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Sammanfattning 
Under räddningsuppdrag är det vanligt att räddningsbåtar opererar i vatten med mycket skräp som 

kan sugas in i propulsorn. Speciellt plastrep kan trassla in sig runt axeln och smälta och orsaka 

driftstopp eller skada motorn. 

För närvarande finns periferi-drivna, axellösa propulsorer som har visat sig hantera skräp på ett 

bättre sätt än konventionella, men de är vanligen bara designade för låga farter. 

Sjöräddningssällskapet beslutade sig därför tillsammans med Rolls-Royce och andra partners som 

Marna att börja utveckla en motor som kombinerar en periferidriven propulsor med en vattenjet 

I detta arbete presenteras en konceptuell design för denna motor, där lager och tätningar såväl som 

bultar och andra komponenter har valts från standardkomponenter. För att utforma höljet och välja 

standardkomponenterna beaktades tre huvudfaktorer: att undvika extra system, modularitet och att 

vara så kompakt som möjligt. 
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Abstract 
During sea rescue operations it is common for the rescue vessels to operate in water with high 

number of debris that can get stuck in the propulsor. In particular plastic ropes that can get tangled 

around the shaft and melt causing a complete stop or damage the motor.  

Currently rim driven shaft-less thrusters have proven to deal with debris in a better way than 

conventional motors, but they usually operate only at low speeds. The Swedish Sea Rescue Society 

along with Rolls-Royce and other partners such as Marna decided to start developing a motor 

combining the idea of the rim driven thrusters driven by a Permanent magnet motor and a water 

jet to increase the thrust. 

In this thesis a conceptual design for this motor is presented, in which bearings and seals have been 

chosen from standard components as well as the bolts and other components, and all the housing 

has been designed. In order to design the housing and choose the standard components, three main 

factors were taken into account: not using extra systems, modularity and being as compact as 

possible.  

By focusing on those three requirements different bearing and seals solutions were studied and 

analyzed to check their viability. Furthermore, in order to verify the design and components 

chosen, mathematical models through MATLAB and simulations with ANSYS were carried out. 

Finally the drawings of the non standard components were added including the tolerances defined 

by the standard components.  
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NOMENCLATURE 

Here are the Notations and Abbreviations that are used in this Master thesis. (Only include the 

lists that are applicable).  

Notations 

Symbol Description 

E Young´s modulus (Pa) 

r Radius (m)  

t Thickness (m) 

C0 Static load rating 

P0 Equivalent static bearing load 

Fr Radial force 

Fa Axial force 

P Equivalent dynamic bearing load 

f0 calculation factor for bearings 

a1 Reliability ratio 

aISO Bearing rating life factor 

Lnm Bearing rating life 

ec Contamination factor 

k Viscosity ratio 

Dpw Mean bearing diameter 

Kb Bearing type factor 

Ws Total heat dissipation per degree above ambient temperature 

HRc Rockwell C hardness 

L Length 

kc Thermal conductivity 

r2 Outer tube diameter 

r1 Inner tube diameter 

A Area 

Q Oil lubrication quantity 

w coefficient for oil delivery 

d Bearing inner diameter 

B Bearing width 

ν Viscosity 

ν1 Reference viscosity 
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Abbreviations 

CAD Computer Aided Design 

CAE Computer Aided Engineering 

PLM Product Lifecycle Management 

SSRS Swedish Sea Rescue Society 

PMTT Permanent magnet tunnel thruster 

SRM Switched reluctance motor 

PM Permanent magnet 

RDT Rim driven thruster 

IM Induction motor 

DCM Direct current motor 

ACM Alternating current motor 

HTSM High temperature superconducting motor 

AC Alternating current 

PTFE Polytetrafluoroethylene 

NTNU Norwegian University of Science and Technology 

NBR Nitrile rubber 
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1 INTRODUCTION 

This chapter describes the background, the purpose, the limitations and the method(s) used in the 

presented project. 

1.1 BACKGROUND 

SSRS along with Rolls Royce AB has started to develop a shaftless water jet propulsor for rescue 

vessels mainly based in the Rolls Royce PMTT, which has shown great capabilities in handling 

debris which represent a risk for the vessel and consequently to the rescue operation because of 

vessel downtime.  

Some debris such as floating lines or buoyant lines from life rafts are especially problematic as 

they are usually made of a polyester rope of 8 to 12 mm. These lines get tangled with few 

revolutions and start to melt around the drive shaft which ends in damage to the engine or drive 

shaft due to the increase in the resistance. Removal of melted lines can take several hours and as 

stated before this downtime might be crucial in rescue operations. 

Despite being able to handle debris, the PMTT are not capable of delivering the thrust needed for 

reaching the required speeds for rescue vessels nor are as safe as an enclosed system.  

This way two master thesis were proposed for investigation and development of the Rim-jet 

propulsion. The first one dealt with the hydro-mechanical design of the pump meaning the design 

of the pump blades and guide vanes, carried out at Chalmers University of Technology (Thor Peter 

Andersen, 2014). The second one deals with the system mechanical design dealing with the sealing 

and bearing design as well as studying possible arrangements for the pump and guide vane blades 

according to existing manufacturing techniques. Also the design must fit within the PM motor 

design.  

1.2 PURPOSE 

SSRS aims to obtain a proper definition of the sealing and bearing solutions for the Rim-jet 

propeller. Furthermore, a complete design of the housing is intended so a prototype can be 

manufactured and tested in a vessel to check the final performance: debris handling and if the 

speeds and bollard pull intended have been achieved. 

This way the deliverables for this Master Thesis are the bearing selection and arrangement, 

selecting the sealing solution to protect the electrical engine from being flooded and design the 

case that will fit all the elements. Different solutions for bearing and sealing will be compared in 

order to choose the best solution. 

1.3 DELIMITATIONS 

The size of the electromagnetic motor is currently defined by the manufacturer so the rest of the 

components that are designed have to be fitted to them. There is a preliminary design for the 

electric motor, but as it is property of the company, in the final design of this Master Thesis those 

components will appear as a black box that comprises all the dimensions but with no detail about 

internal components and how are they assembled. 

Another thing that will not be taken into account is an exhaustive study on the economical field of 

the project so no details about the cost of the materials or the manufacturing processes will be 

taken into account. On the other hand what will be considered is the cost of components when 
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comparing different types of bearing and sealing solutions, if not with their actual price they will 

be compared taking into account the range of prices of each solution. 

It is not intended for this Thesis to carry out the manufacturing process. 

1.4 METHOD 

The selection of bearing solutions is done mainly based on SKF standards and components, 

however some proposed solutions are not available in SKF and their study will be extended to 

other bibliography that will be further developed in the related chapter. 

The design of the different components will be done using CAD software, specifically Solid Edge. 

If standardized components such as certain types of bearings are chosen as final solution, 

manufacturers, such as SKF allow open download of CAD models for their products and those 

might be used. The needed calculations for the different elements are either done by mathematical 

models developed in MATLAB or by using FEA software such as ANSYS. 
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2 FRAME OF REFERENCE 

The reference frame is a summary of the existing knowledge and former performed research on 

the subject. This chapter presents the theoretical reference frame that is necessary for the 

performed research, design or product development. 

2.1 RIM DRIVEN THRUSTERS 

Despite PM technology and tip-driven propellers are becoming more popular in the last years, the 

technology they are based in has been object of study since early 20th century. A patent for the 

earliest known design of a tip-driven thruster was filled by Ludwig Kort (1940), from Hannover. 

The patent stated that the rotor was on a ring around the propeller and the stator coils housed within 

the duct of the thruster. As it can be seen in figure 1, a and b are the rotor and stator respectively; 

c,d and e are possible sealing and bearing locations; finally f and g are the propeller and the duct 

respectively.  

 

 

Figure 1: Earliest tip-driven thruster (Kort, 1940) 

 

Based on this patent other RDT patents were developed (Pierro, 1973; Ono and Yamamoto, 1976; 

Edwards, 1988; Taylor, 1989; Veronesi, 1993; Veronise and Drake, 1993). However this patents 

did not explain the design nor performance of the machine, but only a description of the general 

concept. 

PM motors have not been studied only for this kind of thrusters, a patent for a submarine 

hydrodynamic control system was published, which was intended for submarine vessels allowing 

the maneuvering by varying the pitch of the propelling blades (Frederick R Haselton, 1963). The 

propeller blades are mounted externally to the submarine vessel hull (Figure 2). 
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Figure 2: Propeller blades mounted on ring (Frederick R Haselton, 1963) 

The blades are mounted on the ring which is fitted on the hull. The blades pitch is varied 

mechanically which will allow to provide thrust and change the movement direction. The 

similarities with the tip-driven thrusters lies on the fact that the ring where blades are mounted is 

placed between two field coils using the electromagnetic force for moving the rotor. 

Not much later, G. W. Lehmann (1965) filled a patent about a submarine jet propulsion system. 

The water was propelled by two impellers (27a and 27b) attached by the tip to their respective 

rings (25a and 25b) which rotates by means of electromagnetic coils (29a and 29b) embedded in 

the duct around the ring. The propelled water was forced out through a single duct as a jet. 

