will help the design of the hub cap to be able to fit most hub cylinders 

and guarantee 40 years of lifetime. Further on, another goal is to give Kongsberg 

the ability to automatically generate complete 3D models of hub caps only with a 
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few simple known input parameters depending on hub cylinder type and size etc. 

An automatic dimensioning tool will help Kongsberg to minimize engineer to order 

costs and customer lead times markedly. The dimensioning tool’s trustworthiness 

will be validated with simulated experiments to confirm its applicability to the case. 

A complete dimensioning tool will increase the durability, lowering the cost and 

reduce service and support times of the Promas hub cap. 

The purpose of the study is to mark the beginning of the development of the new 

Promas MK II. This will encourage further development of the product and give 

deeper knowledge about its structural behavior in its operational loading 

conditions. 

1.6 DELIMITATIONS 
Promas hub cap is a component of a relatively novel product and which has a lot 

of potential to promote itself and develop further. This master thesis will not be 

able to cover all development fronts of the hub cap and will be delimitated to 

involve a study in following areas: 

To include: 

▪ Euler-Bernoulli beam theory of hub cap  

▪ Fatigue of hub cap welds 

▪ Study of bolted joints  

▪ Material selection suggestion 

▪ FEA validation of theory 

Not to include: 

▪ Hydrodynamics 

▪ Study of hub cap with additional stiffeners 

▪ Study of the rudder jam situation 

▪ Natural frequencies 
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2 THEORY 
Described in this section are the different theories that will lie behind the 

calculations and derivations used in the Method section. The following theories: 

Euler-Bernoulli beam theory, fatigue theory, bolted joints theory and material 

selection process are described with a delimited scope to scale down the 

information to relevant ground for this study. Some illustrations are self-made or 

reconstructions and are meant to complete the descriptions together with text and 

give understanding of related mathematics. 

2.1 EULER-BERNOULLI BEAM THEORY 
Two main beam theories are used by today’s physicists and scientists to determine 

the nature of loaded beams: Euler-Bernoulli beam theory and Timoshenko beam 

theory. A beam can be loaded with point forces and or distributed loads, see Figure 

2.2. The big difference between these beam models are that the shear deformation 

in the Euler-Bernoulli theory is neglected whilst it is respected and considered in 

the Timoshenko theory. It is often said that the Euler-Bernoulli theory is the theory 

to use for long and slender beams when their length is over 10 times longer than 

their cross section. Since the Timoshenko model is a more advanced approach the 

Euler-Bernoulli theory is the only one used and described in this section (Dahlberg, 

2015). 

 

Figure 2.2: General modeling of a beam subjected to arbitrary distributed load 𝑞 and point force 𝐹. 

Euler-Bernoulli theory is based on two assumptions (Dahlberg, 2015): 

▪ Plane sections does not deform and remain plane during deformation. 

▪ Planes normal to neutral axis remain normal during deformation 

Let’s take an infinitesimal section element of an arbitrary loaded beam and define 

the forces and moments acting on it, see Figure 2.3. 
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Figure 2.3: A model of the free body diagram of an infinitesimal beam element and its subjected 

loads. 

It is defined that at position 𝑥 the element is acted on by a shear force 𝑇(𝑥) with an 

upward direction and a moment 𝑀(𝑥) with a clockwise direction. These loads are 

countered by a downward shear force 𝑇(𝑥 + Δ𝑥) and a counterclockwise moment 

𝑀(𝑥 + Δ𝑥) at position 𝑥 + Δ𝑥. The element is also beyond these loads subjected to 

a distributed load 𝑞(𝑥). Even if the distributed load may be varying along 𝑥 the 

section element is so small that it can be approximated as non-varying along the 

small Δ𝑥. The force equilibrium equation is written and rearranged. 

 𝑇(𝑥 + Δ𝑥) − 𝑇(𝑥) + 𝑞(𝑥)Δ𝑥 = 0 (2.1) 

 
𝑇(𝑥 + Δ𝑥) − 𝑇(𝑥)

Δ𝑥
= −𝑞(𝑥) (2.2) 

Letting Δ𝑥 approach zero results in the definition of derivative and a relationship 

between the shear force 𝑇(𝑥) in the beam and the distributed load 𝑞(𝑥) acting on it. 

 
𝑑𝑇

𝑑𝑥
= −𝑞(𝑥) (2.3) 

The moment equilibrium equation can be created around point A. It is assumed 

that the distributed force is equal to that of a point force acting in the middle of its 

distribution region. 

 𝑀(𝑥 + Δ𝑥) − 𝑀(𝑥) − 𝑇(𝑥)Δ𝑥 + 𝑞(𝑥)Δ𝑥
Δ𝑥

2
= 0 (2.4) 

 
𝑀(𝑥 + Δ𝑥) − 𝑀(𝑥)

Δ𝑥
= 𝑇(𝑥) − 𝑞(𝑥)

Δ𝑥

2
 (2.5) 

Letting Δ𝑥 approach zero gives that the 𝑞(𝑥) term in Eq. 2.5 goes to zero. Next 

equation gives a relationship between the moment 𝑀(𝑥) in the beam and the shear 

force 𝑇(𝑥). 

 
𝑑𝑀

𝑑𝑥
= 𝑇(𝑥) (2.6) 
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Combining Eq. 2.3 and Eq. 2.6 gives 

 
𝑑2𝑀

𝑑𝑥2
= −𝑞(𝑥) (2.7) 

The moment can also be related to the stress induced in the beam. When a beam is 

bent by a moment, one side of the beam’s neutral plane experiences tensile stresses 

and the other side experiences compressive stresses. It is needed to investigate the 

elongation of the beam which has a radius of curvature 𝑅, see  

Figure 2.4. By taking out one small element with length 𝑙 on the tensile side it can 

be noted that the displacement of the element at a certain distance 𝑧 from the 

neutral axis is Δ𝑙. 

 

 

Figure 2.4: The beam is elongated by a bending moment. The bigger the distance from the neutral 

axis the bigger the elongation. 

For small angles sin 𝜃 ≈ 𝜃 which gives following relations. 

 𝑧𝜃 = Δ𝑙 (2.8) 

 𝑅𝜃 = 𝑙 (2.9) 

The elongation 𝜀 is the definition of displacement divided by initial length. The 

curvature of the beam 𝜅 is defined as the inverse radius of curvature. 

 𝜀 =
Δ𝑙

𝑙
=

𝑧

𝑅
= 𝜅𝑧 (2.10) 

A stress is induced in the section when a moment is applied, see Figure 2.5. The 

stress is zero at the neutral plane and is increasing proportionally with the distance 

from the neutral plane 𝑧. It is assumed that only axial stresses are present hence 

𝜎𝑧 = 𝜎𝑦 = 0 so that 𝜎 = 𝜎𝑥 = 𝐸𝜀. 
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Figure 2.5: Stresses are induced in the section due to the applying moment. 

The moment that the induced stress is giving at a distance 𝑧 is 𝜎(𝑧)𝑑𝐴 ⋅ 𝑧 and 

summation of these moments over the section equals the total moment 𝑀. 

 𝑀 = ∫ 𝜎(𝑧)𝑑𝐴𝑧 = ∫ 𝐸𝜀(𝑧)𝑑𝐴𝑧 (2.11) 

Inserting Eq. 2.10 in 2.11 gives 

 𝑀 = ∫ 𝐸𝜅𝑧2𝑑𝐴 = 𝐸𝜅 ∫ 𝑧2𝑑𝐴 (2.12) 

Summation of 𝑧2 over the section area is the definition of the second moment of 

area and is denoted by 𝐼. 

 𝑀 = 𝐸𝜅 ∫ 𝑧2𝑑𝐴 = 𝐸𝐼𝜅 (2.13) 

The deflection of the beam 𝑤(𝑥) and the curvature 𝜅 can be related by (Dahlberg, 

2015). 

 𝜅 = −
𝑑2𝑤

𝑑𝑥2
 (2.14) 

Inserting Eq. 2.14 in 2.13 and taking the second derivative with respect to 𝑥 gives 

 
𝑑2𝑀

𝑑𝑥2
=

𝑑2

𝑑𝑥2
(𝐸𝐼𝜅) = −

𝑑2

𝑑𝑥2
(𝐸𝐼

𝑑2𝑤

𝑑𝑥2
) (2.15) 

Eq. 2.15 must equal Eq. 2.7 so that 

 
𝑑2

𝑑𝑥2
(𝐸𝐼

𝑑2𝑤

𝑑𝑥2
) = 𝑞(𝑥) (2.16) 

If the material and the section of the beam does not vary along the length of the 

beam i.e. along the 𝑥-axis, which in other terms means that 𝐸 and 𝐼 are independent 

of 𝑥, then Eq. 2.16 can be simplified to 

 𝐸𝐼
𝑑4𝑤

𝑑𝑥4
= 𝑞(𝑥) (2.17) 
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The Eq. 2.17 is the differential equation that determines a Euler-Bernoulli beam’s 

behavior when subjected to a distributed load 𝑞(𝑥). Here the shear force 𝑇(𝑥) and 

moment 𝑀(𝑥) can with a combination of Eq. 2.6, 2.7 and 2.17 be written as 

 𝑇(𝑥) = −𝐸𝐼 ⋅ 𝑤′′′(𝑥) (2.18) 

 𝑀(𝑥) = −𝐸𝐼 ⋅ 𝑤′′(𝑥) (2.19) 

The normal stress in the beam exhibited by bending can be expressed as 

 𝜎 =
𝑀

𝐼
𝑧 (2.20) 

(Dahlberg, 2015) 

2.2 FATIGUE THEORY 
In constructions where the loads are varying, fatigue failure is the most common 

failure mechanism. The evolution of the failure mechanics and handbook standards 

in 1970 has really helped with the breakthrough of fatigue expertise. Figure 2.6 is 

showing a constant amplitude load where the stress is varying between a 

maximum and minimum value. Amplitude of the stress load is 𝜎𝑎 and the stress 

range 𝛥𝜎 is equal to the difference between the maximum stress 𝜎𝑚𝑎𝑥 and minimum 

stress 𝜎𝑚𝑖𝑛. 

 Δ𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 (2.21) 

The ratio of the minimum stress over the maximum stress is denoted with 𝑅 

 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 (2.22) 

 

 

Figure 2.6: A constant amplitude load where the stress is varying between 𝜎𝑚𝑎𝑥  and 𝜎𝑚𝑖𝑛. 

Fatigue failure is often illustrated in S-N curves where the stress range is plotted 

against number of load cycles. These plot data are and can be acquired by fatigue 
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testing i.e. determining a stress range Δ𝜎 and counting the number of load cycles 

𝑁𝑓 until failure. Generally, higher stress range gives lower number of failure cycles 

and lower stress range gives higher number of failure cycles. The data acquired 

from the experiments are then plotted in a S-N logarithmic diagram, Figure 2.7. The 

number of load cycles for a certain stress range may vary considerably due to 

various crack initiation locations and other microscopic defects in the material. To 

obtain somewhat reliable data at least five identical test samples should be tested 

for each stress level. S-N diagrams are valid within a certain life interval, and 

generally in engineering applications there is always a finite life, i.e. there exists not 

a fatigue limit. In certain applications and materials, due to historical and practical 

reasons, a fatigue limit Δ𝜎𝑙𝑖𝑚 is defined where below a certain applied stress and 

beyond a certain number of load cycles fatigue failure will not occur. (Olsson, 2014) 

 

Figure 2.7: Illustration of a S-N curve where five data points have been collected for each stress level. 

No failure occurs when stress range is below Δ𝜎𝑙𝑖𝑚. 

Welds are typical victims of fatigue failure due to porosities and inclusions 

inevitably formed and created during the welding process. It has then been 

concluded by most standards that the characteristic S-N curve has a slope of -1/3 

for welded areas, Figure 2.8. According to the International Institute of Welding 

(IIW) the fatigue limit for welded joints subjected to normal stresses is reached after 

107 cycles. There is also a statement that it is over optimistic to conclude that any 

material has infinite life and IIW suggests that the fatigue limit should be 

considered to have a slope of -1/22 beyond 107 cycles. (Olsson, 2014) 

A lot of laboratory testing has been done to different types of welds to study their 

fatigue strength. The results from these experiments have been summarized in a 

classification system called “FAT classes”. Different types of welding joints are 

assigned a FAT value which indicates the strength of a certain weld subjected to 

fluctuating loads. FAT classes are defined as the fatigue strength for a specific weld 

joint at 2⋅106 cycles. Welding joints with higher FAT class will have a higher fatigue 

strength than welding joints with lower FAT class. (Olsson, 2014) 
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Figure 2.8: Characteristic fatigue strength diagram for welded joints with different FAT classes. 

With this knowledge the fatigue strength for any type weld can be determined if 

the FAT class is known, i.e. fatigue strength at 2⋅106 cycles. The characteristic fatigue 

strength for welds experiencing cycles lower than 107 cycles is 

 Δ𝜎𝑓 = FAT ⋅ (
2 ⋅ 106

𝑁𝑓
)

1
3

 (2.23) 

If the number of cycles is higher than 107 cycles the corresponding fatigue strength 

is given by (Olsson, 2014) 

 Δ𝜎𝑓 = (
2

10
)

1
3

−
1

22
⋅ FAT ⋅ (

2 ⋅ 106

𝑁𝑓
)

1
22

 (2.24) 

In dimensioning of welded joints, the fatigue strength is equal to the characteristic 

fatigue strength Δ𝜎𝑓 multiplied with a number of correction factors. The correction 

factors are typically a material factor 𝜑𝑚, a residual stress factor 𝜑𝑒, a thickness 

dependence factor 𝜑𝑡 and a post-processing factor 𝜑𝑖 of the weld. Correction factors 

for elevated temperatures and surrounding environment such as corrosion in air or 

sea water dependences are not unusually included as well. A safety factor 𝛾𝑀 can 

also be defined depending on the risk of danger at failure. The dimensioning 

fatigue strength can then be written like 

 Δ𝜎𝑓,𝑑 = Δ𝜎𝑓 ⋅ 𝜑𝑚 ⋅ 𝜑𝑒 ⋅ 𝜑𝑡 ⋅ 𝜑𝑖/𝛾𝑀 (2.25) 

The correction factors described (not 𝛾𝑀) can only result in a higher fatigue strength 

than the characteristic fatigue strength meaning that their product are equal or 

bigger than unity. If the information is insufficient to determine the correction 

factor values they must not be overestimated and therefore be set to unity and 

result in no strengthening effect (Olsson, 2014). 