 

Figure 3: Submarine jet propulsion (G. W. Lehmann, 1965) 

Mitsui Shipping and Engineering Company (1975) presented a patent for an electrical tip-driven 

propeller. The guide ring had an I shaped cross section (3) and attached to it, the propellers blade 

tip. The other end of the ring is attached to a squirrel caged rotor containing the secondary windings 

(4). The stator coils are placed in the hub (2). In order to prevent leakage through bearings and 

sealings, compressed air is provided to the chamber through pipe (6). The bearings (5) are placed 

on each side of the ring. 
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Figure 4: Electrically tip driven propeller (Mitsui Shipbuilding ENG[JP], 1975) 

Westinghouse Electric Corporation (1989) developed a system for vessels which had a skewed-

bar squirrel cage rotor attached to the propeller tips and the stator was within a laser welded oil-

filled metal can. Afterwards the rotor core was covered with black epoxy paint. The delivered 

power output of this motor is 7.5kW while operated at 2906 rpm. The motor is a 200 V, 16 pole, 

3–phase induction motor; with 48 stator slots and 72 rotor slots; measuring about 394 mm in 

diameter and an air gap of 1mm. The main drawbacks with this motor were the low power factor, 

loss power density and its low efficiency due to power loss in friction and eddy currents in stator. 

 

 

Figure 5: Electric propulsion motor (Westinghouse, 1989) 

 

Later Westinghouse patented an improved design using permanent magnets instead of coils in the 

rotor, allowing a larger air gap between stator and rotor. It was also designed with a squirrel cage 

structure made of damper bard and conductive wedges, which to the author’s knowledge would 

assist starting the motor and insulate the magnets from harmonic currents which could 

demagnetize them. 

Another tip-driven thruster patent whose main objective was to design a shaft-free motor for 

submarine vessels was developed. It also aimed to be designed thinking on modularity for an easier 

assembly and facilitate maintenance operations (Newport News Shipbuilding and Dry Dock 

Company, 1992). 
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Figure 6: Marine propulsor (Newport News S&D CO, 1992) 

 

Figure 7: Marine propulsor (2) (Newport News S&D CO, 1992) 

The blades (22) are mounted on the hub (24) fixed to the rotor (30). Two stators can be found on 

each side of the rotor (26 and 28). This arrangement with two stators is done to control the 

electromagnetic forces in order to offset thrust forces and reduce the magnitude of propulsor 

induced structural vibration. The thrust forces are carried from the propeller blades to the vessel 

though a circumferential thrust bearing. 

A prototype where a partial stator of a SRM without a duct is used in the thruster was developed 

at Warwick University (Richardson et al, 1995). The SRM is a 3-phase motor with 20 rotor slots 

and 6 stator slots. The stator is support by the frame which is fabricated especially to accommodate 

the stator and from this frame two struts are suspended, that house the propeller shaft bearing 

assembly at the hub. The thruster has a propeller with diameter of 290mm, which is mounted inside 
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the brass ring fixed to the inner rotor bore. This thruster is capable of operating at a speed of 1200 

rpm with a rated delivered power of 5kW. The motor is approximately 466mm with a phase voltage 

of 250 V and an air-gap of 0.6mm between the rotor and stator. The rotor and stator surface were 

coated with corrosion resistive paint. 

 

Figure 8: SRM Thruster (Pending of approval) 

 

Other similar designs came along the years but the design that made this project appear is the Rolls 

Royce PMTT. The PM motor is located in the circumference of the propeller, with integrated stator 

copper windings. The rotor with fixed pitch propeller and PM has a support structure with a central 

shaft. The absence of blade tip in this design reduces cavitation and as no gears are used both, 

noise and vibration, are reduced.  

 

Figure 9: Roll-Royce PMTT (Rolls-royce commercial brochure, 2014) 

 

2.2 ELECTRIC MOTORS 

The motor is probably the most important component of thrusters. The research on this motors 

mainly focuses on optimizing electromagnetic performance, motor sealing, cooling, anti-
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corrosion, control, size and cost. It is important to notice that the motor is immersed in water and 

this will have a big impact in the design approaches. 

There are five types of electric motors that can be used for RDT: induction motor (IM), switched 

reluctance motor (SRM), permanent magnet direct current motor (PM DCM), permanent magnet 

alternating current motor (PM ACM) and high temperature superconducting motor (HTSM). 

Most of the early designs used the IM technology, where the AC power supplied to the stator 

creates a rotary magnetic field in synchronism with the AC oscillations. Unlike synchronous 

motors, an IM rotor rotates at lower speed than the stator field, therefore, the stator’s magnetic 

field is rotating relative to the rotor, what induces an opposing current in the rotor that creates 

another magnetic field that reacts against the stator field and as this one is rotating the rotor will 

start to do so. The rotor accelerates until the torque balances the applied mechanical load on the 

rotor. 

The model developed by the Warwick University used a SRM, in this type of motor the power is 

delivered to windings in the stator rather than the rotor. The rotor is made of soft magnetic material 

so when power is applied to stator windings the magnetic reluctance of the rotor creates a forces 

to align the rotor pole with the nearest stator pole. To maintain the rotation the windings in the 

stator are switched on successively by an electronic control. The design is simple but the main 

concern is the electrical and electronic design. 

The main difference in the use of HTSM lies on the fact that the coils in the rotor are made of a 

superconductive material and thermally insulated from the rest of the machine with vacuum 

insulation. Superconductors reduce the electrical loses to negligible values and consequently allow 

to reduce the size and weight of the motor by a factor of two. However the main drawback with 

this kind of motors is the need of liquid nitrogen coolant, which limits their field of application. 

Its performance has been proved especially in large motors. 

2.2.1 PM MOTORS 

A new head is added for permanent motors since it is the technology that is going to be used as 

power supply in this master thesis. In this motors permanent magnets are embedded or mounted 

on the rotor while the electrical supply is connected to stator windings. 

Unlike IM and SRM motors that have thick stators and rotors and hence thick ducts that cause 

high drag losses at high advance speeds affecting the overall efficiency and also their performance 

is reduced by the fact that the air gap between rotor and stator to add corrosion layers to the surface 

of both of them, PM motors allow larger gaps and can be design with larger number of poles 

resulting in thinner rotors and stators without worsening the efficiency. This fact made PM motors 

become the most popular option for the researchers in this field of study. 

The research done by the professor Sharkh et al. (2004) stated that in order to achieve a better 

efficiency it was desired for the PM motor to have a large number of poles, small radial thickness, 

relatively large air gap, short axial length and relatively thin magnets. 

2.2.1.1 PM MOTOR TYPES 

PM motors can be classified in three different categories: 

 DC brush commutator motor 

 DC brushless motors 

 AC synchronous motors 

The DC brush commutator motor construction just differs from a DC motor in the usage of 

permanent magnets instead of the electromagnetic excitation system. Both DC brushless motors 

and AC synchronous motors designs are mostly the same, they differ in the voltage control and 

wave shape. While AC are fed with a sinusoidal waveform creating the rotating magnetic field, 

DC brushless are fed with a square shaped wave form with a Y connection in the windings where 
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only two phases conduct the current at the same time and the phases connected are controlled by 

an electronic commuter. 

2.2.1.2 PM MOTORS IN THRUSTERS 

The Harbor Branch Oceanographic Institute (HBOI) developed a PM motor whose main purpose 

was dealing with debris, especially the entanglement of plastic ropes. In order to achieve this they 

decided to remove the hub. The blades are fixed by the tip to the rotor ring which has bearing races 

on both of its sides. Plastic spacers and plastic balls are placed within the races forming an axial 

thrust bearing.  

 

Figure 10: PM motor developed by HBOI (Kennedy and Holt, 1995) 

 

The Norwegian University of Science and Technology also built a prototype of an integrated PM 

motor for ship propulsion. The bearing solution is the same as the adopted by HBOI. The rated 

power reached 100 kW while running at 700 rpm with a diameter of 600mm. Rolls Royce took 

this project for further development. 

 

Figure 11: PM synchronous motor RDT prototype (NTNU) 

University of Southampton designed a thruster in which the stator steel yoke and its windings were 

encapsulated within the duct surrounding the rotor. The propeller blades are joined to the rotor by 
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the tip in one end and the other end to the hub, supported by bearings located in a spider web like 

structure on each side of the stator. These component were coated with epoxy resins avoiding the 

necessity of a pressure compensated housing and rotating seals, improving the cost of the motor. 

 

Figure 12: RDT Miniature (Sharkh et al., 2004) 

 

 

Figure 13: RDT prototype (Sharkh et al., 2004) 

 

In 2002 Brunvoll and Nor propeller AS cooperated to work on RDT research. Five years later a 

810 kW RTD was installed in the Platform Supply Vessel “Edda Fram” an in 2011 the Norwegian 

ferry M/F Eiksund was equipped with two RDT from Brunvoll, being believed to be the first ship 

for commercial purposes to be propelled by RDT. 

Rolls-Royce also launched their RDT technology in 2005, equipping this motors to the UT712 CD 

anchor handler being ordered by the Olympic Shipping. Further, Olympic Shipping ordered more 

RDT to Rolls-Royce for their vessel “Olympic Octopus”. In 2015 Gunnerus, NTNU’s research 

vessel was equipped with two PM RDT running over 1500h trouble free. 

Rolls-Royce design has a central hub which is joined to the rotor yoke by the propeller blades and 

supported by a shaft whose bearings are supported in a spider web structure of the stator. For all 

the rotating components there is no need of gearwheels, reducing the noise and vibration. Also the 

absence of blade tip reduces the cavitation. 

The benefits of PMTT over conventional thrusters are: 
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1. Low noise and vibration 

a. No gearwheels. 

b. Patented flexible hull connection that reduces the noise transferred to hull. 

2. High efficiency 

a. PM motor efficiency is higher throughout the RPM operational band than 

induction motor 

b. The absence of blade tip minimizes cavitation  

c. Frequency control of the thrust 

3. Increased flexibility for ship designer 

a. Symmetric design when installing more than one thruster 

b. Increased steering capability with same installed power 

c. Space saving in thruster room 

4. Easy installation 

a. New patented hull with flexible connections 

b. Relaxed tolerance compared to conventional thruster 

c. No need to dry dock since the unit is designed to be installed and demounted 

under water. 

5. Robust design with high reliability 

a. Roller bearing rated life over 60000 hours 

b. Minimal dynamic vibrations on shaft seals 

c. Improved production methods for rotor and stator protection 

6. Environmentally friendly 

a. Reduced oil volume in system 

b. Biodegradable oils available for use 

c. Energy efficient thruster (low losses and controlled frequency) 

d. Lower weight and size for same power as induction thrusters 

7. Fewer parts, reducing the maintenance costs 

 

2.3 THE VESSEL 

Marna Outboard AS Norway, external partner for the rim-drive water jet project designed the 

vessel, which is already manufactured and in use with a common shaft driven propeller. In the 

following sketches provided by Marna and pictures it is possible to identify the design of the 

vessel. One constraint in the design of the motor is the length of it, determined by the position of 

the guiding tube. 

It is possible to notice that it will be necessary to make some modifications in the vessel hull since 

there will be no shaft, however this Master Thesis is not intended to deal with that. It is important 

to highlight that the dimensions fit within SOLAS rescue boat and fast rescue boats special 

requirements as well as SSRS’s specific requirements. 
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Figure 14: Vessel concept design 

 

 

Table 1: Vessel geometry specifications  

Main particulars Value Unit 

Length, LOA 4 m 

Breath, BOA 1.43 m 

Planning breath, BP 0.97 m 

Draught, T 0.54 m 

Total weight 800 (1250) Kg 

Longitudinal center of gravity, LCG 1.675 m 

Longitudinal center of bouyancy, LVB 1.69 m 

Vertical center of gravity, VCG 0.4 m 

Angle of deadrise, β 15 º 

Pax capacity (SOLAS) 6 - 

Design speed 20 Knots 
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2.4 TECHNICAL SPECIFICATIONS 

SSRS has defined some main technical requirements for the Rim-jet. These requirements are 

summarized in the following table. 

 

Table 2: SSRS Requirements 

Requirement Value Unit 

Vessel speed, Vs 20-25 Knots 

Maximum engine speed, n 4000 rpm 

Maximum engine torque 132 Nm 

Delivered power at max rpm 55 kW 

Maximum impeller diameter 195 mm 

Bullard pull (Thrust), T 4 kN 

 

The requirement for the bollard pull for the vessel originates from the operational pattern of the 

boat. The rescue vessel must have enough thrust to pull several connected liferafts. 

Further details are necessary for the design of the motor. Some of them are specified by the 

dimensional limitations of the motor and others were chosen based on ratios from previous waterjet 

designs. 

 

Table 3: Pump, fluid and target specifications 

Pump specifications 

Impeller diameter, d 205 mm 

Impeller blade (Rotor) max axial length 195 mm 

Guide-vane (Stator) maximum axial length 195 mm 

Number of impeller blades (Rotor) 4 - 

Number of guide vanes (Stator) 7 - 

Outlet/Inlet diameter ratio 60 % 

Elevation of nozzle outlet 164.25 mm 

Fluid properties 



 28 

Fluid Water  

Density 998 Kg/m3 

Vapor pressure 2.3 kPa 

Design target 

Thrust 4 kN 

Impeller rotational speed 2000-4000 rpm 

Maximum power 55 kW 

Design speed 20 Knots 

Displacement 800 (1250) kg 

 

According to this specifications the hydrodynamic master thesis was carried out by Thor Peter 

Andersen, from Chalmers University. In this master thesis a proposal for the blades and guide vane 

design was achieved resulting in the performance results shown in table4 and the geometry shown 

in figure 15. 

Table 4: Hydromechanic results (Thor Peter Andersen, 2014)  

Case Units Value 
Required 

value 

Bollard pull kN 4.17 4 

Torque Nm 141 146 

Head rise (Heffective) m 12.7 10.9 
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Figure 15: Blades and guide vanes design (Thor, 2014) 
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3 IMPLEMENTATION 

In this chapter the working process is described. A structured process is often called a method and 

its purpose is to help the researcher/developer/designer to reach the goals for the project.  

In this chapter the different possible solutions for bearings and sealing concept will be presented 

as well as the comparison between them and a final choice of the best overall option. Also the 

design of the permanent magnet motor will be shown in a simplified CAD model since its design 

is inner knowledge of the company in charge of it and cannot be shared. 

Finally the design of the hull of the motor will be done along with the assembly that comprises all 

the components. 

It has to be taken into account that while selecting the bearings and sealing solutions it has to be 

kept in mind some restrictions; it means that there are the rotating stream tube from the propeller 

blades and the static stream tube from the guide vanes and they are almost matching each other. 

3.1 PERMANENT MAGNET MOTOR CAD DESIGN 

As it was stated before, the PM motor is already designed and manufactured so everything around 

it has to be designed to fix within the delimitations added by this motor design.  

 

Figure 16: PM Motor developed by Marna 

A CAD model of the motor have been developed but no inner components are shown; the design 

contains all the actual outer dimensions of the motor in order to be able to design the rest of the 

components. 
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Figure 17: Simplified CAD model of PM motor 

Each of the holes that can be seen on the protrusion correspond to each of the three electric 

phases and the connection to the electronic controller of the system. 

3.2 DESIGN LINES TO STUDY 

If the blades design is added to the motor assembly it is possible to identify some design lines that 

must be followed in order to achieve a reliable design. However all this limitations will introduce 

several constrains to the design process and the solutions that can be found and used effectively.  

 

Figure 18: Motor and blades overlapped to illustrate the 

small gap between rotor blades and guide vanes 

It is noticed with ease the need of a dual radial support for the rotor, so two bearings have to be 

arranged at each end of the rotor blades. Also at least one of the bearings have to be able to deal 

with axial loads to carry the thrust force from the blades to the hull.  
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Another important point to highlight is the lack of space between the rotor blades and the guide 

vanes, which barely surpass 19 millimeters. This along with the fact that the rotor is even closer 

to the guide vanes and the radial clearance between the stator and the guide vanes tube is 20 

millimeters, the available space for the bearings on the guide vanes side is quite limited. 

Furthermore, the joint between the rotor tube and guide vanes tube has to be sealed to prevent 

leakage of water through it, which would also decrease the theoretical efficiency that was 

calculated by Thor with this design. 

3.3 BEARINGS 

A good selection of the bearings of a system is of great importance in order to assure a correct and 

smooth performance in the machine as well as an enough life expectancy. 

Selecting the correct bearings is one of the main task to deal with in mechanical design since there 

are a lot of different parameters that affect the selection of these. These parameters are not only 

related to physical variables but also to the design. These parameters to take into account are: 

 Force 

For selecting the bearings it is of high importance to know which forces are acting and 

have to be carried by the bearings since some solutions are not suitable for standing axial 

or radial forces and sometimes they are not even capable at all of dealing with them. 

In the case concerning this master thesis, the loads that the bearing or bearings will have 

to deal with are both, axial and radial forces. The axial force will be considered as static 

and with the maximum load that can be applied, which is given by the bollard pull, which 

according to the results from the hydrodynamic master thesis is 4.17 kN. As radial load 

only the weight of the rotor magnets, rotor blades and rotor tube of the rotor is considered 

and as a first approximation it is around 20 kg overestimated, rounded to 200N for 

preliminary selection. 

 

 Rotational speed 

Another important parameter to consider is the rotational speed, that has to deal with the 

temperature build up in the bearing component or fluid, in which the properties might 

change not being able to work properly. In bearings sustained by other rotating elements, 

it is limited by both thermal conditions and mechanical limits; this limits are called 

reference speed and limiting speed relatively. However this limits are not prohibiting, they 

are only cautionary, what means that deeper control of the operating conditions have to be 

done when approaching them. 

The selection of some type of bearing solutions will be done among SKF products. The 

thermal speed limit given by SKF products is based on the SKF friction model for thermal 

equilibrium under ISO 15312.  

Furthermore the mechanical speed limit can be exceeded if the bearing design and 

application are adapted to a higher speed. The limiting speed is determined by: lubrication 

of the cage guidings, centrifugal forces on rolling elements, seals and lubricants and the 

strength of the cage. 

 

 System design  

There are usually space limitations or some fixed diameters defined by either strength or 

other components space requirements. For this master thesis one of the requirements for 

the bearing solution will be using a minimum inner diameter given by the outer diameter 

of the rotor propeller blades. One space limitation can be found in the distance available 

between the propeller blades and the guide vanes, which is 20 mm; this distance is limiting 

since the hull around guide vanes is static while the rotor one is rotating.  
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It is also important when comparing the different options that the ones that does not require 

extra systems for their performance while running will have some priority since more 

systems means higher chances for vessel downtime because of failure of one of those 

systems. Also, including more systems might mean higher expenses in maintenance and 

direct cost for buying the necessary equipment.  

 

3.3.1 POSSIBLE BEARING SOLUTIONS 

Taking into account the previously mentioned prerequisites there are several possibilities, as the 

diameter is large compared to the forces acting in the system it is expected that just one bearing 

might be enough for carrying the forces, however, due to the location of the engine rotor the 

bearing has to be placed on one end of the rotor tube which will cause a bending moment applied 

in the bearing which is not recommended and will also generate undesired vibrations on the 

system, increasing the noise and reducing the components life. One consideration done in the 

calculations in this chapter is the use of 200 mm diameter bearings, which might slightly differ in 

the final design but these slight variations in bearings of such a size are not highly relevant 

especially considering the previous claim, that the loads present are low for the considered 

diameter. 