 



Karlstad University 2 Theory 

- 22 - 

Material factor 𝝋𝒎 

The material factor 𝜑𝑚 is a dependence of the yield strength of the material and its 

surface roughness. Higher yield strength and lower surface roughness gives a 

higher 𝜑𝑚. In vicinity of a weld or a thermal cut edge the material factor is always  

𝜑𝑚 = 1. 

Post-processing factor 𝝋𝒆 

Post processing heat treatments determines the effect of the residual stresses and 

its correction factor 𝜑𝑒. IIW has split constructions in three different categories, I, II 

and III. 

I: Stress relieved welded components, where the effect of clamping and secondary 

stresses are taken into account. 

𝜑𝑒 = 1.6  For 𝑅 < −1 or compressive stresses only 

𝜑𝑒 = −0.4𝑅 + 1.2  For −1 ≤ 𝑅 ≤ 0.5 

𝜑𝑒 = 1.0  For 𝑅 > 0.5 

 

II: Small, thin-walled and simple detailed components consisting of short welds 

and thermal cut details. 

𝜑𝑒 = 1.3  For 𝑅 < −1 or compressive stresses only 

𝜑𝑒 = −0.4𝑅 + 0.9  For −1 ≤ 𝑅 ≤ −0.25 

𝜑𝑒 = 1.0  For 𝑅 > −0.25 

 

III: Complex two- or three-dimensional welded components with residual stresses 

and thick-walled details. 

𝜑𝑒 = 1.0  No strengthening effect 

 

Thickness factor 𝝋𝒕 

Fatigue strength decrea with thicker plates due to statistical, technological and 

geometrical factors. 

For plates with 𝑡 > 25 mm: 

 𝜑𝑡 = (
25

𝑡
)

𝑛

 (2.26) 

where exponent 𝑛 is given by Table 2.1. 

 

 

 

 



Karlstad University 2 Theory 

- 23 - 

Table 2.1: Exponent 𝑛 for certain weld categories and conditions 

Weld category Condition 𝑛 

Corner joints, T-joints, plates with transverse 

connections, longitudinal stiffeners 
Untreated 0.3 

Corner joints, T-joints, plates with transverse 

connections, longitudinal stiffeners 
Post-processed 0.2 

Transverse butt joints Untreated 0.2 

Processed weld reinforcements, longitudinal 

welds or weld endings 
Any 0.1 

Unwelded material Any 0.1 

 

For plates with 𝑡 < 15 mm gives an increase: 

 𝜑𝑡 = (
15

𝑡
)

𝑛

 (2.27) 

where exponent 𝑛 is given by Table 2.2. 

Table 2.2: Exponent 𝑛 for certain weld categories and conditions 

Weld category Condition 𝑛 

Corner joints, T-joints, plates with transverse 

connections, longitudinal stiffeners 
Untreated 0.15 

Corner joints, T-joints, plates with transverse 

connections, longitudinal stiffeners 
Post-processed 0.1 

Transverse butt joints Untreated 0.1 

Processed weld reinforcements, longitudinal 

welds or weld endings 
Any 0 

Unwelded material Any 0 

 

For plates with 15 ≤ 𝑡 ≤ 25 

 𝜑𝑡 = 1.0 (2.28) 

 

Post-processing factor 𝝋𝒊 

Grinding or TIG-treating in accordance to IIW’s recommendations the factor can be 

set to 𝜑𝑖 = 1.3 but not higher than FAT ⋅ 𝜑𝑖 = 112. 

Peening gives post-processing factors depending on the materials yield strength 𝜎𝑦. 
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For 𝜎𝑦 < 355 MPa: 

 𝜑𝑖 = 1.3 (2.29) 

 

but must not exceed FAT ⋅ 𝜑𝑖 = 112. 

For 𝜎𝑦 ≥ 355 MPa: 

 𝜑𝑖 = 1.5 (2.30) 

 

but must not exceed FAT ⋅ 𝜑𝑖 = 125. 

Safety factor 𝜸𝑴 

IIW gives recommendations of how safety factors should be selected in Table 2.3. 

Table 2.3: Safety factor 𝛾𝑀 to account for depending on the consequence and grade of safety (Olsson, 

2014) 

Consequence Fail safe Safe life 

Failure in secondary 

construction details 
1.0 1.15 

Loss of vital 

constructions 
1.15 1.30 

Loss of human life 1.30 1.40 

 

2.3 BOLTED JOINTS THEORY 
A lot of constructions and products consists of bolted joints to keep two surfaces 

clamped tight together and fixed relative to each other. The bolt can be used to 

clamp the joint either by a threaded hole or with a threaded nut. A simple 

illustration of these two cases and the reaction forces that occurs due to bolt 

pretensioning in respective case is shown in Figure 2.9. 
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Figure 2.9: Two types of bolted joints. (a) Bolt tensioned with threaded hole. (b) Bolt tensioned with 

threaded nut. 

The typical mechanics and dimensioning of bolted joints will be described here 

with limitation and relevance to the problem. For a bolt that is put towards a 

threaded hole the assembler needs to apply a rotational motion to make the bolt 

find its way through the threads and move down into the hole. This initial process 

requires no extensive effort until the bolt head touches the joint surface. In this 

stage, for every turn that is made by the bolt it gets tougher to turn and its threads 

will be moving down while its head will remain still at the joint’s surface. This 

mechanic results in an elongation in the bolt and in the joint as well. The bolt’s 

length is extended by Δ𝑙𝑏 because it is in tension and the joint gets compressed by 

Δ𝑙𝑗. The pre-tension force 𝐹𝑝𝑟 is the total force that acts on the bolt and joint and is 

the initial bolt-joint clamping force. With these parameters discussed, a force and 

displacement bolt-joint diagram can be constructed and is visible in Figure 2.10. If 

a load 𝐹𝑙 is applied to the joint so that the screw is further loaded, the clamping 

force of the joint will decrease to 𝐹𝑗. When 𝐹𝑙 is large enough so that 𝐹𝑗 reaches zero 

the clamping force is lost and the surfaces are must no longer be in contact. (Colly 

Components AB, 1995) 

 

Figure 2.10: Bolt and joint diagram. The pulling force for bolt in blue and the compression force in 

red for joint. 

According to Hooke’s law stress and elongation is related by 

 𝜎 = 𝐸𝜀 (2.31) 

For a bolt the stress is determined by the axial force divided by its stress effective 

area 𝐴𝑏. 
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 𝜎 =
𝐹

𝐴𝑏
 (2.32) 

The elongation is defined as the displacement Δ𝑙𝑏 divided by the initial length 𝐿𝑏. 

 𝜀 =
Δ𝑙𝑏

𝐿𝑏
 (2.33) 

Inserting Eq. 2.32 and Eq. 2.33 into Eq. 2.31 it is obtained that 

 
𝐹

𝐴𝑏
= 𝐸 ⋅

Δ𝑙𝑏

𝐿𝑏
 (2.34) 

Rearranging Eq. 2.34 gives the relation for the spring constant for a bolt 𝑐𝑏 

 
𝐹

Δ𝑙𝑏
=

𝐸𝑏𝐴𝑏

𝐿𝑏
= 𝑐𝑏 (2.35) 

where 𝐸𝑏 is the modulus of elasticity for the bolt (Colly Components AB, 1995). 

When the nominal diameter 𝑑𝑏 and pitch 𝑝 of a bolt is known the effective tensile 

stress bolt diameter can be calculated by 

 𝑑𝑏,𝑒 = 𝑑𝑏 − 0,9743𝑝 (2.36) 

 𝐴𝑏 =
𝜋

4
𝑑𝑏,𝑒

2  (2.37) 

Unlike the bolt which is uniformly stressed through its length the joint’s stress 

distribution is affected by the clamping force very differently. As mentioned earlier, 

the pulling force in the bolt is taken as a compression force in the joint members. 

For a tapped joint the affected volume in the joint due to this compressive force can 

be approximated as two conical frustums growing from the bolt head and from the 

tip of the bolt at an angle and meeting midways. The striped volume showed in 

Figure 2.11 is illustrating the stress affected volume initiated by the bolt’s axial 

clamping force in a tapped joint. 
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Figure 2.11: Stress affected volume in a tapped joint marked with striped area. 

A stress effective area for the joint can be estimated as the cross-sectional area of a 

hollow cylinder, Figure 2.12. The inner diameter of this cylinder is the diameter of 

the bolt hole and the outer diameter is the mean diameter of bolt head diameter 

and largest diameter of the stress affected volume (Colly Components AB, 1995). 

 

Figure 2.12: The stress effective area for the joint can be estimated as the cross-sectional area of a 

hollow cylinder (marked with dashed line). 

Consequently, the cross-sectional area of the hollow cylinder can be expressed as 

 𝐴𝑗 =
𝜋

4
((𝑑𝑏ℎ +

𝐿𝑐

2
tan 𝛼)

2

− 𝑑𝑏
2) (2.38) 

where 𝑑𝑏ℎ, 𝐿𝑐 𝑑ℎ is the bolt head diameter, the clamping length and the diameter 

of the bolt hole respectively. The angle of the conical volume 𝛼 is showed to give 

closest result to FEA analysis if set to 30° (Budynas & Nisbett, 2015). 

In the same way as for the bolt an equivalent spring constant can be derived for the 

joint (Colly Components AB, 1995). 

 
𝐸𝑗𝐴𝑗

𝐿𝑐
= 𝑐𝑗 (2.39) 

where 𝐸𝑗 is the modulus of elasticity for the joint (Colly Components AB, 1995). 
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2.4 MATERIAL SELECTION PROCESS 
To find a better material for a certain component can mean a lot of things. A better 

material can be cheaper, more expensive, lighter, stronger, better corrosion 

resistance etc. Regardless of the goal with the material selection process the method 

can shortly be divided in 6 steps, see Figure 2.13. 

 

Figure 2.13: Schematic diagram of the included steps in a material selection process. 

An analysis starts with all the materials available without excluding anything. That 

means including all metals, all polymers, all ceramics and all composites. It may be 

showed in the end that the best material is not what one would think of to be in the 

beginning. The next step is screening where the restrictions of the material wished 

for are applied. Restrictions can be dimensional restrictions of the component, 

certain ranges of different mechanical properties, environmental factors, a 

maximum price tag and so on. A large part of all the materials will be excluded 

after this step and the other part of materials are still candidates for the final 

selection. Next up is the ranking step which means that materials are ranked after 

certain material properties and only the best ranked materials will pass this stage. 

Ranking can also be done with index values which are material dependent factors 

only. These are obtained by evaluating the component against different loading 

cases and combining them with a goal function. For example, imagine a bar that is 

subjected to tensile loads, see Figure 2.14. 

 

 

Figure 2.14: Illustration of a drawn slender bar. 

The goal with the material analysis for the bar is for example to minimize its weight. 

A goal function for the weight is mathematically described and can then be written 

like 
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 𝑤 = 𝜌 ⋅ 𝑉 =
1

4
𝜌𝜋𝐷2𝐿 (2.40) 

This bar’s function is to take tensile loads but without reaching stresses in the 

material that exceeds its yield strength. Stress in a bar is given by 

 𝜎 =
𝐹

𝐴
=

𝐹

𝜋𝐷2

4

=
4𝐹

𝜋𝐷2
 (2.41) 

It is assumed that the length of the bar is known and is a restriction but the diameter 

of the bar is free and open for optimization. Solving for 𝐷 in Eq. 2.41 and inserting 

into 2.40 yields 

 𝐷2 =
4𝐹

𝜋𝜎
 (2.42) 

 𝑤 =
1

4
𝜌𝜋𝐷2𝐿 =

1

4
𝜌𝜋 ⋅

4𝐹

𝜋𝜎
⋅ 𝐿 =

𝜌𝐹𝐿

𝜎
 (2.43) 

The goal function 𝑤 is then rearranged so that it is a product of tree factors; function 

factor, geometry factor and material factor. 

 𝑤 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 ⋅ 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 ⋅ 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝐹 ⋅ 𝐿 ⋅
𝜌

𝜎
 (2.44) 

Now to minimize the weight the only factor than can be minimized without 

changing the function or the geometry of the component is the material factor. The 

material factor is what is called the index factor 𝑀. To minimize 𝑀, the density 𝜌 

should be minimized and 𝜎 yield strength be maximized. A chart of the remaining 

materials from the screening stage can be plotted in a 𝜌 − 𝜎 diagram. At this point, 

a line equation on the form 𝑦 = 𝑚 + 𝑘𝑥 is created with the help of the index factor 

 𝑀 =
𝜌

𝜎
 (2.45) 

 ln 𝑀 = ln
𝜌

𝜎
= ln 𝜌 − ln 𝜎 (2.46) 

 ln 𝜌 = ln 𝑀 + ln 𝜎 (2.47) 

This is a line equation with a slope and 𝑘-value equal to 1 and which can be plotted 

together with the materials in the 𝜌 − 𝜎 diagram. Since the index value 𝑀 is to be 

minimized the line curve is brought down in the diagram, lowering the value of 𝑀, 

until only a few materials remain below the line. At this point deeper study needs 

to be done for the few materials that remain like searching for basic information, 

standards, typical application etc. This will help to compare the different 

candidates to each other and to the current material in application. Some of the 

materials will have a higher value of a certain material properties and lower value 

in other properties and vice versa. Here it is needed for the engineer to determine 

which of the material properties values the most for its type of case and for a final 

evaluation selecting the best and most suitable material. 
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3 METHOD 
This section will contain the elements of work done by the author to achieve the 

final results of the project. Loading cases of the hub cap are defined and working 

elements such as modeling assumptions, derivation of used equations, calculations, 

FEA verification are included. An approach to a material selection process is 

conducted as well. 

It is to be clarified that the main design of the hub cap is, before the start of this 

project, already determined. Kongsberg has a vision that the hub cap MK II is to be 

a thin cylindrical body with open ends and with a connecting flange in the fore end 

to connect to the hub cylinder. Additionally, there will be a stiffening ring welded 

to the hub cap on its inside near the aft end. Figure 3.1 is showing the concepted 3D 

model of the hub cap from both directions. 

 

Figure 3.1: 3D CAD model of a hub cap viewed from (a) aft end (b) fore end. 

Calculations and modeling of the hub cap is by the company strongly desired to be 

kept at a low level of complexity. Which in practice means that there is a desire to 

obtain results with simplistic equations which are fast and easy to use whenever 

needed without the need to do any extensive analysis with for example FEA. 

Equations and relations obtained must not result in exact and perfect modeling of 

reality, but are desired to generate close enough results compared to FEA to be able 

to determine an estimation of the final design of the hub cap. The final design of 

the hub cap must however meet some requirements, Table 3.1. 

Table 3.1: Product requirements of the hub cap to fulfill during the project of MK II 

Product requirements 

40 years lifetime 

No negative hydrodynamical effect* 

No negative cavitation effect* 

*Compared to previous MK I hub cap designs. 
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Since the main purpose of this project is not to develop new designs of the hub cap 

the only real product requirement that will be important in this case is to make sure 

the mechanical features of the hub cap stays in condition for 40 years of service. A 

simplistic model to begin with is preferable to model the hub cap with Euler-

Bernoulli beam theory. This model will lie behind and stay as a foundation for all 

the derivations. The hub cap is approximated as a thin cylindrical body and will be 

modeled as a Euler-Bernoulli cantilever beam with length 𝐿, diameter 𝐷 and 

thickness 𝑡. Since the hub cap is mounted onto the hub cylinder the fore end is fixed 

and the aft end is free. Neither the connecting flange nor the stiffening ring is 

included in this model. Schematic definition of the general beam arrangement is 

summarized in Figure 3.2. 

 

Figure 3.2: A schematic illustration of the simplified hub cap beam model. 

It is desired to be found out how long 𝐿𝑚𝑎𝑥 a hub cap with other given parameters 

can be constructed and still fulfill the product requirements i.e. not approach 

failure. Different loading cases will result in different lengths and the final design 

length of hub cap will have the length of the least calculated 𝐿𝑚𝑎𝑥. 

Knowledge about the service conditions of the product of development is of great 

importance since this knowledge is what lies behind the method of execution and 

leadingly the final results of the project. The service conditions of the hub cap have 

been discussed and defined internally within the Promas MK II project group with 

a once revised load case document. The author of this paper has full access to the 

latest version of the, by Kongsberg, internally produced load case document and 

will refer to apply the load cases described in this document in the method. It is 

mentioned in this document that the loads are derived from basic guidelines within 

DNV GL rules, but that the design rules however are modified by the author of the 

document to better adopt to the realistic behavior of the hub cap. In the document 

is also described that these design loads must not be used for other purposes than 

evaluation and design of Promas hub caps. As mentioned earlier the hub cap as 

component does not submit to any class approval which is why there is no 

regulated or specified load cases for this component. A total of four different load 

cases can be extracted from the load case document 
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▪ Vibration load 

▪ Impact load 

▪ Ice load 

▪ Rudder load (not included in this study) 

The exclusion of the rudder load is done due to its complexity which would need 

more time than available within the timeframe. The background of signification 

and implication of each of the loading cases is further described in following 

subsections. 

3.1 MATHEMATICAL MODEL 
To be able to derive and calculate relations for the different loading cases it is of 

convenience to study the basic models and expressions that are going to be used 

with the help of relations given in the Theory section. 

3.1.1 HUB CAP PRE-WORK 

To begin, from Euler-Bernoulli beam theory the differential equation in Eq. 2.17 can 

be written again as 

 𝐸𝐼 ⋅ 𝑤′′′′(𝑥) = 𝑞 (3.1) 

The differential equation above is always valid even for non-distributed loading 

conditions 𝑞 = 0. Integrating Eq. 3.2 four times with respect to 𝑥 to obtain 𝑤(𝑥) 

 𝑤(𝑥) =
𝑞

24𝐸𝐼
𝑥4 + 𝐶1𝑥3 + 𝐶2𝑥2 + 𝐶3𝑥 + 𝐶4 (3.2) 

Depending on the loading condition correct boundary conditions needs to be 

applied and inserted into Eq. 3.2. 

The second moment of area 𝐼 for a thin walled cylinder body is only dependent on 

the section geometry. Thus, it is valid for every loading case since the geometry is 

constant where the dimensions can vary. For any section the definition of second 

moment of area is given by 

 𝐼 = ∫ 𝑧2𝑑𝐴 (3.3) 

For a thin walled cylinder it is of convenience to use polar coordinates 
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𝐼 = ∫ 𝑧2𝑑𝐴 = ∬(𝑟 sin 𝜃)2𝑟𝑑𝑟𝑑𝜃 = ∫ 𝑟3𝑑𝑟

𝑅+𝑡

𝑅

∫ sin2 𝜃 𝑑𝜃

2𝜋

0

=
1

4
((𝑅 + 𝑡)4 − 𝑅4) ⋅ 𝜋

=
𝜋

4
((𝑅 + 𝑡)2(𝑅 + 𝑡)2 − 𝑅4)  

≈
𝜋

4
((𝑅2 + 2𝑅𝑡)(𝑅2 + 2𝑅𝑡) − 𝑅4) ≈

𝜋

4
(4𝑅3𝑡)

= 𝜋𝑅3𝑡 =
𝜋𝐷3𝑡

8
 

(3.4) 

3.1.2 BOLT PRE-WORK 

An approach for deriving the force in the most critical bolt will follow. It can be 

used for evaluating the stress in the bolt so that they not exceed the yield stress. 

The total axial force induced in the hub cap due to bending must equal zero since 

the hub cap is in equilibrium. On one side of the neutral plane, the section exhibits 

tensile force and on the other side it exhibits equally large compression force. But 

if only one side of the section is studied the total force in the hub cap section must 

not be zero. At 𝑥 = 0 the force distributed over a semicircular section of the hub cap 

must equal the force in the bolts on the same side, Figure 3.3. It is assumed that no 

force is induced in the bolts that are aligned and coincident with the neutral axis 

since they do not get tensioned or compressed and hence not affected by the 

bending. 

 𝐹ℎ𝑢𝑏 𝑐𝑎𝑝 = 𝐹𝑏𝑜𝑙𝑡 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 (3.5) 

 

 

Figure 3.3: Schematic illustration of the section where the bolt and hub cap are in equilibrium. 

Total force induced in the hub cap by bending can be calculated with an integral 

of the stress multiplied with infinitesimal area element over the section. 
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𝐹ℎ𝑢𝑏 𝑐𝑎𝑝 = ∫
𝑀

𝐼
𝑧 𝑑𝐴 =

𝑀

𝐼
∬ 𝑟 sin 𝜃 𝑟𝑑𝑟𝑑𝜃

=
𝑀

𝐼
∫ sin 𝜃 𝑑𝜃

𝜋

0

∫ 𝑟2 𝑑𝑟

𝑅+𝑡

𝑅

=
𝑀

𝐼
⋅ 2 ⋅

1

3
((𝑅 + 𝑡)3 − 𝑅3) ≈

2𝑀𝑅2𝑡

𝐼
 

(3.6) 

with the assumption that 𝑡 ≪ 𝑅. 

Assuming that the force in the bolt due to bending is increasing proportionally with 

the distance 𝑧 from neutral plane with a proportionality constant 𝑐. 

 𝐹𝑏 = 𝑐 ⋅ 𝑧 (3.7) 

The distance 𝑧𝑖 for bolt 𝑖 can, see Figure 3.4, be expressed as 

 𝑧𝑖 =
𝑃𝐶𝐷

2
sin (

2𝜋

𝑁
⋅ 𝑖) (3.8) 

 

 

Figure 3.4: Illustration of bolt pattern consisting of 30 bolts. 

where 𝑃𝐶𝐷 is the pitch circle diameter and the diameter on which the bolt pattern 

lies on. Force in any bolt 𝑖 is then written as 

 𝐹𝑏,𝑖 = 𝑐 ⋅
𝑃𝐶𝐷

2
sin (

2𝜋

𝑁
⋅ 𝑖) (3.9) 
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The total force exhibited by the bolts is the sum of the force in each bolt. Number 

of bolts on one side of the neutral plane and without the ones on the neutral axis is 

𝑁/2 − 1. 

 

𝐹𝑏𝑜𝑙𝑡 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 = ∑ 𝐹𝑏,𝑖

𝑁
2

−1

𝑖=1

= ∑ 𝑐 ⋅
𝑃𝐶𝐷

2
sin (

2𝜋

𝑁
⋅ 𝑖)

𝑁
2

−1

𝑖=1

= 𝑐 ⋅
𝑃𝐶𝐷

2
⋅ ∑ sin (

2𝜋

𝑁
⋅ 𝑖)

𝑁
2

−1

𝑖=1

 

(3.10) 

The factor of summation can be calculated individually and is shown that it can be 

expressed as 

 ∑ sin (
2𝜋

𝑁
⋅ 𝑖)

𝑁
2

−1

𝑖=1

= cot (
𝜋

𝑁
) (3.11) 

Eq. 3.10 combined with Eq. 3.11 can now be written as 

 𝐹𝑏𝑜𝑙𝑡 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 = 𝑐 ⋅
𝑃𝐶𝐷

2
⋅ cot (

𝜋

𝑁
) (3.12) 

Now, when 𝐹ℎ𝑢𝑏 𝑐𝑎𝑝 and 𝐹𝑏𝑜𝑙𝑡 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 are known and must be equal, inserting the 

expressions in Eq. 3.5 yields 

 𝑐 ⋅
𝑃𝐶𝐷

2
cot (

𝜋

𝑁
) =

2𝑀𝑅2𝑡

𝐼
 (3.13) 

Where the now unknown proportionality constant 𝑐 can be solved for 

 𝑐 =
4𝑀𝑡𝑅2

𝐼 ⋅ 𝑃𝐶𝐷
tan (

𝜋

𝑁
) (3.14) 

Now the maximum force in a bolt is obtained by inserting the expression for 

constant 𝑐 into Eq. 3.7 and maximizing 𝑧. Maximum value of 𝑧 is equal to 𝑃𝐶𝐷/2. 

This results in following 

 

𝐹𝑏,𝑚𝑎𝑥 = 𝑐 ⋅ 𝑧𝑚𝑎𝑥 =
4𝑀𝑡𝑅2

𝐼 ⋅ 𝑃𝐶𝐷
tan (

𝜋

𝑁
) ⋅

𝑃𝐶𝐷

2

=
4𝑀𝑡 (

𝐷
2)

2

𝜋𝐷3𝑡
8 ⋅ 𝑃𝐶𝐷

tan (
𝜋

𝑁
) ⋅

𝑃𝐶𝐷

2
=

4𝑀

𝜋𝐷
tan (

𝜋

𝑁
)

≈
4𝑀

𝑁𝐷
 

(3.15) 

since tan 𝜃 = 𝜃 for small 𝜃. 

The effect of the total force on the bolt from an externally applied load is now to be 

studied. It can from Figure 2.7 be obtained that 
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 𝐹𝑏,𝑡𝑜𝑡 = 𝐹𝑝𝑟 − 𝑐𝑗Δ + 𝐹𝑙 (3.16) 

where 𝑐𝑗 is the slope of the joint’s curve in the bolt-joint diagram and Δ is the 

extension distance of the bolt as a consequence of the applied load 𝐹𝑙. Since the joint 

and the bolt is extended the same amount Δ the minimum joint force 𝐹𝑚𝑖𝑛 can also 

be written as 

 𝐹𝑏,𝑡𝑜𝑡 = 𝐹𝑝𝑟 + 𝑐𝑏Δ (3.17) 

and where 𝑐𝑏 is the slope of the bolt’s curve in the bolt-joint diagram. From Eq. 3.17 

it is obtained that 

 Δ =
𝐹𝑏,𝑡𝑜𝑡 − 𝐹𝑝𝑟

𝑐𝑏
 (3.18) 

Inserting Eq. 3.18 into 3.16 and simplifying yields 

 

𝐹𝑏,𝑡𝑜𝑡 = 𝐹𝑝𝑟 − 𝑐𝑗 ⋅
𝐹𝑏,𝑡𝑜𝑡 − 𝐹𝑝𝑟

𝑐𝑏
+ 𝐹𝑙

= 𝐹𝑝𝑟 −
𝑐𝑗

𝑐𝑏
𝐹𝑏,𝑡𝑜𝑡 +

𝑐𝑗

𝑐𝑏
𝐹𝑝𝑟 + 𝐹𝑙

= 𝐹𝑝𝑟 (1 +
𝑐𝑗

𝑐𝑏
) −

𝑐𝑗

𝑐𝑏
𝐹𝑏,𝑡𝑜𝑡 + 𝐹𝑙 

(3.19) 

From Eq. 3.19 𝐹𝑏,𝑡𝑜𝑡 can be solved for 

 𝐹𝑏,𝑡𝑜𝑡 (1 +
𝑐𝑗

𝑐𝑏
) = 𝐹𝑝𝑟 (1 +

𝑐𝑗

𝑐𝑏
) + 𝐹𝑙 (3.20) 

 𝐹𝑏,𝑡𝑜𝑡 = 𝐹𝑝𝑟 +
𝐹𝑙

1 +
𝑐𝑗

𝑐𝑏

 (3.21) 

The spring stiffness ratio in Eq. 3.21 above can with expressions in Eq. 2.35 and Eq. 