1. Deep groove ball bearing 

This type of bearing is ideal standing radial loads but it is not optimum for axial loads, 

however according to standards they are capable of dealing with up to a fifty percent 

of the static load rating, C0.  

For this type of bearing the Equivalent static bearing load, P0, when an axial load is 

applied can be calculated as following: 

 

𝑃0 = 0.6𝐹𝑟 + 0.5𝐹𝑎                                                  (1) 

 

Where: 

 Fr: Radial load, 200 N 

 Fa: Axial load, 4.17 kN 

 P0: 2.21 kN 

 

By selecting the bearing 61840 for being the most compact among the ones that meet 

the requirement of P0<C0, it is possible to get the calculation factor f0 from the 

component datasheet. With this value it is possible to calculate the limiting value for 

deep groove ball bearings, e, through the relationship: 

 
𝑓0𝐹𝑎

𝐶0
=

17.2∙4.17

102
= 0.703                                             (2) 

With this value it is possible to get the value of e through the use of the table 1 found 

in Appendix D (Calculation factors for deep groove bal bearings), concluding a value 

of 0.26. 

As Fa/Fr is obviously higher than e, the Equivalent dynamic bearing load is: 

 

𝑃 = 𝑋𝐹𝑟 + 𝑌𝐹𝑎                                                    (3) 

Where: 

 X: 0.56 

 Y: 1.70, with interpolation done with MATLAB (See code on Appendix C) 

 P: 7.20 kN  

 

For the life calculation it will be considered to be fully loaded during its operation, 

what means working at full thrust force. This consideration is done to assure a long 
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life and that the bearings will not fail easily since downtimes might be a matter of life 

or dead during a rescue operation. 

 

The life calculation will be done according to the ISO standard 281:2007, where two 

correction factors are proposed, one of them that corrects the reliability, a1 and the 

other one, aISO, that corrects in function of the lubricant’s contamination, ec, lubricating 

condition, k (rate between actual viscosity and a calculated reference viscosity), and 

the ratio between the fatigue load limit and the equivalent dynamic load, Pu/P, where 

the fatigue load limit is given by component’s datasheet. 

 

𝐿𝑛𝑚 = 𝑎1𝑎𝐼𝑆𝑂 (
𝐶

𝑃
)

3

                                              (4) 

 

For a1, the assumed value will be 1, what means that the reliability is kept at the 

standard 90% from the basic rating life. The factor aISO can be calculated by means of 

the equations formulated in the ISO 281:2007 chapter 9.3.3.4 or with the provided 

graphics in that same chapter. 

 

In order to choose the value for the contamination factor a table is provided in the ISO 

281:2007 (table 13, Chapter 9.3.3.2). For the pitch diameter the mean value of the bore 

and bearing outside diameter is used, 225 mm. The level of contamination chosen for 

this calculation is normal cleanliness, for these two parameters the ec is settled between 

0.8 and 0.6, so the chosen value will be 0.7. 

 

For the lubricating condition parameter it is necessary to calculate a reference 

viscosity, ν1, which is calculated by means of the equation: 

 

𝜈1 = 4500 ∙ 𝑛−0.5𝐷𝑝𝑤
−0.5    𝑓𝑜𝑟 𝑛 > 1000 𝑟𝑝𝑚                              (5) 

 

Where: 

 n: 4000 rpm 

 Dpw: 225 mm 

 ν1: 4.7434 mm2/s 

 

As lubricant for this bearing it is intended to be used the biodegradable grease LGGB 

2 as its properties has shown over 300h working time L50 at 10000 rpm and also meet 

the requirement of being environmentally friendly lubricant. This way the value for k 

is: 

𝑘 =  
𝜈

𝜈1
                                                               (6) 

Where: 

 ν: 13mm2/s at 100ºC 

 ν1: 4.7434 mm2/s 

 k= 2.74 

 

Once all these values have been sorted out it is possible to determine the value for aISO.  

𝑎𝐼𝑆𝑂 = 0.1 [1 − (2.5671 −
1.9987

𝑘0.071739)
0.83

(
𝑒𝑐𝐶𝑢

𝑃
)

1/3

]
−9.3

                    (7) 

 

𝑎𝐼𝑆𝑂 = 54.6 
 

The estimated life will then be: 
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𝐿𝑛𝑚 = 64468.73 𝑚𝑖𝑙𝑙𝑖𝑜𝑛𝑠 𝑜𝑓 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠                          (8) 

  

This value shows that the bearing is over dimensioned, but it is as might be expected 

since the load requirement is low compared to the size of it due to the requirement for 

the bore diameter to be 200 mm. 

 

However the main drawback with this bearing is that its limiting speed is 3200 rpm 

which is lower than the maximum 4000 rpm engine speed, but close to it and due to 

the operating conditions this speed might be reachable with no problems. 

 

2. Angular contact ball bearing 

This type of bearing is designed to be able to withstand radial loads and to a less extend 

the axial loads. The selected bearing is 71940 ACD/HCP4A, which is design especially 

for high speed applications. For this angular contact bearings there must be preload set 

in them. This preload would assure a constant force. SKF owns a table guide for the 

preload to be set, but only gets up t0 120 mm shaft diameter. By ploting this values the 

preload was estimated to be around 5.6 kN.  

 

 

Figure 19: Preload set against shaft diameter 

 

The way to proceed for calculating the life of angular contact bearing is analogous to 

the one from deep groove ball bearings. But changing the values of the different factors 

that affect the bearing. 

 

The equivalent static bearing load, P0 would be: 

 

𝑃0 = 0.5𝐹𝑟 + 𝑌0𝐹𝑎 =3.27 kN                                                    (9) 

 

As Fa/Fr, 20.85, is greater than e, 0.68, the Equivalent dynamic bearing load is: 

 

𝑃 =  𝑋𝐹𝑟 + 𝑌𝐹𝑎                                                              (10) 

 

Where: 

 X: 0.67 

 Y: 0.87 
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 P: 3.76 kN 

 

In the following table the results calculated by the same means as for deep groove 

bearing are presented: 

 

Table 5: Resume of the results for Angular contact ball bearing 

FACTOR VALUE UNITS 

Dpw 240 mm 

ec 0,7 - 

ν1 4,59279327 mm2/s 

k 2,83052148 - 

aISO 835120,443 - 

Lnm 1,4137E+11 
Millions of 
revolutions 

As it happened with the deep groove ball bearing, this bearing is also overdimensioned, 

indeed, it is even more overdimensioned. This can be explained due to the fact that the 

materials and manufacturing processes quality of this high precision bearing are much 

higher, but allows to withstand higher rotational speed than standard ones. Also, this 

bearing is an angular contact bearing so the equivalent dynamic bearing load is lower 

than in the previous case, in which the bearing is not supposed to work with axial loads. 

 

There is a possibility to use this type of bearing in the guide vanes side as well, but 

with a different inner diameter, which will be higher and its designation would be 

71944 ACD/HCP4A. However it might not be the optimal option since the space that 

it requires is higher than other options and would increase the costs of the housing. On 

the other hand ball bearings are suitable for limited axial space, which due to the axial 

length limitation can make them as one of the best options to consider. 

 

3. Needle bearing 

The use of this type of bearing is studied for the guide vane side, where the available 

radial space is limited, despite this kind of bearing is not suitable for running with axial 

loads, the bearing used in the low pressure side of the propeller is the one to be chosen 

for this purpose since the available space is higher. 

 

As well as with the deep grove bearing, both reference and limiting speed are below 

the maximum of 4000 rpm established, but in the case of needle bearing of this size 

the difference is much higher, being the reference and limiting speeds 1900 and 2200 

rpm respectively. Another limitation for this type of bearing is the axial available 

space, which, as said before, is limited. 

 

4. Water lubricated bearings 

As well as roller bearings this option is only studied for the bearing on the guide vanes 

side. Water lubricated bearings base their performance in the Elasto-hydrodynamic 

lubrication theory since an elastomer hull with grooves along its length is used, 

typically rubber based material, in order to form the load carrying film as well as 

improving the cooling performance and remove wear products. The fluid film is 

formed by the deformation of the elastomer, which adapts its geometry to the required 

at different speeds and loads. 

However the main drawback for these kind of bearings is that the length to diameter 

ratio is typically equal to four (Litwin,2007), which makes this option to not be viable 
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since the maximum length for the whole engine must be lower than 400 mm, which is 

twice the bearing diameter. Furthermore, to be able to use this kind of bearing it should 

be needed a pump which provides enough water to cool the high temperatures that 

would be reached at 4000 rpm and also needs an open concept design to evacuate the 

lubricating water.  

 

3.3.2 COMPARISON AND SELECTION 

The comparison to be made is for the bearing on the guide vanes side, were different possibilities 

have been exposed despite, at first glance on their characteristics, only one seems suitable.  

Table 6: Bearing comparison on guide vanes side 

Angular contact ball 

bearing 

Needle bearing Water lubricated 

+ Axial length + Radial size + Radial size 

-  Radial size -  Axial length - Axial length 

+ Speed limitation - Speed limitation - Speed limitation 

(Temperature build 

up) 

- No extra systems 

(shared lubrication) 

- No extra systems - Extra pump for water 

circulation 

 

According to this chart it is possible to notice that the previous affirmation is correct. Needle 

bearings are not an option as their limiting speed is reached, and despite it is possible to surpass it 

due to the operating conditions and with a proper lubrication the difference between the limiting 

speed and the operating speed is such that it is not advisable their use.  

Following, water lubricated full film bearings are neither an option due to space limitations, 

requiring a high length to be used and there is not enough space for them. Also this solution would 

require another pump to supply the water for it. 

Finally the last and chosen option consists on using another angular contact bearing as the one in 

the rotor side, but with a slightly higher diameter. This solution will not require extra systems since 

the same lubrication system can be used for both sides bearings.  

3.3.3 LUBRICANT 

The selection of the correct lubricant is of great importance for the correct performance of the 

bearing. The lubricant depends on the speed, temperature, sealing conditions, cooling needs, 

corrosion, etc. One factor used for sorting whether or not grease is suitable is the following 

relationship (RKB, 2013):  

𝑃

𝐶
<

𝑃

𝐶
)

𝑙𝑖𝑚
                                                                   (11) 

Where: 

𝑃

𝐶
)

𝑙𝑖𝑚
=

1

8
∙

106−𝐹

105+𝐹
                                                                (12) 
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𝐹 = 𝐾𝑏 ∙ 𝐷𝑝𝑤 ∙ 𝑛                                                                (13) 

 Kb: bearing type factor (1 for ball bearing) 

 Dpw: Average diameter of bearing 

 n: Rotational speed in rpm 

In our study case, F is equal to 960000 thus P/C)lim is 0.0047 and by taking the previously 

calculated equivalent dynamic bearing load, P and the basic radial load rating, C from the product 

table, P/C is equal to 0.018. So it is possible to conclude that grease is not a suitable option for 

lubrication since the actual factor is far higher than the comparison one. However SKF have 

available a grease for high speed applications. 

Another limitation when selecting the lubricant is that it must be biodegradable since the motor 

will operate in the sea water and the possible leakage produced must be as environmentally friendly 

as possible. This involves the usage of biodegradable oils, water or air lubrication. Note that the 

high speed grease is not biodegradable, but, on the other hand, there is low chances for grease 

leaks 

It is necessary to estimate the working temperature of the bearing for a proper selection of the 

lubricant. In order to do so, the SKF frictional moment model is used to calculate the power loss 

and thus the increase in temperature. 

The present frictions found in the study case are the rolling, sliding and drag frictional moments, 

which multiplied by the rotational speed will provide the power loss. According to SKF model the 

considerations taken are: 

 Use of synthetic oil for µEHL, since SKF biodegradable oil is sorted as synthetic 

 Use of oil jet lubrication, since oil bath lubrication is not considered at first due to higher 

risk of leakage 

A matlab program (Appendix C) has been developed to make all this calculations since many 

factors are dependent on viscosity and this one depends on temperature, so an iterative calculation 

is done by estimating an initial value for viscosity and keep a while loop until the difference of the 

viscosities through each iteration is lower than 0.1%. Notice that in the appendix the available 

values for the different factors are only for one of the bearings (the one located on the guide vane 

side, since it considers one more surface for heat exchange). 

It is also necessary to estimate the total heat dissipation per degree above ambient temperature, 

Ws. A heat transfer model was also developed in the above mentioned program. The considerations 

for this model are: 

 Conductivity through stainless steel on both sides of the bearing 

 Convection of sea water with 35‰ salinity degree and 20ºC 

 Water speed for external convection, 20knots (10.29m/s) 

 Water speed for internal convection, 35.74m/s (Thor, 2014) 

 Heat transfer section: mean external surface and shroud surface limited to bearing length 

 Wall heat transfer in the guide vanes side though a circular crown area with inner and outer 

diameter equal to the bearing ones and constant mean thickness considered. Heat transfer 

through conduction by means of : 

 

𝑄 =
𝑘𝐴∆𝑇

𝐿
                                                                   (14) 

Thus: 

𝑊𝑠𝑐𝑜𝑛𝑑 =
𝑘𝐴

𝐿
                                                                (15) 

Where: 

o k: is the thermal conductivity of the conducting material 

o A: is the heat transfer area 



 39 

o L: mean thickness of conductive wall 

o Wscond: is the total heat dissipation per degree above ambient temperature due to 

parallel wall conduction 

 

 Radial heat transfer through conduction by means of the formula: 

𝑄 =
2𝜋𝐿𝑘𝑐∆𝑇

𝑙𝑛(𝑟2 𝑟1)⁄
                                                                    (16) 

Thus: 

𝑊𝑠𝑟𝑎𝑑𝑐𝑜𝑛𝑑 =
2𝜋𝐿𝑘

ln (𝑟2 𝑟1)⁄
                                                             (17) 

Where: 

o L: is the bearing length 

o kc: is the thermal conductivity of conducting material 

o r2 and r1: are respectively the outer and inner diameter of the studied tube 

o Wsradcond: is the total heat dissipation per degree above ambient temperature due to 

radial conduction 

 

Table 7: Bearing temperature results 

FACTOR ROTOR SIDE 
GUIDE 

VANE SIDE 
UNITS 

Total frictional 

moment, M 
28.27 43.16 Nm 

Power loss, 

Ploss 
11.87 18.13 kW 

Heat 

dissipation per 

degree above 

Tamb, Ws 

460.63 400.73 W/ºC 

Bearing 

temperature, 

Trod 

45.78 65.23 ºC 

Lubricant 

viscosity 
33.32 24.22 mm2/s 

In the guide vanes side the value for the isobaric expansivity of sea water has been iterated by 

changing the value manually since it highly simplifies the code and it was noticed that with just 

one try the achieved value was correct. 

It is possible to notice that the total heat dissipation per degree above ambient temperature is higher 

in the rotor side despite heat transfer through conduction and convection is considered in one more 

side on the guide vane bearing. This fact is due to the difference in the Ws by conduction in the 

inner face, since the thickness of the rotor tube that connects the bearing with the water in the rotor 

side is very low compared to the total thickness on the guide vane side. As thickness is low there 

is low resistance to heat transfer and thus the heat dissipation is better. 
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Moreover, despite the temperature reached in the guide vanes side is higher, only 20ºC more, it is 

still an acceptable working temperature for bearings. 

3.3.3.1 LUBRICANT OPTIONS 

Through the study on lubrication systems, for high speed applications it is recommended to use an 

oil-air lubrication system over oil-drop. Oil-drop systems cannot assure the oil to penetrate the 

bearing track at high speeds, being recommended to do individual test but still oil-air lubrication 

is suggested as better option. 

Oil-air lubrication uses low quantities of oil which is transported by the air but not mixed with it 

so the oil is retained within the bearing, which makes these systems to be considered as 

environmentally safe. Furthermore a biodegradable oil can be used to enhance the environmental 

performance. 

On the other hand biodegradable oils durability is lower than others having a lower degradation 

period. However this engines are not going to be used every day and neither running continuously 

for long periods of time, which makes biodegradable oil suitable for this purpose. The lubricating 

oil available in SKF is LUB-200. 

There are two different possibilities regarding the injection of the oil: using a nozzle that sprays 

the oil into the bearing or direct injection through a channel made in the bearing outer ring. 

Following SKF suggestions from their web, direct oil-air lubrication is recommended for angular 

contact bearings, avoiding oil dispersion and improving the performance and oil consumption.  

For this systems the bearing to be chosen needs an annular groove which enables the oil to get into 

the bearing. These bearings with groove have an ending designation (H1 or L1) to identify them. 

In order to avoid leakage between the bearing and the housing two O-ring are placed one on each 

side of the groove. 

The other possibility that has to be considered relates to the use of high speed grease, which on the 

positive side does not need extra systems for it and there is no need for oil sumps, but their use is 

limited in this operating points. 

3.3.3.1.1 OIL-AIR LUBRICANT SYSTEM COMPONENTS 

Oil-air lubrication systems require several components for a correct lubrication performance: oil 

filters with monitoring, 3/2 directional air control valve, compressed air control valve with air filter 

and water separator, mixing valve with metering, plug connectors and a gear pump unit with 

control unit.  

An important factor for selecting the systems it is the amount of oil that has to be injected. 

Following the indications on the “Product Series OLA, MV and 161” from SKF the amount of oil 

needed follows: 

𝑄 = 𝑤 ∙ 𝑑 ∙ 𝐵                                                              (18) 

Where: 

 Q: Quantity in mm3/h 

 w: coefficient = 0.01mm/h 

 d: internal diameter in mm 

 B: bearing width in mm 

Thus the amount of oil needed for both bearings is 159.6 mm3/h, which stands for 2.66·10-6 l/min 

as the delivery rates are given in l/min. All pumps systems in SKF are able to deal with this delivery 

rate.   
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3.4 SEALING 

It is of high importance to achieve a good sealing solution especially for the chamber where the 

rotor and the stator are located, since it is of high importance to avoid corrosion on this parts and 

also water can vary the magnetic field between stator and rotor which will modify the operative 

conditions for which the motor have been design. 

Not only it is important for the motor chamber but also for protecting the bearings from water and 

avoid an increase in weight because of the filtered water, which will reduce the efficiency.  

Due to this and depending on the housing design, which will be studied in following chapters, the 

possibility of creating a high pressure chamber fitting the motor and bearings will be considered. 

This pressurized chamber will prevent from all kind of leakage of water. 

Two different choices have to be done, one for sealings involving two static parts such as two 

housing components that must fit one to another; and on the other hand, the ones that involve one 

static part and a dynamic part (rotor). 

For the static parts case, as surfaces will be mating each other the proposed solution is using 

gaskets for marine operation. For this purpose a gasket made of glass fibers, functional fillers and 

NBR will be used. The supplier found in this case is Trelleborg, the brochure with further 

information about this gasket material can be found in the (Appendix D), where information about 

the standards compliance is given. The thickness chosen for the gaskets is 1 mm as it is 

recommended by Dave Burgess (2008) that suggests as thin as possible. 