2.39 equivalently be written as 

 
𝑐𝑗

𝑐𝑏
=

𝐸𝑗𝐴𝑗

𝐿𝑗

𝐸𝑏𝐴𝑏

𝐿𝑏

=
𝐴𝑗

𝐴𝑏
 (3.22) 

where it is assumed that the bolt and the members of the joint has the same Young’s 

modulus and are of same length. It is found by simple regression of tabled bolt data 

that the bolt head diameter has a linear proportionality to the nominal bolt diameter 

with a slope constant of 1.5. An internal rule of thumb within the company is to use 

bolts with lengths five times bigger than its nominal diameter. Taking Eq. 2.25 and 

assuming an angle of 30°, a bolt head diameter equal to 1.5𝑑𝑏 and a clamping length 

of 5𝑑𝑏 the ratio in Eq. 3.22 results in 
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𝑐𝑗

𝑐𝑏
=

𝐴𝑗

𝐴𝑏
=

𝜋
4 ((𝑑𝑏ℎ +

𝐿𝑐

2 tan 𝛼)
2

− 𝑑𝑏
2)

𝜋𝑑𝑏,𝑒
2

4

≈
(1.5𝑑𝑏 +

5
2 𝑑𝑏 tan 30°)

2

− 𝑑𝑏
2

𝑑𝑏
2

=

(𝑑𝑏 (1.5 +
5

2√3
))

2

− 𝑑𝑏
2

𝑑𝑏
2 = (1.5 +

5

2√3
)

2

− 1

≈ 7.66 

(3.23) 

This ratio indicates that the joint is almost 8 times stiffer than the bolt. Inserting the 

spring coefficient ratio obtained here in Eq. 3.23 into Eq. 3.21 gives 

 𝐹𝑏,𝑡𝑜𝑡 = 𝐹𝑝𝑟 +
𝐹𝑙

8.66
 (3.24) 

A critical situation for the hub cap is when the stress in a bolt exceeds its yield 

strength. It can be expressed with the help of two stress components, normal stress 

𝜎 and shear stress 𝜏. Using the expression for the total normal force in a bolt in Eq. 

3.24 and the shear force 𝑇 acting at 𝑥 = 0 divided by the number of bolts 𝑁 they can 

individually be expressed as 

 𝜎 =
𝐹𝑏,𝑡𝑜𝑡

𝐴𝑏
=

𝐹𝑝𝑟 +
𝐹𝑙

8.66
𝐴𝑏

=
𝐹𝑝𝑟 +

4𝑀
8.66𝑁𝐷

𝜋𝑑𝑏
2

4

=
4𝐹𝑝𝑟 +

16𝑀
8.66𝑁𝐷

𝜋𝑑𝑏
2  (3.25) 

 𝜏 =
𝑇

𝐴𝑏𝑁
=

4𝑇

𝜋𝑑𝑏
2𝑁

 (3.26) 

The total equivalent stress in the bolt according to von Mises yield criterion is given 

by 

 

𝜎𝑒 = √𝜎2 + 3𝜏2 = √(
4𝐹𝑝𝑟 +

16𝑀
8.66𝑁𝐷

𝜋𝑑𝑏
2 )

2

+ 3 (
4𝑇

𝜋𝑑𝑏
2𝑁

)

2

= √
1

𝜋2𝑑𝑏
4 (4𝐹𝑝𝑟 +

16𝑀

8.66𝑁𝐷
)

2

+
48𝑇2

𝜋2𝑑𝑏
4𝑁2

=
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
16𝑀

8.66𝑁𝐷
)

2

+
48𝑇2

𝑁2
 

(3.27) 

Furthermore, another critical moment for the hub cap is when the magnitude of the 

loading is so large that sliding occurs. The friction force that keeps the hub cap in 

place is equal to the total pretension force multiplied with the friction coefficient 𝜇. 
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 𝐹𝑓𝑟 = 𝐹𝑝𝑟 ⋅ 𝑁 ⋅ 𝜇 (3.28) 

This friction force needs be bigger than the shear force 𝑇 acting on the hub cap to 

prevent sliding.  

 𝐹𝑓𝑟 > 𝑇 (3.29) 

 𝐹𝑝𝑟𝑁𝜇 > 𝑇 (3.30) 

The shear force is dependent on and can be derived directly from each of loading 

cases. 

3.2 VIBRATION LOAD 

3.2.1 GENERAL 

To be able to dimension the hub cap it is a necessity to discuss the origins and the 

cause of the vibrations. The long propeller shaft is constructed in that way that it is 

not perfectly straight which gives unbalanced rotation properties. This will induce 

vibrations in the whole shaft and not any less in the hub cap mounted at the end of 

the shaft. Additionally, there is a hydrodynamical phenomenon in where the 

propeller shaft will oscillate at very small amplitudes due to pressure differences 

in the wake field. A wake field is the velocity distribution of the water behind the 

ship hull. Further on, the propeller blade mounted onto the hub cylinder 

experiences low-high pressure cycle during every single shaft revolution. 

Since the hub cap is accelerating with small oscillations it demands movement of 

the weight of the hub cap and the weight of the water which the hub cap is filled 

with during operation. It is assumed that the volume of the hub cap is completely 

filled with sea water, that the effect of surrounding sea water is neglected and that 

the thickness is much smaller than the diameter 𝑡 ≪ 𝐷. This vibration load 

accelerating in one direction is modeled as a uniformly distributed load 𝑞𝑣𝑖𝑏 over 

the length of the hub cap 𝐿, Figure 3.5. 

 

Figure 3.5: Schematic beam problem definition of the hub cap in vibration approximated as a 

distributed load 𝑞𝑣𝑖𝑏 . 

The magnitude of the uniformly distributed load 𝑞 can be calculated by its 

definition as force divided by distribution length. With help of Newton’s 2nd law 

force can be obtained by multiplying mass with acceleration where the total mass 
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is the mass of hub cap 𝑚ℎ𝑐 added with the mass of sea water 𝑚𝑤. The distributed 

load 𝑞𝑣𝑖𝑏 will be a function of acceleration 𝑎 since the acceleration used for 

maximum stress evaluation and fatigue evaluation will not be the same. It can be 

expressed as follows 

 

𝑞𝑣𝑖𝑏 =
𝐹

𝐿
=

(𝑚ℎ𝑐 + 𝑚𝑤)𝑎

𝐿
=

(𝜌ℎ𝑐𝜋𝐷𝑡𝐿 +
1
4 𝜌𝑤𝜋𝐷2𝐿)𝑎

𝐿

= (𝜌ℎ𝑐𝜋𝐷𝑡 +
1

4
𝜌𝑤𝜋𝐷2)𝑎

= (7850 ⋅ 𝜋𝐷𝑡 +
1

4
⋅ 1030 ⋅ 𝜋 ⋅ 𝐷2) 𝑎

= 2.5𝜋𝑎𝐷(103𝐷 + 3140𝑡) 

(3.31) 

where it is assumed that the density of the hub cap 𝜌ℎ𝑐 is given by the density of 

steel 7850 kg/m3 and the density of sea water 𝜌𝑤 is 1030 kg/m3. Boundary conditions 

for this loading case are as follows. 

 𝑤(0) = 0 𝑤′(0) = 0 𝑤′′(𝐿) = 0 𝑤′′′(𝐿) = 0 (3.32) 

Applying boundary conditions from Eq. 3.32 to Eq. 3.2 yields following relation 

which describes the deflection of the beam as a function of 𝑥. 

 𝑤(𝑥) =
𝑞𝑣𝑖𝑏𝑥2(6𝐿2 − 4𝐿𝑥 + 𝑥2)

24𝐸𝐼
 (3.33) 

The behavior of the deflection is plotted in a graph with constants 

𝑞𝑣𝑖𝑏 = 𝐿 = 𝐸𝐼 = 1, Figure 3.6. 

 

Figure 3.6: The deflection of the hub cap as a result from vibration. 𝑞𝑣𝑖𝑏 = 𝐿 = 𝐸𝐼 = 1. 

Further the shear force 𝑇(𝑥) and moment 𝑀(𝑥) are given by Eq 2.18 and 2.19. 

 𝑇(𝑥) = −𝐸𝐼 ⋅ 𝑤′′′(𝑥) = 𝑞𝑣𝑖𝑏(𝐿 − 𝑥) (3.34) 
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 𝑀(𝑥) = −𝐸𝐼 ⋅ 𝑤′′(𝑥) = −
𝑞𝑣𝑖𝑏

2
(𝐿 − 𝑥)2 (3.35) 

Shear force and moment are plotted in Figure 3.7 and Figure 3.8 respectively with 

constants 𝑞𝑣𝑖𝑏 = 𝐿 = 1. 

 

Figure 3.7: Shear force in the hub cap due to vibration as a function of 𝑥. 𝑞𝑣𝑖𝑏 = 𝐿 = 1. 

 

Figure 3.8: Bending moment in the hub cap due to vibration as a function of 𝑥. 𝑞𝑣𝑖𝑏 = 𝐿 = 1. 

3.2.2 HUB CAP STRESS 

For stress calculations the maximum moment 𝑀𝑚𝑎𝑥 is of interest. Maximum 

moment 𝑀𝑚𝑎𝑥 is by Figure 3.8 given at 𝑥 = 0. Using Eq. 3.35 the maximum moment 

for vibration load can be expressed as 

 𝑀𝑚𝑎𝑥 = 𝑀(0) =
𝑞𝑣𝑖𝑏𝐿2

2
 (3.36) 
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Positive or negative moment is not of importance here hence the negative sign is 

removed. The maximum stress given by Eq. 2.20 is then expressed as 

 

𝜎𝑚𝑎𝑥 =
𝑀𝑚𝑎𝑥

𝐼
𝑧𝑚𝑎𝑥 =

𝑞𝑣𝑖𝑏𝐿2

2
𝜋𝐷3𝑡

8

⋅
𝐷

2
=

8𝑞𝑣𝑖𝑏𝐿2

2𝜋𝐷3𝑡
⋅

𝐷

2

=
2𝐿2

𝜋𝐷2𝑡
⋅ 2.5𝜋𝑎𝐷(103𝐷 + 3140𝑡)

=
5𝑎(3140𝑡 + 103𝐷)𝐿2

𝐷𝑡
 

(3.37) 

Solving for 𝐿 gives 

 𝐿𝑚𝑎𝑥 = √

𝜎𝑚𝑎𝑥

𝑎 (
15700

𝐷 +
515

𝑡 )
 (3.38) 

The effect of vibration load on the maximum stress in the hub cap was studied and 

evaluated against the hub caps yield strength. 

3.2.3 WELD FATIGUE 

The hub cap’s most critical weld is the corner weld which is located at its fore end 

where the connecting flange is welded on. A hub caps desired life length is 40 years 

and the propeller shaft is rotating at around 150 rpm. As a consequence of the wake 

field the speed of revolution of the shaft is multiplied by the number of blades 

mounted onto the hub cylinder. A hub cap mounted on a 4-bladed propeller hub 

cylinder has the number of cycles per minute 

 150 ⋅ 4 = 600 rpm (3.39) 

For a 40-year service time the number of load cycles 𝑁ℎ𝑐 that the hub cap will 

experience is 

 𝑁ℎ𝑐 = 600 ⋅ 60 ⋅ 24 ⋅ 365 ⋅ 40 = 1.26 ⋅ 1010 cycles (3.40) 

The strength of the corner weld in the hub cap is approximated with tabulated data 

of FAT classes. It is with this method found by identification of the most similar 

welding and loading condition that the FAT class of this type of weld is 63 MPa 

(Hobbacher, 2008). In accordance to the theory described in Theory section the 

fatigue strength for load cycles higher than 107 cycles can be calculated with Eq. 

2.24. 

 Δ𝜎𝑓 = (
2

10
)

1
3

−
1

22
⋅ 63 ⋅ (

2 ⋅ 106

1.26 ⋅ 1010
)

1
22

= 26.6 MPa (3.41) 

It is here assumed that the hub cap vibrates and oscillates equally up and down 

around its equilibrium and initial position, meaning that 𝑅 = −1. 
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 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
= −1 (3.42) 

 𝜎𝑚𝑖𝑛 = −𝜎𝑚𝑎𝑥 (3.43) 

Combining Eq. 3.42 and 3.43 yields 

 Δ𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 = 2𝜎𝑚𝑎𝑥 (3.44) 

 𝜎𝑚𝑎𝑥 =
Δ𝜎𝑓

2
= 13.3 MPa (3.45) 

All correction factors are set to 1 to not overestimate the strength when there is not 

enough knowledge about the inputs determining the correction factors. In the same 

way as in for determining the maximum length 𝐿𝑚𝑎𝑥 before yielding, the same 

relation applies here 

 𝐿𝑚𝑎𝑥 = √

𝜎𝑚𝑎𝑥

𝑎 (
15700

𝐷 +
515

𝑡 )
 (3.46) 

3.2.4 CLAMP FORCE 

Calculating the shear force at 𝑥 = 0 obtained with Eq. 3.34 and using the expression 

Eq. 3.30 to evaluate the clamping force 

 𝑇(0) = 𝑞𝑣𝑖𝑏𝐿 (3.47) 

 𝐹𝑝𝑟𝑁𝜇 > 𝑞𝑣𝑖𝑏𝐿 (3.48) 

 𝐹𝑝𝑟𝑁𝜇 > 2.5𝜋𝑎𝐷(103𝐷 + 3140𝑡)𝐿 (3.49) 

Solving for 𝐿 results in 

 𝐿𝑚𝑎𝑥 =
2𝐹𝑝𝑟𝑁𝜇

5𝜋𝑎𝐷(103𝐷 + 3140𝑡)
 (3.50) 

A pretension force of a standard M16 bolt is used which equals to 75 kN and typical 

steel-to-steel friction coefficient is 0.13.  