For sealing the rotor tube there are two different possibilities: Mechanical end-face seals (also 

known simply as mechanical seals) and rotary seals. Mechanical seals base their working principle 

in mating two surfaces one attached to the case and the other one attached to the shaft and sliding 

on each other. In order to keep contact of both sliding surfaces mechanical (spring) or hydraulic 

methods are used. 

 

Figure 20: Early design of Mechanical seal with spring to achieve permanent contact 

(Wikipedia, US patents) 

 

One drawback of this type of seal is that sliding will cause wear and particles will be filtered to 

the different parts of the motor. 
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However mechanical seals have been being replaced by rotary seals in the last years because of 

the increase on the performance and life of these last ones, being comparable to mechanical seals 

ones. Furthermore they achieve all that improvements by a fraction of the costs of mechanical and 

also help on saving more space due to their compactness. 

Rotary seals are commonly made of an elastomer such as rubber and have a toroidal spring 

surrounding the area where the contact between the seal and the shaft takes place. It is also common 

that they consists of a metallic ring to increase stiffness.  

 

Figure 21: Rotary shaft seal (Mike Santora, 2016) 

Due to the rotational speed of the rotor tube, there are not, as well as for bearings, many seals able 

to work with the 4000 rpm speed rating. For SKF the maximum allowed surface speed found for 

rotary seals is 25 m/s. Taking into account that the diameter of the rotor tube is 200 mm and the 

rotational speed, the surface speed is 42 m/s. In this case another supplier was found, Trelleborg, 

whose model Varilip can withstand surface speeds up to 100 m/s depending on the material and 

configuration used.  

There is a range of materials developed by Trelleborg within the name of Turcon Varilip PDR that 

assure to be able to withstand the required speed. The different available materials can be found 

on the brochure whose link can be found in the references chapter and includes all the information 

about Turcon Varilip PDR seals. 

The selected material is Turcon T40 which consists of a PTFE matrix filled with carbon fiber, 

which as stated in the brochure is suitable for all lubricating and non-lubricating fluids, especially 

water. This capability of working with different fluids or running dry is the main reason to choose 

this material among all the available. 

The rotor tube material will get a limiting material choice specification due to the use of this sealing 

material and it is that the mating surface hardness should at least be 55 HRc. 

The way to identify the different solutions can be found on the brochure, however in the following 

figure explains roughly the procedure to commercially identify them: 
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Figure 22: Naming process for Varilip seals 

There are two different possible arrangements, one involving one lip with a pressurized chamber 

and the other involving two different lips with opposing directions to avoid the leakage from both 

sides.  

3.4.1 TWO OPPOSING LIPS 

With this arrangement two different lips are found, each one pointing in opposite direction one 

preventing the leakage of water to the electric motor coupling chamber and bearings and the other 

lip prevents leakage of the bearing lubricant to the sea water.  

This arrangement is standard within the available solutions and is called either, type D or type 5.  

 

Figure 23: Seal with two opposing lips configuration 

Each lip on each side prevents the leakage from the side they are pointing to preventing the ingress 

of water and particles and preventing the scape of the bearing lubricant to the ambient. Furthermore 

it is possible to notice that there is an available space between the lips; this space will allow, in 

case of leakage from either of the sides to keep the substances in it avoiding the intrusion. 

3.4.2 ONE LIP AND PRESSURIZED CHAMBER 

The purpose of installing a pressurized chamber is to avoid the ingress of particles and water by 

increasing the pressure in the electric motor coupling chamber. Due to technical requirements of 

the component, the pressure can only reach 0.5 MPa or 1 MPa at most depending on the 

configuration, type A or C. Type C consists of an additional reinforcement to avoid the lip getting 

swiped or blended. Between both options the type C will be chosen rather than A, since it can 

withstand higher pressure, thus preventing more effectively against leakage. 
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Figure 24: Seal with one lip and pressurized chamber 

The pressure would help the lip to keep contact with the shaft thanks to the lip shape. Furthermore, 

if there is any kind of leakage due to some reason, such as a particle pushing the lip or a pressure 

built up on the water side the pressure will prevent the ingress of the undesired products. Note that 

the design displayed in figure 24 would match a type A design for simplicity in this picture that 

just illustrates the working principle which would be the same. 

On the other hand, the main drawback of this concept lies on the fact that there is need for another 

system, in this case a pump to provide the pressure to the chamber, which suppose higher weight 

as well as another system that can cause downtimes due to failures. Also the fact of adding this 

extra pump increases significantly the costs in relation to the two opposing lips option. 

3.4.3 COMPARISSON AND SELECTION 

For the gasket there is no comparison to be done since there has only been chosen one possible 

solution because gaskets are limited for the different uses and the one found accomplish with the 

requirements.  

Both presented solutions for the shaft sealing will be compared in order to make an appropriate 

selection between them. 

  

Table 8: Comparison between sealing type options 

Type D Type C 

+ Lower cost - Higher cost 

- More maintenance for lips  + Less maintenance for lips (Stiffer due to 

secondary reinforcement lip) 

+ No extra equipment - Extra pump for pressure chamber 

- Maintenance of extra equipment 

+ Easier assembling/disassembling - Laborious assembling/disassembling 
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- More difficult to detect failure + Easy tracking of performance (Pressure 

meter in chamber) 

 

According to the advantages and disadvantages of each of both methods, the chosen option in 

accordance with SSRS for the sealing solution consists on using the type D since the simplicity 

that it offers benefits more the design approach. 

According to the different available materials for the lips, the T40, carbon fiber filled PTFE, is 

selected since its characteristics fit in the intended arrangement and allows high speeds and 

pressures. It will also be noted with an M that will imply that both, the primary and secondary 

seals are the same T40 material.   They will be selected as bidirectional since the motor can turn 

both, clock and anti-clockwise. 

Furthermore, as this project is intended to deliver a result that can achieve a result for a conceptual 

design for early prototyping, emails with Trelleborg were exchanged to assure that the seals have 

been proven and tested with those high speeds and that they are actually able to carry the high 

rotational speeds claimed. 

 

3.5 BLADES ARRANGEMENT 

To study the different possibilities for placing the blades in their correct position, a scaled model 

2:5 was 3D printed in plastic to enable a better understanding of the geometry and making easier 

to identify the pros and cons of each manufacturing process considered. 

 

Figure 25: 3D printed model of blades design 

Modularization is an important concept in engineering since it can divide a part into multiple parts 

that can be joint later together, aiming for a simpler design in each of this parts helping with 

manufacturing processes. Another of the most important goals of modularization is the fact that in 

case of failure of one of the subparts there is no need to substitute a bigger component. This fact 

makes this project to aim to design a way in which each blade can be assembled and disassembled 

individually. Furthermore, manufacturing all four propeller blades along with a cylindrical 

envelope that support them to fit within the rotor tube would be highly expensive due to the 

difficult shape of all blades together and thus the low available space for machining. 

One possibility but would also be difficult to achieve is manufacturing it by molding and casting, 

however this method would also require machining the intricate shape to achieve an acceptable 

surface quality and precise measures within the design achieved by Thor.  

Different modularization options have been proposed: 
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 Attaching the blades to the cylindrical envelope with screws in the blades’ tip 

 Dividing the whole assembly of blades and cylindrical support in 4 identical parts so each 

blade is manufactured in one piece with its own support so all four of them make the 

cylindrical base. The base can be attached to the rotor tube with M4 tapered head bolts. 

In order to identify if this option was viable, one arrangement was 3D printed in the same 

scale as the previous whole blade arrangement and tested if able to be assembled in an 80 

mm diameter tube (2:5 scale measure).  

 

 

Figure 26: Single propeller blade modulated design 

 

 

 

Figure 27: Scale assembly of single module propeller blade design 
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Figure 28: CAD model of the propeller blade 

By developing this concept the same decision was taken for the guide vane blades as the concept 

of modularization for individual blades that are easy to substitute is of high importance to reduce 

costs and also enable more possibilities for the manufacturing processes to make them. As there 

are seven guide vanes, there will be seven identical parts. 

 

Figure 29: CAD model guide vanes 

 

3.6 MEETING WITH SKF 

On May 16, 2019 a meeting with Stefan Kjellberg and Torbjorn Holmqvist was arranged in SKF 

offices to discuss about the project, especially about the bearings and lubrication system proposed 

which are not the most conventionally used for this purpose.  

Before the meeting a preliminary design was done so that it made possible a better way to identify 

the different components and the intended layout.  
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Figure 30: First design approach before meeting with SKF 

This way a 3D model of the different parts was printed in a scale of 1:2 to help with the 

explanations and realizing about the ease on the assembly. Further information on the 3D printed 

parts and models is found in chapter 3.9 

The topics discussed during the meeting and the solutions and suggestions provided by SKF can 

be found in the following table: 

Table 9: Summary table of the meeting with SKF 

Topic Doubt Suggestion 

Bearing locking 

Other solution than bearing 

locking nut. Necessary on both 

bearings 

Especial positioners or 

requirements for blocking the 

inner ring 

Bearing locking nut 

Loose tolerance in the outer 

ring with springs for preload 

in one of the bearings 

No especial positioner 

Lubrication Grease or Oil-air lubrication 

Preferably grease since the 

chosen bearings are sensitive 

so there is less need for 

disassembling. Test needed 

Bearing Tolerances 

Necessary the tolerances values 

from tables, since it is not for 

machining tool 

No need for those tight gape 

tolerances for our system 

since there was no need to 

achieve the precision required 

in machining tools 
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Vents for 

temperature and 

pressure relaxation 

Recommended system for venting 
Many available methods that 

might work 

 

After the meeting the conclusions we came up with can be summarized in: 

 Grease lubrication suits better for the bearings and purpose of the system. Also by using 

grease instead of oil-air lubrication avoids using the auxiliary systems needed in the last, 

which is one of the main goals in this project as stated before, to have as few extra systems 

as possible.  