3.2.5 BOLT STRESS 

Evaluating the most critical bolt against yield stress using Eq. 3.27 and insertion of 

𝑀(0) and 𝑇(0) gives 

 

𝜎𝑒 =
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
16𝑀

8.66𝑁𝐷
)

2

+
48𝑇2

𝑁2

=
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
8𝑞𝑣𝑖𝑏𝐿2

8.66𝑁𝐷
)

2

+
48𝑞𝑣𝑖𝑏

2 𝐿2

𝑁2
 

(3.51) 

Insertion of distributed load 𝑞𝑣𝑖𝑏 and solving for 𝐿 yields 
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𝐿𝑚𝑎𝑥 =
1

200
[−

2265483𝐷2

2

+
869

2𝑎2𝜋(103𝐷 + 3140𝑡)2
(−160𝑎𝑁𝐹𝑝𝑟(103𝐷

+ 3140𝑡)

+ √𝜋 [𝑎2(103𝐷 + 3140𝑡)2 (2607𝑎𝐷2(103𝐷

+ 3140𝑡) (320𝑁𝐹𝑝𝑟

+ 2607𝑎𝜋𝐷2(103𝐷 + 3140𝑡))

+ 1600𝑑𝑏
4𝑁2𝜋𝜎𝑏

2)]

1
2

)]

1
2

 

(3.52) 

Using a yield stress for a bolt of 700 MPa and bolt diameter and pretension force 75 

kN of a standard M16 bolt. 

3.2.6 HUB CAP DEFLECTION 

The deflection at the free end of the hub cap is given by 𝑥 = 𝐿 in Eq. 3.33 and is 

equal to 

 𝑤(𝐿) =
𝑞𝑣𝑖𝑏𝐿2(6𝐿2 − 4𝐿2 + 𝐿2)

24𝐸𝐼
=

𝑞𝑣𝑖𝑏𝐿4

8𝐸𝐼
 (3.53) 

Insertion of 𝑞𝑣𝑖𝑏, 𝐼 and solving for 𝐿 results in 

 

𝐿𝑚𝑎𝑥 = √
8𝐸𝐼 ⋅ 𝑤𝑚𝑎𝑥

𝑞𝑣𝑖𝑏

4

= √
8𝐸 ⋅

𝜋𝐷3𝑡
8 ⋅ 𝑤𝑚𝑎𝑥

2.5𝜋𝑎𝐷(103𝐷 + 3140𝑡)

4

= √
𝐸𝐷2𝑡𝑤𝑚𝑎𝑥

2.5𝑎(103𝐷 + 3140𝑡)

4

 

(3.54) 

The maximum deflection 𝑤𝑚𝑎𝑥 is set to an assumed limited value of 1 mm. Young’s 

modulus for steel 200 GPa is used. 

3.3 IMPACT LOAD 

3.3.1 GENERAL 

Components that are not protected and exposed to the environment like the hub 

cap are often designed with respect to foreign impacting structures. Impacting 

structures can for example be logs, containers or why not huge ice blocks. It is here 

assumed the worst possible case, that the impact is located at the outermost free 

end of the hub cap, Figure 3.9. The magnitude of this load is assumed to be a load 

of 75 kN (Rolls-Royce, 2019c). 
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Figure 3.9: Schematic diagram of the hub cap subjected to an impact load 𝐹𝑖𝑚𝑝. 

Boundary conditions for this loading case are as following. 

 𝑤(0) = 0 𝑤′(0) = 0 𝑤′′(𝐿) = 0 −𝐸𝐼 ⋅ 𝑤′′′(𝐿) = 𝐹𝑖𝑚𝑝 (3.55) 

Applying boundary conditions Eq. 3.55 to Eq. 3.2 yields following relation which 

describes the deflection of the beam as a function of 𝑥. 

 𝑤(𝑥) =
𝐹𝑖𝑚𝑝𝑥2(3𝐿 − 𝑥)

6𝐸𝐼
 (3.56) 

The deflection is plotted in a graph with constants 𝐹𝑖𝑚𝑝 = 𝐿 = 𝐸𝐼 = 1, Figure 3.10. 

 

Figure 3.10: The deflection of the hub cap as a result from impact. 𝐹𝑖𝑚𝑝 = 𝐿 = 𝐸𝐼 = 1. 

Shear force 𝑇(𝑥) and moment 𝑀(𝑥) can be obtained by Eq 2.18 and 2.19. 

 𝑇(𝑥) = −𝐸𝐼 ⋅ 𝑤′′′(𝑥) = 𝐹𝑖𝑚𝑝 (3.57) 

 𝑀(𝑥) = −𝐸𝐼 ⋅ 𝑤′′(𝑥) = 𝐹𝑖𝑚𝑝(𝑥 − 𝐿) (3.58) 

Shear force and moment are plotted in Figure 3.11 and Figure 3.12 respectively with 

constants 𝐹𝑖𝑚𝑝 = 𝐿 = 1. 
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Figure 3.11: Shear force diagram due to impact load as a function of 𝑥. 𝐹𝑖𝑚𝑝 = 𝐿 = 1. 

 

Figure 3.12: Moment diagram due to impact load as a function of 𝑥. 𝐹𝑖𝑚𝑝 = 𝐿 = 1. 

3.3.2 HUB CAP STRESS 

The maximum moment in the hub cap due to impact load is at 𝑥 = 0, Figure 3.12. 

It can be expressed with Eq. 3.58 as 

 𝑀𝑚𝑎𝑥 = 𝑀(0) = 𝐹𝑖𝑚𝑝𝐿 (3.59) 

The maximum stress due to this impacting force can be described with Eq. 2.20 as 

 𝜎𝑚𝑎𝑥 =
𝑀𝑚𝑎𝑥

𝐼
𝑧𝑚𝑎𝑥 =

𝐹𝑖𝑚𝑝𝐿

𝜋𝐷3𝑡
8

⋅
𝐷

2
=

4𝐹𝑖𝑚𝑝𝐿

𝜋𝐷2𝑡
 (3.60) 

Solving for 𝐿 will yield following 
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 𝐿𝑚𝑎𝑥 =
𝜋𝑡𝜎𝑚𝑎𝑥𝐷2

4𝐹𝑖𝑚𝑝
 (3.61) 

with insertion of 𝜎𝑚𝑎𝑥 to 200 MPa, 𝐹𝑖𝑚𝑝 to 75 000 N and 𝑡 to 0.01 m. 

3.3.3 CLAMP FORCE 

Using the expression Eq. 3.30 here again to evaluate the clamping force. Inserting 

the shear force at 𝑥 = 0 obtained with Eq. 3.57 gives 

 𝑇(0) = 𝐹𝑖𝑚𝑝 (3.62) 

 𝐹𝑝𝑟𝑁𝜇 > 𝐹𝑖𝑚𝑝 (3.63) 

This relation is independent of the length 𝐿. But certain parameter combinations of 

𝐹𝑝𝑟, 𝑁 and 𝜇 can still result in loss of clamping force if 𝐹𝑝𝑟𝑁𝜇 < 𝐹𝑖𝑚𝑝. 

3.3.4 BOLT STRESS 

The total effective stress of the most critical bolt is given using Eq. 3.27 and insertion 

of 𝑀(0) and 𝑇(0) gives 

 

𝜎𝑒 =
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
16𝑀

8.66𝑁𝐷
)

2

+
48𝑇2

𝑁2

=
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
16𝐹𝑖𝑚𝑝𝐿

8.66𝑁𝐷
)

2

+
48𝐹𝑖𝑚𝑝

2

𝑁2
 

(3.64) 

Taking Eq 3.64 and solving for 𝐿 gives 

 

𝐿𝑚𝑎𝑥 =
866

1600𝐹𝑖𝑚𝑝
2 (−4𝑁𝐹𝑖𝑚𝑝𝐹𝑝𝑟𝐷

+ √𝐹𝑖𝑚𝑝
2 𝐷2(−48𝐹𝑖𝑚𝑝

2 + 𝑑𝑏
4𝑁2𝜋2𝜎𝑚𝑎𝑥

2 )) 

(3.65) 

Evaluating this against the yield stress of 700 MPa, using the magnitude for impact 

load and pretension force of 75 kN and the diameter of a M16 bolt. 

3.3.5 HUB CAP DEFLECTION 

The deflection at the free end of the hub cap is given by 𝑥 = 𝐿 in Eq. 3.56 and is 

equal to 

 𝑤(𝐿) =
𝐹𝑖𝑚𝑝𝐿2(3𝐿 − 𝐿)

6𝐸𝐼
=

𝐹𝑖𝑚𝑝𝐿3

3𝐸𝐼
=

𝐹𝑖𝑚𝑝𝐿3

3𝐸 ⋅
𝜋𝐷3𝑡

8

=
8𝐹𝑖𝑚𝑝𝐿3

3𝜋𝐸𝐷3𝑡
 (3.66) 

Solving for 𝐿 gives 

 𝐿𝑚𝑎𝑥 = √
3𝜋𝐸𝐷3𝑡 ⋅ 𝑤𝑚𝑎𝑥

8𝐹𝑖𝑚𝑝

3

= 𝐷 (
3𝜋𝐸𝑡𝑤𝑚𝑎𝑥

8𝐹𝑖𝑚𝑝
)

1/3

 (3.67) 
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The maximum deflection 𝑤𝑚𝑎𝑥 is set to a limited value 1 mm for impact loads of 75 

kN. Young’s modulus of the steel is 200 GPa. 

3.4 ICE LOAD 

3.4.1 GENERAL 

Vessels operating in icy conditions need to be designed to withstand the ice loads 

that are present. It can for example be big ice blocks or a more usual situation the 

contact with ice ridges. When the fore end of the vessel is driving through a thick 

layer of ice in a cold winter in the Baltic sea and penetrating the icy surface it will 

leave a slushy ice-water mix behind. This slushy mix can stretch several meters 

below surface and will lie as a pressure or distributed force all around the hull, 

including the hub cap. This ice load is modeled as a uniformly distributed load 𝑞𝑖𝑐𝑒 

over the length of the hub cap 𝐿, Figure 3.13. 

 

 

Figure 3.13: Schematic beam problem definition of ice load approximated as a distributed load 

𝑞𝑖𝑐𝑒 . 

The load exhibited by the ice load is from the internal load document a function of 

vessel speed, height of ice ridge and the projected area. For the toughest ice class 

described in DNV GL standards the parameters speed and height are defined as 2 

m/s and 8 m respectively. The projected area on the hub cap is a function of length 

and diameter. It is also assumed in the load case document that the ice ridge is 

colliding against the hub at a 30° angle to the propeller axis which generates the 

following expression 

 𝑞𝑖𝑐𝑒 =
𝐹

𝐿
=

168000(𝐷𝐿)3/4

𝐿
= 168000𝐷3/4𝐿−1/4 (3.68) 

which describes the distributed load on the hub cap in N/m as a function of length 

𝐿 and diameter 𝐷. 

Boundary conditions for this loading case are as follows. 

 𝑤(0) = 0 𝑤′(0) = 0 𝑤′′(𝐿) = 0 𝑤′′′(𝐿) = 0 (3.69) 

Applying boundary conditions from Eq. 3.69 to Eq. 3.2 yields the next equation 

which describes the deflection of the beam as a function of 𝑥. 
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 𝑤(𝑥) =
𝑞𝑖𝑐𝑒𝑥2(6𝐿2 − 4𝐿𝑥 + 𝑥2)

24𝐸𝐼
 (3.70) 

The behavior of the deflection is plotted in a graph with constants  

𝑞𝑖𝑐𝑒 = 𝐿 = 𝐸𝐼 = 1, Figure 3.14. 

 

Figure 3.14: The deflection of the hub cap as a result from ice load. 𝑞𝑖𝑐𝑒 = 𝐿 = 𝐸𝐼 = 1. 

Further the shear force 𝑇(𝑥) and moment 𝑀(𝑥) are given by Eq 2.18 and 2.19. 

 𝑇(𝑥) = −𝐸𝐼 ⋅ 𝑤′′′(𝑥) = 𝑞𝑖𝑐𝑒(𝐿 − 𝑥) (3.71) 

 𝑀(𝑥) = −𝐸𝐼 ⋅ 𝑤′′(𝑥) = −
𝑞𝑖𝑐𝑒

2
(𝐿 − 𝑥)2 (3.72) 

Shear force and moment are plotted in Figure 3.15 and Figure 3.16 respectively with 

constants 𝑞𝑖𝑐𝑒 = 𝐿 = 1. 
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Figure 3.15: Shear force in the hub cap due to ice loads as a function of 𝑥. 𝑞𝑖𝑐𝑒 = 𝐿 = 1. 

 

Figure 3.16: Bending moment in the hub cap due to ice loads as a function of 𝑥. 𝑞𝑖𝑐𝑒 = 𝐿 = 1. 