The design of the engine will be done for grease lubrication since it is the preferred design 

line. Later work when a prototype is to be done, the bearings should be test with grease. If 

grease does not work few redesign are needed: holes in the housing to connect the Oil-air 

system and an oil sum under each bearing. 

 The venting design is not considered as highly critical. As Fredrik (SSRS) has experience 

in using goretex vents in previous projects and they run without any issue, it has been 

decided to use them. 

 Add locking nuts in both bearings, using springs for preloading with loose tolerance in the 

outer ring for one of the bearings. 

 

3.7 ENVELOPE DESIGN 

Designing the whole envelope is probably what can be considered the main task in this Master 

Thesis and up to this point it has already been work with it despite no highly mentioned, but as 

stated before, the components selection as well as their performance and calculations done, such 

as the heat transference from the bearings has been done in accordance to the design of the case 

working on both things together, calculations and design. 

So far some requirements have been introduced by the different components already selected, such 

as the bearings and sealings. It is possible to find these requirements listed below: 

 Limited diameter for rounds and chamfers in mating corners with bearings and seal as well 

as predefined components such as the engine rotor 

 Chamfers on outer borders of components to enable an easier assembly process and evade 

sharp edges 

 Natural manufacturing rounds due to tool shape 

 Tolerances limited by bearing and seals inner and outer requirements 

 Inner diameter of cover plate for retaining the Trelleborg seal limited by seal requirements 

Following it can be found a walkthrough on the different designed components explaining all 

considerations and decisions taken. 
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3.7.1 HOUSING ON ROTOR SIDE 

 

Figure 31: Housing on rotor side 

Mainly designed by revolved protrusion, in which its minimum length is limited by the 

components it must fit in it and the connection with the stator. It will be the component in charge 

of housing the 200 mm angular contact bearing, its nut and the seal, as well as the cover plate 

designed to assure the position of the seal and also the bearing. As the outer diameter of the seal 

is only 230 mm, compared to the 280 mm of the bearing, it will be necessary to add a piece that 

connects this component with the seal. 

As in the design it was noticed that the bolt head housing was close to one of the borders a 

simulation in ANSYS has been done to check if it was needed to increase that thickness.  

For the model a quarter part of it was modeled to simplify it and reduce the elements number. Thus 

two symmetry conditions were added on each of the symmetry planes. Also to improve the model 

for this simulation, virtual topologies were added to avoid the rounds and chamfers since they have 

no importance for this calculation and also worsen the quality with small elements that also 

increase the calculation time. 

 

Figure 32: Virtual topology in housing for improving mesh quality 
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For the messing options a one millimeter element size was used as the only area for studying 

comprises the holes for the bolts head. These areas and the closest to them have been refined and 

also used a map algorithm for those concerning cylindrical surfaces. The total number of elements 

is 8718 with 15266 nodes.  

 

Figure 33: Mesh display for studying stress concentration on bolts joint 

For the supports, the contact face with the stator was set as fixed and the forces and moments 

applied, 6300 N and 10Nm, are the ones related to a 70% of the maximum recommended torque 

for M6 bolts with non-lubed thread, 14 Nm (Calvosealing). 
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Figure 34: Stress in border in bolt joint with stator 

As it can be seen in the simulation that the maximum stress in the area of study is around 40 MPa 

which is 5 times lower than the material Yield strength. 

It has been also studied if it was needed to include ribs to increase its stiffness. For that simulation 

the M10 bolts were added to the model and all the other components were substituted by their 

corresponding shearing force and bending moment.  
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Figure 35: Simplified model for studying joint with hull 

To get this values, in the solid edge assembly the components materials were added, mostly all 

components are made of stainless steel, however some of them are done in plastic so PVC was 

chosen as Solid Edge material, due to its high density, so as to relate to worst case. Knowing the 

material Solid Edge gives directly the position of the center of mass, which is located at 117 mm 

from face where they will be translated to and 2.82 mm height from the overall symmetry axis 

with a total mass of 167 kg that will be rounded to 170 kg, since not all bolts are being counted to 

reduce the load on the computer and their mass will not be representative in the overall model. 
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Figure 36: Display of Center of mass (green dot) and center of volume (red dot) 

For the bolts joining the engine with the boat’s hull a simplified version of them was used with no 

design of the threads. Also the normally threaded part of the bolts was split in two different 

surfaces, one contacting the housing and one contacting the hull. 

Getting into further detail, the housing surface that would be mating the boat’s hull is also split in 

two, since the bending moment is naturally expected to create a triangular 2D distribution of forces 

in a way that the lower surface will be comprised against the hull and the upper part would be 

forced to lift off the hull. 

For the ansys set up, the contacts between the bolts and the housing were established as no 

separation; the contact of the housing and the hull as compression only support; the threaded union 

between the bolts and the hull as a fixed support in the bolts’ threads. The shear force and the 

bending moment were added in the furthest surface from the hull. 

For the mess set up a general mess was done with the default element size, having the proper 

virtual topologies done to avoid the creation of elements in rounds and chamfers. The threads as 

well as the contact surfaces from the bolts and the housing were mapped with an element size of 

2 mm to increase the accuracy of the calculations for the bolts. 
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Figure 37: Mesh display for housing joint to the vessel hull. Nodes: 95118; Elements: 57299 

Taking a look at the results, the maximum displacement is 1.45 µm in the furthest surface of the 

housing and the maximum von-Mises stress is 9.96 MPa, in the bolts’ surface, which is much 

lower that the Yield strength of stainless steel (207 MPa). 
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Figure 38: Total deformation plot for housing in rotor side (x1.2 e4) 

 

Figure 39: Equivalent Von Mises stress on joint with hull 
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3.7.2 COVER PLATE 

 

Figure 40: Cover Plate 

The inner diameter of this component is given in the seal brochure, where it is specified a minimum 

diameter of 207 mm. The minimum thickness for this component is chosen according to SKF seal 

cover standard which suggests a thickness between 6.35 and 12.7 mm, being chosen the value of 

8 mm. For the outer diameter it was decided to use the suggested measures for seal cover plates 

from SKF, but taking as seal outer diameter the bearing outer ring diameter, 280mm. This plate 

could also be considered to be bolted to the actual value relative to the seal outer diameter, but as 

this part is going to be mating with the boats hull, to the authors believe, it is not necessary to 

increase the complexity of the assembly for that. 

Note that the dimensions to be able to fit the socket to tighten the bolts has been considered in the 

design.  

 

Figure 41: Detail of the bolt head housing 
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3.7.3 POSITIONER SEALING ROTOR 

 

Figure 42: Positioner for seal in rotor side 

This component is the one referred in 3.6.1, which is in charge of connecting the housing with the 

seal as well as locking the position of the bearing’s outer ring. Some features to highlight are the 

hollows done to decrease its weight and, as most important feature, the triangular protrusion, which 

helps keeping the position of the sealing in the bore. The triangular shape is explained by the fact 

that the protrusion cannot touch the locking nut since it is coupled with a rotating part. 
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Figure 43: Detail of positioner for seal on rotor side 

 

3.7.4 GUIDE VANES SIDE 

In the guide vanes side it is necessary to add one of the bearings, its nut and seal and also it has to 

host the guide vanes. Due to this reason it is divided in three parts, one used for housing the 

components, one for the guide vanes blades and another one for connecting the previous ones to 

the stator of the motor. It is important to highlight that the 3D models printed were very useful for 

determining how to split the housing in all these parts. 
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A) CONNECTOR HOUSING GUIDE VANES 

 

Figure 44: Connecting part between housing on rotor side and stator 

This component main objective is to serve as a connection between the stator and another 

component that will fit in the guide vanes, bearing, locking nut and seal on that side. This 

part hosts a set of washer, grower and nut to be fixed to a bolt that goes through the stator 

connecting this piece and the housing of rotor side (3.6.1). Note that in the design it has 

been taken into account the diameter of the socket that might be used for tightening the 

nut.  

It is possible to identify two different steps on one of the sides; on the one hand the first 

one is intended for allowing displacements in the 220 mm bearing outer ring so that the 

preload of the bearing is able to work effectively. On the other hand the second step is 

intended mainly for assembly purpose, leaving more free space to work. 
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B) GUIDE VANES TUBE COVER HOUSING 

 

 

Figure 45: Housing Guide vanes side 

This component is in charge to house the 220 mm diameter angular contact bearing and the 

210 mm turcon varilip seal. The fact of having that many functions makes it be one of the 

most difficult shape parts in this motor.  

Along with its intricate shape comes the fact that it needs good surface finishing and close 

tolerances limits given by the tolerances of the bearings and seals.  

It is possible to identify 3 different levels, from higher to lower diameter these levels are 

intended for housing the bearing, the nut and the seal respectively. Note that the diameter 

for the step housing the nut is with a clearance, this is due to the fact that the diameter there 

is limited by the diameter of the seal’s cover plate 

The Goretex vent is placed in the clearance between the housing and the nut. It is also 

possible to find the holes for housing the bearing preloading springs, 30 in total with a 9 

mm diameter. 
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C) GUIDE VANES TUBE COVER 

 

Figure 46: Guide vanes housing 

The purpose of this component is to serve as housing for the guide vanes. It is designed in 

such a way that it is possible to take it apart from the previous component by loosening the 

joining bolts. Being designed this way makes it a simple way to assemble and disassemble 

the guide vanes individually. It also enables for an easier access to the propeller blades and 

allows as well to disassemble them without needed further operations, avoiding bearings 

to get into contact with the atmosphere, preventing from particles ingress. 