3.4.2 HUB CAP STRESS 

The maximum moment 𝑀𝑚𝑎𝑥 is by Figure 3.16 given at 𝑥 = 0. Using Eq. 3.72 the 

maximum moment for ice load can similarly to the vibration case be expressed as 

 𝑀𝑚𝑎𝑥 = 𝑀(0) =
𝑞𝑖𝑐𝑒𝐿2

2
 (3.73) 

From Eq. 2.20 the maximum stress is then expressed as 

 
𝜎𝑚𝑎𝑥 =

𝑀𝑚𝑎𝑥

𝐼
𝑧𝑚𝑎𝑥 =

𝑞𝑖𝑐𝑒𝐿2

2
𝜋𝐷3𝑡

8

⋅
𝐷

2
=

8𝑞𝑖𝑐𝑒𝐿2

2𝜋𝐷3𝑡
⋅

𝐷

2

=
2𝐿2

𝜋𝐷2𝑡
⋅ 168000𝐷3/4𝐿−1/4 =

336000𝐿7/4

𝜋𝐷5/4𝑡
  

(3.74) 

Solving for 𝐿 gives 

 𝐿𝑚𝑎𝑥 = 𝐷5/7 (
𝜋𝑡𝜎𝑚𝑎𝑥

336000
)

4/7

 (3.75) 

The yield strength of the steel used in the construction is 200 MPa. 

3.4.3 CLAMP FORCE 

Using the expression Eq. 3.30 to evaluate the clamping force and inserting the shear 

force at 𝑥 = 0 obtained with Eq. 3.71 gives 

 𝑇(0) = 𝑞𝑖𝑐𝑒𝐿 (3.76) 

 𝐹𝑝𝑟𝑁𝜇 > 168000(𝐷𝐿)3/4 (3.77) 

Solving for 𝐿 results in 
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 𝐿𝑚𝑎𝑥 =
(𝐹𝑝𝑟𝑁𝜇)

4/3

1680004/3𝐷
 (3.78) 

which gives the maximum length of the hub cap before losing clamping force due 

to ice loads. A pretension force of a standard M16 bolt is used and equals to 75 kN 

and typical steel-to-steel friction coefficient is 0.13. 

3.4.4 BOLT STRESS 

Evaluating the most critical bolt against yield stress using Eq. 3.27 and insertion of 

𝑀(0) and 𝑇(0) gives 

 

𝜎𝑒 =
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
16𝑀

8.66𝑁𝐷
)

2

+
48𝑇2

𝑁2

=
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
8𝑞𝑖𝑐𝑒𝐿2

8.66𝑁𝐷
)

2

+
48𝑞𝑖𝑐𝑒

2 𝐿2

𝑁2

=
1

𝜋𝑑𝑏
2

√(4𝐹𝑝𝑟 +
8 ⋅ 168000𝐷3/4𝐿7/4

8.66𝑁𝐷
)

2

+
48 ⋅ 1680002𝐷3/2𝐿7/4

𝑁2
 

(3.79) 

Insertion of distributed load 𝑞𝑖𝑐𝑒, bolt diameter of a standard M16 bolt and number 

of bolts in total will give a relationship between the equivalent stress 𝜎𝑒 that 

depends on length 𝐿 and diameter 𝐷. However, this relation is too complex to solve 

for 𝐿 analytically. The method used instead is to calculate 𝐿𝑚𝑎𝑥 numerically for a 

given yield stress of 700 MPa and varying the diameter 𝐷. It is then possible to plot 

the points calculated and apply a curve fit to them. Different values of diameter 

used for the curve fit are 0.01, 0.2, 0.8, 1.5, 2 and 3 m. A curve fit model is then 

applied to the data and the fit model expression used is on the form 

 𝐿𝑚𝑎𝑥 = 𝑎 + 𝑏𝐷0.5 + 𝑐𝐷 + 𝑑𝐷2 (3.80) 

Depending on parameters put in the relation Eq. 3.79 different values for 𝑎, 𝑏, 𝑐 and 

𝑑 are obtained. 

3.4.5 HUB CAP DEFLECTION 

The deflection at the free end of the hub cap is given by 𝑥 = 𝐿 in Eq. 3.70 and is 

equal to 

 

𝑤(𝐿) =
𝑞𝑖𝑐𝑒𝐿2(6𝐿2 − 4𝐿2 + 𝐿2)

24𝐸𝐼
=

𝑞𝑖𝑐𝑒𝐿4

8𝐸𝐼

=
168000𝐷3/4𝐿−1/4𝐿4

8𝐸 ⋅
𝜋𝐷3𝑡

8

=
168000𝐿15/4

𝐸𝜋𝑡𝐷9/4
 

(3.81) 

Solving for 𝐿 gives the relation 
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 𝐿𝑚𝑎𝑥 = (
𝐸𝜋𝑡𝐷

9
4 ⋅ 𝑤𝑚𝑎𝑥

168000
)

4/15

= 𝐷0.6 (
𝐸𝜋𝑡𝑤𝑚𝑎𝑥

168000
)

4/15

 (3.82) 

The maximum deflection 𝑤𝑚𝑎𝑥 is set to an assumed limited value 1 mm and 

stiffness of steel equals to 200 GPa. 

3.5 VALIDATION 
The validation of the obtained relations are conducted with FEA. Three arbitrary 

possible combinations of length and diameter are chosen to model three different 

hub caps. These are to be evaluated separately in FEA and the results of these are 

to be compared with calculations. Set of sizes of the hub cap that are analyzed are 

shown in Table 3.2. 

Table 3.2: Dimensions of the different hub cap analyzed in simulated in FEA 

𝐷 (m) 0.7 1.6 2.4 

𝐿 (m) 1.0 2.0 3.0 

 

Hub cap is modeled as a 3D solid with tetrahedral element of 10-15 mm element 

size. It has a 10 mm thick cylindrical body with a 10 mm thick stiffening ring. A 

total of 15 bolt holes are in included in the model as 16 mm diameter holes. These 

are then equally spaced and distributed over a 35 mm thick connecting flange, see 

Figure 3.17. The bolt holes representing the bolts are fixed in all direction and the 

connecting flange surface is constrained to compression only support as if it was 

resting on a solid surface. Validation is conducted and will include and test all the 

load cases described: vibration load, impact load and ice load. The hub caps surface 

has been split into different regions for the possibility to apply corresponding 

loading conditions. 
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Figure 3.17: Illustration of CAD model used in the FEA simulations. This is a hub cap of dimensions 

𝐷 = 0.7 m and 𝐿 = 1 m. 

3.5.1 VIBRATION LOAD 

To include the mass of the inside water in the analysis without modeling the water 

itself the density of the hub cap is increased to compensate for its mass. An 

equivalent density is calculated so that the total mass of the empty hub cap is equal 

to the system as if it was filled with water. Only an acceleration of 50 m/s2 is used 

and applied to the whole structure during the simulation. 

 𝜌𝑒𝑞 =
𝑚ℎ𝑐 + 𝑚𝑤

𝑉ℎ𝑐
=

𝜌ℎ𝑐𝜋𝐷𝑡𝐿 +
1
4 𝜌𝑤𝜋𝐷2𝐿

𝜋𝐷𝑡𝐿
=

4𝜌ℎ𝑐𝑡 + 𝜌𝑤𝐷

4𝑡
 (3.83) 

The three different densities used are calculated with Eq. 3.90 and are given in Table 

3.3. 

Table 3.3: Calculated equivalent density of the hub cap (Eq. 3.83) with the different diameters 

𝐷 (m) 𝜌𝑒𝑞 (kg/m3) 

0.7 25 875 

1.6 49 050 

2.4 69 650 

 

Simulated results has been evaluated against corresponding equations obtained in 

the previous subsections as described in Table 3.4. 

 

 

Table 3.4: FEA results for vibration are validated against corresponding derived equations 

Experimental result Evaluated against 

Maximum equivalent von Mises stress Eq. 3.37 

Maximum axial normal stress Eq. 3.37 

Maximum force in critical bolt Eq. 3.15 

Average deflection of free end Eq. 3.53 

3.5.2 IMPACT LOAD 

To make this analysis as realistic as possible and to minimize the singularity errors 

in FEA the impact load of 75 kN is applied to a small semi-circular area rather than 

in a single point. The radius of the semi-circle is 500 mm and is located at the free 

end of the hub cap. 

Simulated results will be evaluated against corresponding equations obtained in 

the previous subsections described in Table 3.5. 

Table 3.5: FEA results for impact load are validated against corresponding derived equations 

Experimental result Evaluated against 
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Maximum equivalent von Mises stress Eq. 3.60 

Maximum force in critical bolt Eq. 3.15 

Average deflection of free end Eq. 3.66 

 

3.5.3 ICE LOAD 

It is here estimated that the ice load is a distributed force over a 120° sectional 

surface on one side of the hub cap. This is due to the assumption that the ice is not 

resulting in any loading at the most upper and bottom section of the hub cap and 

is seen to only bounce and or slide over it. 

Simulated results will be evaluated against corresponding equations obtained in 

the previous subsections described in Table 3.6 

Table 3.6: FEA results for ice load are validated against corresponding derived equations 

Experimental result Evaluated against 

Maximum equivalent von Mises stress Eq. 3.74 

Maximum force in critical bolt Eq. 3.15 

Average deflection of free end Eq. 3.81 

 

3.6 MATERIAL SELECTION 
A basic material selection analysis has been conducted to see if there are any other 

material possibilities that fits the hub caps operational area better than current 

material. Current material that is used for the hub cap is a stainless austenitic steel 

EN X2CrNiMo17-12-2/AISI 316L and its properties are listed in Table 3.7. 

 

Table 3.7: Summary of some of the material properties of the AISI 316L (Granta Design, 2018) 

Property Value 

Price (SEK/kg) 25.5 – 30.2 

Young’s modulus (GPa) 190 – 205 

Yield strength (MPa) 170 – 310 

Tensile strength (Mpa) 480 – 620 

Fatigue strength at 107 cycles (MPa) 256 – 307 

Pitting Resistance Eq. Number (PREN) 22.6 – 27.9 

Corrosion resistance in sea water Good 

Weldability Excellent 

 

3.6.1 RESTRICTIONS 

The material selection process is limited to the material category of metals, which 

means that no polymers, ceramics and composites will be included in the process 

of selection. Other restrictions for the material of the hub cap is partly determined 
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by the environment of use and partly by some material properties limits and is 

what will result in the first screening of materials. 

▪ Excellent applicability in salt water environment. 

▪ Excellent weldability. 

▪ Carbon content less than 0.03% 

▪ Excellent or acceptable cold formability. 

▪ Excellent or acceptable hot formability. 

▪ Higher or equal fatigue strength than current material (≥ 256 MPa). 

Since the hub cap is a component exposed to sea water during its whole lifetime its 

material should obviously be excellently applicable in salt water environment. 

Other features of the hub cap like the connecting flange are welded to the body of 

the hub cap, hence it should have excellent weldability. To minimize the risk of 

intercrystalline corrosion a solution is to lower the carbon content in the material. 

A carbon content less than 0.03% is sufficiently low to eliminate risk of this type of 

corrosion (Nilsson, 2014). This is especially a risk in and around welded regions 

where the temperature has rose. Forming of the hub cap is accomplished with hot 

and cold forming and the material should have the ability to be processed with 

these forming methods. The final material should also have a higher or equal 

fatigue strength compared to today’s used material. Materials that candidates for 

the selection after applying the restrictions described are visible in Figure 3.18. 

 

Figure 3.18: Materials that passed first screening selection are visible. 

3.6.2 RANKING 

At this point a ranking procedure is to be done with the help of index values. The 

goal of this analysis is to minimize price for the material. Total price of the hub cap 

can be written like price per unit mass times the mass of the hub cap. 

 𝑝 = 𝑐𝑚 ⋅ 𝜌𝑚 ⋅ 𝑉ℎ𝑐 = 𝑐𝑚𝜌𝑚 ⋅ 𝜋𝐷𝑡𝐿 (3.84) 
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where 𝑐𝑚 is the price of the material in SEK/kg and 𝜌𝑚 is the density of the material. 

These are the parameters that can change depending on which material is selected. 

The function of price 𝑝 in Eq. 3.84 is what is going to be minimized with respect to 

vibration load and fatigue since this is the most dominated load acting on the hub 

cap. From Eq. 3.37 the stress around the weld in the hub cap can be written as 

 𝜎𝑢 =
5𝑎(3140𝑡 + 103𝐷)𝐿2

𝐷𝑡
 (3.85) 

where 𝜎𝑢 is the fatigue strength of the material in selection. Solving this relation for 

thickness 𝑡 and inserting it in 3.84 yields following 

 𝑡 =
515𝑎𝐷𝐿2

𝐷𝜎𝑢 − 15700𝑎𝐿2
 (3.86) 

 𝑝 = 𝑐𝑚𝜌𝑚𝜋𝐷𝐿𝑡 =
515𝜋𝑎𝐷2𝐿3𝑐𝑚𝜌𝑚

𝐷𝜎𝑢 − 15700𝑎𝐿2
 (3.87) 

According to Eq. 3.87 𝑝 is dependent of three factors; function, geometry and 

material factors. 

 𝑝 = (𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛, 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙) (3.88) 

 

Since 𝑝 has a nonproportional linear dependence it cannot be rearranged in these 

separate factors individually. However, what matters is its dependence on the 

material dependent variables 𝑐𝑚, 𝜌𝑚 and 𝜎𝑢. It is clearly seen that 𝑝 is 

proportionally dependent on 𝑐𝑚 and 𝜌𝑚 and is inversely linearly dependent on 𝜎𝑢. 

To minimize the price function 𝑝 the only variables that can be adjusted without 

altering the function or geometry of the component is the material dependent 

variables. These variables are composed into what from here will be called the 

index value 𝑀. 

 𝑀 =
𝑐𝑚𝜌𝑚

𝜎𝑢
=

𝑐𝑣

𝜎𝑢
 (3.89) 

where 𝑐𝑣 is the price per unit volume in SEK/m3. Taking the natural logarithm of 

Eq. 3.89 and rearranging gives 

 ln 𝑀 = ln (
𝑐𝑣

𝜎𝑢
) = ln 𝑐𝑣 − ln 𝜎𝑢 (3.90) 

 ln 𝑐𝑣 = ln 𝑀 + ln 𝜎𝑢 (3.91) 

All the available and remaining materials from Figure 3.18 are plotted in  𝑐𝑣 − 𝜎𝑢 

chart diagram, Figure 3.19. 
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Figure 3.19: All the remaining materials passing the screening selection plotted in a price – fatigue 

strength diagram. 

A zoomed in image of remaining materials is shown in Figure 3.20.  

 

Figure 3.20: A zoomed in view of the remaining materials from the screening step, including the 

AISI 316L marked in purple. 

Inserting the line given by Eq. 3.91 which is a line with a slope of 1 and minimizing 

𝑀 will successively bring the line further down in the diagram. The line is brought 

down until only the top material candidates remain below the line, see Figure 3.21. 
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Figure 3.21: Some of the best candidates for the material selection are visible after ranking with index 

values. 

3.6.3 FINAL SELECTION 

A quick informational study was needed to evaluate which of these material 

candidates fit the application best and if they have the properties wished for. One 

of the restrictions defined is that materials with a carbon content higher than 0.03% 

are not suitable candidates since it will bring the risks of intercrystalline corrosion. 

The reason for some materials to show up in the diagram despite the restriction of 

maximum carbon content is that these materials may be manufactured in lower 

carbon content than 0.03% but not always. Only four of these materials achieves 

and meets this requirement strictly and at all times, including the material in use 

today; AISI 316L, AISI 316LN, AISI 304L and AISI 308L and are highlighted as 

orange bubbles in Figure 3.22. 
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Figure 3.22: Only four materials has a carbon content lower than 0.03 % indicated in orange. 

Lowering the line a little further would eliminate AISI 316L and AISI 316LN and 

the only remaining materials now are the AISI 304L and AISI 308L. According to 

the diagram they have similar price and fatigue strength, so a deeper study about 

these materials is needed. The final material selection will take a few considerations 

in respect. Availability on the market and its typical application areas are the two 

main factors that will decide the final choice of material. 

The AISI 308L is showed to be a sort of a welding filler wire material for stainless 

steels (Granta Design, 2018). It is a low carbon stainless steel where it is particularly 

used for arc welding in submerged conditions (AZoM, 2013). Its availability on the 

market and among the big steel producers is also very limited. 

Markedly more information about AISI 304L is found on the web which indicates 

higher availability and a more common used stainless steel. Typical application 

areas for this steel are food processing industry, chemical industry, brewing and 

pharmaceuticals (ColstoneGlobal, 2019). Products made with AISI 304L are for 

example heat exchangers, pipelines, tank containers, pressure vessels, flanges and 

valves (Outokumpu, 2019). 
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4 RESULTS 

4.1 DESIGN 
Demonstrated in this subsection are the results obtained from the 12 equations 

determining the maximum length in Eq. 3.38, 3.46, 3.50, 3.52, 3.54, 3.61, 3.65, 3.67, 

3.75, 3.78, 3.80 and 3.82. The equations are all plotted in diagrams to give an 

overview of the limiting curves for hub caps with a maximum diameter 𝐷 of 3 m. 

In Figure 4.1 are the equations plotted with a hub cap thickness 𝑡 = 10 mm and with 

a total number of bolts 𝑁 = 15. 

 

Figure 4.1: Theoretical equations plotted together for 𝑡 = 10 mm and 𝑁 = 15. 

Limiting curves in this case are given in Table 4.8. 

Table 4.8: Limiting curves for different diameters 

Region Equation 

𝐷 < 0.15 Impact stress 

0.15 < 𝐷 < 0.50 Impact deflection 

𝐷 > 0.50 Ice clamping force 

 

With this combination input of 𝑡 and 𝑁 can theoretically yield a hub cap with a 

maximum length of 1.6 m before losing clamping force due to ice loads or vibration. 
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Same equations are plotted in Figure 4.2 but with a double total number of bolts 

𝑁 = 30 instead to se the effect of this change. Thickness is still held at 𝑡 = 10 mm. 

 

Figure 4.2: Theoretical equations plotted together for 𝑡 = 10 mm and 𝑁 = 30. 

Limiting curves in this case are given in Table 4.9. 

Table 4.9: Limiting curves for different diameters 

Region Equation 

𝐷 < 0.15 Impact stress 

0.15 < 𝐷 < 0.65 Impact deflection 

0.65 < 𝐷 < 0.85 Ice deflection 

𝐷 > 0.85 Ice clamping force 

 

One length of 2.4 m can theoretically be given to a hub cap at most with this 

combination of 𝑡 and 𝑁. For this length and corresponding diameter, the hub cap 

will fail in fatigue failure due to long term vibrations or lose clamping force due to 

vibration load. 

In Figure 4.3 the equations are plotted with an increased thickness of the hub cap 

to 𝑡 = 15 mm but holding the number of bolts to 𝑁 = 15 to show the effect on the 

limiting curves of this. 
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Figure 4.3: Theoretical equations plotted together for 𝑡 = 15 mm and 𝑁 = 15. 

Limiting curves in this case are given in Table 4.10. 

Table 4.10: Limiting curves for different diameters 

Region Equation 

𝐷 < 0.10 Impact stress 

0.10 < 𝐷 < 0.50 Impact deflection 

𝐷 > 0.50 Ice clamping force 

 

A maximum length of 1.6 m can theoretically be obtained with this combination of 

𝑡 and 𝑁. For this length and corresponding diameter, the hub cap will either lose 

clamping force due to ice load or lose clamping force due to vibration load. 

The effect on the design with in increased thickness 𝑡 = 15 mm and increased 

number of bolts 𝑁 = 30 is shown in Figure 4.4. 
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Figure 4.4: Theoretical equations plotted together for 𝑡 = 15 mm and 𝑁 = 30. 

Limiting curves in the case when 𝑡 = 15 mm and 𝑁 = 30 are given in Table 4.11. 

Table 4.11: Limiting curves for different diameters 

Region Equation 

𝐷 < 0.10 Impact stress 

0.10 < 𝐷 < 0.60 Impact deflection 

0.60 < 𝐷 < 0.80 Ice deflection 

𝐷 > 0.80 Ice clamping force 

 

Theoretically, the maximum length a hub cap can be constructed is 2.6 m and will 

then either lose clamping force due to ice load or lose clamping force due to 

vibration load. 
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A large part of the equations are not limiting the length 𝐿 of the hub cap for the 

inputs tested above. If the curves corresponding to these equations are removed 

from the diagram it can be simplified to only contain limiting curves. In cases where 

the hub cap would operate in “clean” waters without impact and ice loads these 

curves can be ignored and dimensioning can be done against vibration curves only. 

Four simplified diagram plots with same combinations of 𝑡 and 𝑁 are constructed 

to only contain the strictly limiting curves. These results are shown in Figure 4.5, 

Figure 4.6, Figure 4.7 and Figure 4.8 respectively. Since the impact stress is only 

limiting for very small diamaters it is removed from the simplified diagrams as 

well. 

 

Figure 4.5: Simplified diagram for 𝑡 = 10 mm and 𝑁 = 15. 
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Figure 4.6: Simplified diagram for 𝑡 = 10 mm and 𝑁 = 30. 

 

Figure 4.7: Simplified diagram for 𝑡 = 15 mm and 𝑁 = 15. 
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Figure 4.8: Simplified diagram for 𝑡 = 15 mm and 𝑁 = 30. 
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4.2 VALIDATION 
Some images from the FEA analyses are visible and the observations to the results 

are done. The figures shows the results of a hub cap of size 𝐷 = 0.7 m and 𝐿 = 1 m 

subjected to vibration (Figure 4.9), impact (Figure 4.10) and ice load (Figure 4.11). 

Equivalent stresses according to von Mises are plotted over the body where blue 

and red areas represent high and low experienced stresses respectively relative to 

the maximum stress in the body. 

 

 

Figure 4.9: Hub cap in acceleration of 5 G = 50 m/s2. Deformations in this figure magnified 3800x. 

High stress concentration spots are observed around fixed bolt holes. Large deformation in shear 

resulted from this loading. Relatively cylindrical body shape remain after deformation. 
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Figure 4.10: Hub cap subjected to impact load of 75 000 N. Deformations in this figure magnified 

79x. Stress concentration in spot areas around bolt holes. Large deformation of cross section 

resulted in a heart-shape form from this load. 

 

Figure 4.11: Hub cap subjected to ice loads. Deformations in this figure magnified 160x. Higher 

stress around fixed bolt holes relative to the remaining body. Cross section deformation is visible 

and shows a more oval shape after deformation. 

Here is the comparison between analytic modeling results and simulated results 

shown. Results from the FEA process is also included to show the different 

deformation modes as a consequence from the loadings. For hub caps with 

diameter and length (𝐷 (m), 𝐿 (m)): (0.7, 1.0), (1.6, 2.0) and (2.4, 3.0) results from 

vibration loads are shown in Table 4.12, Table 4.13 and Table 4.14 respectively. 
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Table 4.12: Comparison of results between analytic and simulated results for vibration load 

Vibration, 𝐷 = 0.7 m, 𝐿 = 1.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 3.7 7.1 47.9 

Max axial normal stress (MPa) 3.7 7.6 51.3 

Max force in critical bolt (N) 5419 6199 12.6 

Av. deflection of free end (mm) 0.0132 0.0336 60.7 

 

Table 4.13: Comparison of results between analytic and simulated results for impact load 

Impact, 𝐷 = 0.7 m, 𝐿 = 1.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 19.5 117.6 83.4 

Max force in critical bolt (N) 28571 105670 73.0 

Av. deflection of free end (mm) 0.0928 0.1839 49.5 

 

Table 4.14: Comparison of results between analytic and simulated results for ice load 

Ice, 𝐷 = 0.7 m, 𝐿 = 1.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 16.7 96.9 82.8 

Max force in critical bolt (N) 24489 79412 69.2 

Av. deflection of free end (mm) 0.0597 0.1568 61.9 
 

For hub caps with same dimensions results from ice loads are visible in Table 4.15, 

Table 4.16 and Table 4.17 respectively. 

Table 4.15: Comparison of results between analytic and simulated results for vibration load 

Vibration, 𝐷 = 1.6 m, 𝐿 = 2.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 12.3 42.2 70.9 

Max axial normal stress (MPa) 12.3 43.7 71.9 

Max force in critical bolt (N) 41092 58642 29.9 

Av. deflection of free end (mm) 0.0766 0.2757 72.2 

 

Table 4.16: Comparison of results between analytic and simulated results for impact load 

Impact, 𝐷 = 1.6 m, 𝐿 = 2.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 7.5 135.0 94.4 

Max force in critical bolt (N) 25000 189000 86.8 

Av. deflection of free end (mm) 0.0622 0.2391 74.0 

 

Table 4.17: Comparison of results between analytic and simulated results for ice load 

Ice, 𝐷 = 1.6 m, 𝐿 = 2.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 20.0 205.2 90.3 

Max force in critical bolt (N) 66992 298650 77.6 

Av. deflection of free end (mm) 0.1249 0.5230 76.1 
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The comparative results from ice loads are visible  in Table 4.18, Table 4.19 and 

Table 4.20 respectively. 

Table 4.18: Comparison of results between analytic and simulated results for vibration load 

Vibration, 𝐷 = 2.4 m, 𝐿 = 3.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 26.1 115.8 77.5 

Max axial normal stress (MPa) 26.1 118.1 77.9 

Max force in critical bolt (N) 131287 205580 36.1 

Av. deflection of free end (mm) 0.2449 1.0576 76.8 

 

Table 4.19: Comparison of results between analytic and simulated results for impact load 

Impact, 𝐷 = 2.4 m, 𝐿 = 3.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 5.0 109.0 95.4 

Max force in critical bolt (N) 25000 194860 87.2 

Av. deflection of free end (mm) 0.0622 0.3347 81.4 

 

Table 4.20: Comparison of results between analytic and simulated results for ice load 

Ice, 𝐷 = 2.4 m, 𝐿 = 3.0 m Equations FEA Error (%) 

Max eq. von Mises stress (MPa) 24.5 307.0 92.0 

Max force in critical bolt (N) 123071 558560 78.0 

Av. deflection of free end (mm) 0.2295 1.2611 81.8 

 

4.3 MATERIAL SELECTION 
With the information gained all the way from the first step of screening through 

ranking of materials and finally a deeper study of the top candidates resulted in a 

final choice of material. The material that is best suited for this application, comes 

with the material properties wished for and has good availability on the market is 

the stainless steel AISI 304L, also known as 1.4306/1.4307. It is the most widely used 

steel between the top candidates of this selection process and is also amongst the 

cheapest stainless steels available. The composition of steel AISI 304L is compared 

to the material in use today AISI 316L in Table 4.21. 
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Table 4.21: A comparison of the chemical composition between suggested and today’s material 

(Granta Design, 2018) 

Element AISI 304L AISI 316L 

C (Carbon) 0 – 0.03% 0 – 0.03% 

Cr (Chromium) 18 – 20% 16 – 18% 

Fe (Iron) 64.9 – 74% 61.9 – 72% 

Mn (Manganese) 0 – 2% 0 – 2% 

Mo (Molybdenum) – 2 – 3% 

Ni (Nickel) 8 – 12% 10 – 14% 

P (Phosphorus) 0 – 0.045% 0 – 0.045% 

S (Sulfur) 0 – 0.03% 0 – 0.03% 

Si (Silicon) 0 – 1% 0 – 1% 

 

Grade 304L has more chromium but lower amount of nickel. Grade 304L does not 

have any molybdenum while 316L has 2 – 3% molybdenum. The microstructural 

composition affects the material properties. Table 4.22 shows a comparison 

between the material properties of the AISI 304L and AISI 316L. 

Table 4.22: A comparison of the material properties between suggested and today’s material 

(Granta Design, 2018) 

Property AISI 304L AISI 316L 

Price (SEK/kg) 20.3 – 24.1 25.5 – 30.2 

Young’s modulus (GPa) 191 – 205 190 – 205 

Yield strength (MPa) 190 – 310 170 – 310 

Tensile strength (MPa) 480 – 620 480 – 620 

Fatigue strength 107 cycles (MPa) 262 – 290 256 – 307 

PREN 18 – 20 22.6 – 27.9 

Corrosion resistance in sea water Moderate Good 

Weldability Excellent Excellent 

 

 

 

 



Karlstad University  5 Discussion 

- 71 - 

5 DISCUSSION 
The very first representation of equations in Figure 4.1-4.4 shows and gives 

reasonable results. Almost all curves implies that the larger the diameter of the hub 

cap the longer it can be made. For the clamping force and bolt stress due to 

vibration the curves indicates the opposite. The explanation for this is the different 

moments that acts in the section of the joint due to the three different loading cases. 

Only for the vibration case the maximum length with respect to the bolts are 

inversely proportional to the diameter. Rolls-Royce has in the past 10 years had a 

rule of thumb where it is said that no hub caps is made with a length over 1.2 times 

the diameter in most cases when using 30 bolts. These diagram shows that hub caps 

can be made with lengths up to 3 times its diameter. Increasing in the number of 

bolts resulted in the clamping force and bolt stress curves to move upwards in the 

diagram and not becoming limiting anymore, Figure 4.2. For this number of bolts 

the joint becomes stronger and the hub cap can be made longer without failing. All 

other curves not related to the bolts are unaffected and remain the same. An 

increase in the plate thickness of the hub cap gave another result, Figure 4.3. All 

curves related to the stress and deflection of the hub cap moved upward in the 

diagram which indicates that the hub cap can be made longer when increasing the 

thickness as well. In this case the curves with a connection to the number of bolts 

remained the same and unaffected. Increasing of both thickness and number bolts 

simultaneously is a combination of the bolt curves in Figure 4.2 and the hub cap 

curves in Figure 4.3. It resulted in all curves to move up in the diagram implying a 

stronger and more sustainable hub cap. 

Only two parameters, thickness and number of bolts, has been varied to create 

these diagrams. The equations obtained are dependent on many more parameters 

than these and a lot of different diagrams can be constructed trying different input 

combinations. Some parameters are in the present considered as constants and non-

variate, such as the yield strength of hub cap and bolts, the Young’s modulus and 

the experimentally measured accelerations. These values can change in the future 

if other materials are used or if other acceleration measurements are done. Other 

parameters such as the bolt diameter and the pretension force can be different 

depending on the size of the bolt used. Apart from the vibration which is a 

measured and well-defined load, the magnitude of the impact and ice load can 

change when a deeper knowledge about them is obtained. It is very hard to 

estimate the magnitude of the impact load but it is believed that the dimensioning 

of the hub cap with respect to any load is better than no load. Many unpredictable 

factors affects the impact force such as; size of the object, mass, speed, direction, 

rotation, material and etc. which makes it impossible to estimate the magnitude of 

load. Another thing to consider is the location of the impact on the hub cap. The 

calculations are based on an impact at the outermost free end which is not always 

the case and which would result in other illustrative curve formations other than 

obtained. An impact on the hub cap that would result in any damage is very 
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unlikely. At its depth and for its small size compared to the vessel there are not 

many things that could hit it with such a power. Maybe, this situation is considered 

to be so unlikely to happen that it is not even included at all in the future 

dimensioning of the hub cap. Ice load however is a more believable load than the 

impact load. This is a typical problem at winter and in generally colder climate 

environments. But even in this case it is hard to estimate the magnitude of it. The 

formula for the force from an ice ridge originally originates from DNV GL 

standards and rules. As mentioned, no standards and rules are available for the 

hub cap today and the formula used is meant for dimensioning of podded 

propulsors in ice ridge environments. Also, the magnitude of the formula has been 

adjusted and decreased consciously since the hub cap does not experience icy ridge 

loads in the same way as a podded propulsor would do. The cap is protected by 

the propellers and the propeller hub and would never exhibit direct icy loads 

perpendicular to its rotational axis. Even here, it is further unknown how and if icy 

ridges affects the hub cap but again, some load is better than no load. A study about 

the loads and their behavior is never done by author and the definition of them are 

described and taken from the internal load case document created by the Promas 

group. The load case documents is in its early stage and the information about the 

loads acting on a hub cap may come to change in the future. Then the equations 

and curves of the diagrams must be reconstructed to be representative for the new 

loading definitions. 

A large part of this study is based on the Euler-Bernoulli beam theory which in 

practice means that some serious assumptions to the model is made. These are, as 

mentioned in the section of Theory; plane sections does not deform and remain 

plane during deformation and planes normal to neutral axis remain normal during 

deformation. Another thing that is mentioned is that these statements are only true 

for beams with a length and cross section ratio of at least 10. For long beams 

subjected to loads, shear deformation is very low and the only dominated 

deformation factor is the bending deformation. The hub cap is modeled as a Euler-

Bernoulli beam which is not a very valid representation since it is known that its 

length is almost as long as its cross section and hence the ratio is not over 10. Short 

beams subjected to loadings induces shear deformation which gives other results 

than predicted with the Euler beam calculations. However, the curves obtained for 

the clamping forces are not dependent on the Euler-Bernoulli beam theory and is 

only obtained with a simple body to surface friction problem. These curves’ 

possible weak point would be the load definitions, which may vary. Apart from 

this statement, they are of very high validity, in other words, models the reality 

with a high precision. Furthermore, these curves are limiting the dimensioning 

zone of the hub cap in a wide range of diameters. They could therefore be used to 

dimension the hub cap since their validity is of high grade and they are both 

limiting for the most hub caps. 
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The theoretical work did not match very well with the FEA simulations that were 

done. Errors between the calculated values with derived equations and the values 

obtained from FEA are between 12.6 % and 95.4 % in all cases. This clearly indicates 

that the equations are not to be used for predicting the stresses, forces or deflections 

and hence not to be used for dimensioning of the hub cap. There are many reasons 

for this big gap in the comparison. The main reason is that the hub cap is not near 

valid to be modeled as a beam. The hub cap has a rather simple geometry with its 

cylindrical and short body but to generalize it as a Euler beam is not what would 

be recommended in the future. Due to the weak cross-section and its ability to 

deform very easily the deformation of the section results in other and higher 

stresses than predicted in the fixed end. The cross-section deformation is especially 

active when the hub cap is loaded with impact or ice which is why these values 

gives a larger error than for the vibration case. Since the impact and ice only acts 

on a certain area of the hub cap it cannot deform and bend homogeneously all over 

the body and the cross section is squeezed into an oval or heart shaped form. Even 

in the vibration case where the load in fact is equally distributed all over the body 

the cross-section deforms for large diameters and giving larger errors. As a 

consequence from the inhomogeneous deformation the behavior of the force on the 

bolts due to bending are not as assumed in the theoretical framework. It was 

assumed that the reaction force on the joint was proportional to its distance from 

the neutral plane and that the force had a positive direction above the neutral plane 

and a negative direction below it. By simulation and application of impact and ice 

loads where large cross-section deformations are present an irregularity of force 

magnitude and direction over the fixed positions is shown. Despite this 

phenomenon the most affected bolt was the one that was closest to side of the 

applied load and from where all the extracted force values were taken from. 

Maximum fatigue stress is calculated with the assumption that the vessel operates 

at every second for 40 years, which is obviously not the case. The vessel makes 

stops for loading and unloading at the dock after every trip and sometimes even 

undergoes service for a couple of days. Thus, it is stationary for a large part of the 

time. An exact ratio between operating and non-operating hours is hard to estimate 

and varies a lot between different types of vessels. A fast calculation was done for 

a vessel with an efficiency of 70% using same equations in section 3.2.3 and it did 

not result in a much higher allowed maximum stress after all, 27.1 MPa compared 

to 26.6 MPa. The fatigue calculations are other than operating time very dependent 

on the chosen FAT class. Studying the weld carefully, the connecting flange is 

welded onto the hub cap so that stresses occurs perpendicular to the weld with a 

slight amount of additional bending to it. For this type of corner weld in the hub 

cap an exact case that would give its FAT class could not be found amongst the 

standards. Instead, a similar situation of a corner weld experienced by transverse 

only loadings are used and hence the FAT class. 
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Other factors that affects the error values are all the parameters that includes to 

conduct and evaluate a FEA simulation. These are excepting from the factors 

already discussed model type, boundary conditions, mesh formation and finally 

result extraction. A finite element analysis is very sensitive and dependent on a lot 

of parameters that could be adjusted to match reality better. It could in the future 

include more realistic features like contact friction to a hub cylinder, include real 

modeled bolts, include water surrounding medium and see the effects of this etc. 

A finer model would still result in differences in values due to the reasons 

discussed above, however these do not have to be as large, or maybe they turn out 

to be larger. Furthermore, the boundary condition for fixed end in the theory counts 

for a fixed cross-section while in the simulations only a few points in the cross 

section are restricted. Fixing all the 15 bolt holes in all directions did result in 

elevated stress around the holes upon bending and which did affect the maximum 

stress value at 𝑥 = 0. These types of stress concentrations are hard to predict and 

were not accounted for in the theoretical model. 

If the same approach of methodology were to be applied to this case again, some 

adjustments to the equations obtained could be made to result in better 

convergence between theory and reality. After the results that were obtained are 

studied (Table 4.12-4.20) it is evident that the FEA value is always higher than the 

theoretical value and that the error’s only getting larger with larger hub caps. Now 

it could not be told if the increasing in error is due to the increase in diameter or 

length since both are increased at the same time. It could be that the increase in 

diameter gives larger errors but increase in length gives less errors but that the total 

effect equivalents is larger errors. The results between hub cap 1.6x2.0 and 2.4x3.0 

shows a small increase in error but the length-diameter ratio is unchanged. So the 

errors must have a diameter or length alone dependence which could not be 

analyzed from the data since both are varying at the same time. If it is assumed that 

the effect of the length change on the errors is small compared to the effect of the 

change in diameter, a correction factor could be taken out that depends on the 

diameter only and that corrects the equation values so that it converges with the 

FEA values. For example, looking at the development of the ratio FEA/Eq. for 

maximum axial normal stress for vibration gives 2.05, 3.55, 4.52 for diameters 0.7, 

1.6, 2.4 m. A line or curve could then be drawn between these points to obtain a 

relationship between the correction factor (ratio) and the diameter. This correction 

factor 𝛼(𝐷) could then be applied to the theoretical stress equations to elevate their 

values so that they converge with the FEA values. Same method could be applied 

to all compared values and to all loading cases. The result of this would be much 

smaller errors still using the obtained theoretical equations. 

As it could not be concluded from the tables which of the parameters length or 

diameter affects the FEA result the most a more advanced study can be done to 

understand this. It relies on identifying all the parameters that could change the 

result and doing experiments and record the results while varying one parameter 
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at a time and see the effect of that parameter change (Fjelstad & Uggla, 2001). In 

this way, complete mathematical relations could be obtained which describes the 

result with a function of all parameters studied. It demands multiple FEA analyses 

so that correct dependences are embraced. This methodology was started to be 

applied during this project, then it was realized that the simplicity of the solution 

was on its way to be lost and that the time would not be sufficient to carry it out all 

the way, therefore it was not continued. The described method of approach would 

give better convergence between the new equations and FEA values since the 

equations are based on the simulated values which would result in minimal errors. 

A basic material selection process was conducted which resulted in the stainless 

steel AISI 304L. There are surely more advanced ways on how to conduct a material 

selection process that could result in other materials that are better suited for the 

hub cap. In this process where an index value is used to rank the materials, the 

ranking would be more representative if more index values were used. An index 

value can be obtained for each loading case and the reason for excluding the impact 

and ice load from this process is that the vibration load is the most dominant load 

that acts on the hub cap under all of its lifetime. Other reasons for not including the 

loads and conducting a more advanced material selection process are no interest 

from company in this question and a tight time frame. AISI 304L is very similar to 

and is a cheaper version of today’s AISI 316L but comes with a reduced corrosion 

resistance. Still, it fulfills the restriction of to be used in salty water environments 

and the supreme corrosion resistance of the 316L may be more than required. If the 

case is that the hub cap can be made in 304L and suffer from no extensive corrosion 

during its lifetime it may be a substitute to the 316L. The manufacturing costs and 

ordering costs are other factors that were not respected during the selection process 

and that the company will have to gain more information about before using 304L. 
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6 CONCLUSION 
A dimensioning tool was obtained to predict the first failure mode that would occur 

to the hub cap if it dimensioned outside its safe zone. The tool is based on 

theoretical solid mechanics and physics which showed poor conformation with the 

experimental results. Conclusions to draw from these results and the differences 

observed are summarized. 

An ability to automatically generate 3D CAD models is possible to achieve with 

minor further work. 

The hub cap is affected by the defined loads in a completely different way than 

what was predicted by the theories used in this methodology. 

Obtained equations and diagrams are not representative of the reality and cannot, 

in their current state, be used to dimension hub caps. But they can be used as a 

guiding tool for dimensioning and must be used with caution. 

A correction factor 𝛼 could be obtained and applied to the theoretical equations to 

give better conformation with the reality. 

Other methods like “multivariate analysis” of experimental data or a combination 

of new and used methods could to be applied to the problem in the future to better 

predict the effect of the loads on the hub cap. 

Suggested material of choice to the hub cap that is cheaper and fulfills all the 

requirements for the operating area is the AISI 304L. 
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