Tight tolerances are needed since a small gap will be left between this component and the 

rotor tube, avoiding high leakage it must be taken into account that even if it is small it will 

generate vortex and will lower the theoretical efficiency achieved but this gap is necessary 

to assure no friction between the rotor and the stator which would cause wear on them 

introducing particles in the system which can seriously damage the engine. 

The surface finishing is to assure a proper mating with the guide vanes supports so 

everything is tightly fitted minimizing the possible efficiency loos that may occur. 

Furthermore, on the outside face, upstream, it serves as support for the “Outlet tube”, which 

also serves as support for the “Guide tube”. 
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3.7.5 ROTOR TUBE 

 

Figure 47: Rotor tube 

This component is needed as a connection between the rotor, the propeller blades and the bearings 

and seals, it will also host the bearings’ locking nuts and thus two threaded areas can be found on 

it. Taking advantage of the thickened area on the rotor side to be able to place the thread and use 

a standard Trelleborg seal design, a protrusion in slope was done, whose purpose is to fit the 

propeller blades in a way that bolts are not needed, allowing the disassembly of the blades directly 

from the guide vanes side in case of replacement or maintenance operations, avoiding 

disassembling more parts, especially the ones housing the bearings since they are really sensitive 

as stated before. On the other hand this might slightly reduce the theoretical efficiency. Despite 

the difficult shape of this edge, this design might be achievable with the manufacturing processes 

available nowadays. 

 

Figure 48: Detail of protruded slope to fit the propeller blades 
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Since it will act as the stream tube for the pumped water and also be used as housing for the blades, 

the tolerances and roughness quality are very tight for it, assuring low friction and helping get the 

maximum efficiency as possible. 

 

3.7.6 PASS THROUGH BOLTS 

These bolts are in charge of connecting both housing sides to the stator. Their diameter was already 

arranged in the stator holes size, 6 mm as well as the amount of them, 12. Since the space available 

is limited and the bearings are matching the surface in which the bolt’s head and nut would be 

placed, it was decided to countersink the bolt head and nut. Furthermore to deal with the space 

limitations it has been decided to use bolts with an allen type head, allowing a smaller diameter 

for the countersunk bolt head. The design for the allen type head does not fit within the standards 

for them since the length of the bolt is much longer than the standards ones, so a bigger bolt head 

has been proposed. 

 

Figure 49: Allen type head for pass through bolt 

On the other side a set of washer, grower and nut is used as specified in 3.6.5.A. To allow an easier 

assembly process the countersunk diameter is 15mm which enables a relative socket to fit in within 

DIN 3120 and DIN 3124 dimensions.  

 

Figure 50: Bolt assembly for joining both housings to stator 
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3.7.7 COVER PLATE SEAL GUIDE VANES SIDE 

 

Figure 51: Cover plate for seal in guide vanes side 

Its design follows the same principles as the cover plate already mentioned in the other cover plate, 

but in this case the diameter in which the bolts are placed is not exactly the suggested one, it is two 

millimeter less, which is less than a 1% difference and helps fit the rest of the components in a 

more proper way. The bolts used are with countersunk head due to space limitations, this is 

acceptable since more bolts than suggested are being used and this is also done to assure a better 

connection between parts. 
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3.7.8 OUTLET TUBE 

 

Figure 52: Outlet tube 

It is one of the few plastic components that can be found on the engine. Serves as connection 

between the Guide vanes tube cover and the guide tube, allowing the last to turn 30º on each 

direction. It is attached to the tube cover by means of 14 bolts. This amount of bolts is chosen to 

assure a close contact avoiding efficiency loss; also as it is a plastic component the admissible 

torque to be applied is lower and having a higher number of bolts will help to assure a good  

Two protrusions are done to place metallic inserts to screw together with the guide tube. This 

protrusions will also serve as contact surface where the guide tube will lean on. Note the position 

for the metallic inserts so when the bolt is screwed into it will press the insert into the plastic 

enhancing the anti-loosening properties of them. If they were placed the other way around the bolt 

would tend to take out the insert. 



 67 

 

Figure 53: Metallic inserts placement 
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3.7.9 GUIDE TUBE 

 

Figure 54: Guide tube 

Its purpose is to redirect the outlet water jet allowing the vessel to turn to the sides. It is connected 

to the outlet tube by means of M6 bolts and is let to turn 30º, which is the typical turning angle for 

various guide tubes in other waterjets present in other SSRS vessels.  

One highlight in its design is the protrusions that can be found on the sides. They allow to keep 

constant the distance between the ending face in the outlet tube and the guide tube when this one 

turns.  
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Figure 55: Cut out view of “Guide tube” and its constant distance design 

This concept design was seen in a previously used guide tube in waterjets. Furthermore, it allows 

a more compact design for it letting turn the 30º without being a complete spherical like shape 

which would need other connections to the outlet tube to avoid vibrations and high loads. This 

protrusions cover 30º and 60º in a way to make a smoother transition from one diameter to another. 

 

Figure 56: Guide tube used in a previous water jet 
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3.7.10 REVERSE GEAR SUPPORT 

 

Figure 57: Reverse gear support 

They serve as support for the reverse gear. It is another plastic component since it will not carry 

high loads and there is no need to achieve close tolerances for it. It also reduces the price and the 

weight of the component in relation to stainless steel. 

It is attached to the Guide vanes side housing taking advantage of the already made holes for fixing 

it together with the connector housing for guide vanes. Ribs have been added to all the perimeter 

to increase the stiffness. Metallic inserts for a M8 bolt can be found and are added to fix the reverse 

gear. Also a protrusion is located next to the insert, which will allow to set the ending position for 

the reverse gear assuring its correct position in both lifted and laid position. 

 

Figure 58: on the left, laid position for the reverse gear. On the right, lifted position 
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The component has a general thickness of 10 mm, including the basement of the perimeter ribs; 

the ribs of the arms are 8 mm on their basement and all draft angles have been set to 2º from the 

base. 

3.7.11 REVERSE GEAR 

 

Figure 59: Reverse gear 

The design for the reverse gear is based on the design of the one currently found in the vessel 

where this motor is going to be placed, but being more enclosed in its water inlet, which will 

enhance the efficiency and also is placed closer to the outlet, minimizing the losses with respect 

this model currently in use. In order to get more ideas on how to design this component the 

Kamewa FF series from Rolls Royce were studied. 
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Figure 60: Actually mounted Reverse gear  

 

Figure 61: Kamewa FF A5 series Kongsberg (Kongsberg.com) 

In order to design this component the way to proceed was by designing the stream tube with guide 

lines and cross sections; design the inlet face; once all that body was design, the wall thickness to 

outside was used, leaving the component with its 3.5 mm general thickness and the stream tube as 

desired. 



 73 

 

Figure 62: Stream tube used for designing the reverse gear 

For this component a simulation was carried out in ANSYS(CFX) in order to determine whether 

or not the design is acceptable. Despite there are not specific requirements for this part and it is an 

extra component design beyond the purpose of this thesis a good approach is intended to be 

achieved for future work. 

It is important to note in the model that a cylindrical inlet tube has been added to the stream tube 

designed. All the setup parameters for the mesh, inlet and outlet are found in the following table: 

Table 10: Setup for reverse gear CFX simulation 

Feature Setup 

Mesh 
Nodes: 54322 

Elements: 283906 

Inlet Mass flow rate: 30 kg/s 

Outlet Static pressure: 1 atm 

Cylindrical inlet tube 
Opening at 1 atm 

Front face 
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Figure 63: Flow velocity in reverse gear 

 

3.7.12 BEARING POSITIONERS 

 

Figure 64: 71940 positioner (Left) and 71944 positioner (Right) 

Bearing positioners are intended to lock the position of the inner ring of the bearings. Their shape 

is adapted to the needs and the available space meeting the diameter requirements for the bearings 

locking.  

3.7.13 STANDARD PARTS 

The first standardized components listed in this thesis are the bearings due to their importance. 

There is not much more information left to give about the bearings, since all the calculations have 

been presented in chapter 3.3.  
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The used bearings are 71940 ACD/HCP4A and 71944 ACD/HCP4A. The use of the H series will 

depend on the lubrication method chosen after the prototype tests. If after the test it is found out 

that Oil-air lubrication is the way to go, two O-rings will need to be added as it was previously 

explained in the lubrication chapter.  

 

Figure 65: Super precision angular contact bearings (SKF brochure) 

The locking nuts used correspond to the models KMT 40 and 44 for 200 and 220 mm shaft 

diameter respectively. The way they prevent the nut from loosening consists of three locking pins 

around their circumference being the end face of the pin matching the thread with its axis parallel 

to the loaded flank of the thread. (SKF precision locking nuts). The calculated tightening torques 

for the locking nuts are: 1228.8 Nm and 1427.4 Nm respectively according to the information 

found on the datasheet. However since the loads in this case are much lower these tightening 

torques can be highly reduced and the supervision of the tightening will be carried out by SKF 

who will decide which tightening torque is the most suitable. 
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Figure 66: Precision lock nut 

The used seals are identified as: TJ D 1 B 1900 – T40 2 M and TJ D 1 B 2100 – T40 2 M for both 

190 mm and the 210 mm shaft diameter respectively. 

The next standardized parts listed in this thesis are the bolts used in the assembly. They are listed 

in a table in which it is indicated the parts joint by each bolt and also their designation including 

the norm, metric and length. 

Table 11: Standard bolts in use 

PART 1 PART 2 BOLT DESIGNATION QUANTITY 

Cover Plate Housing Rotor Side DIN 933 M6 L30 12 

Reverse Gear Support 

Coupler Housing 

guide vanes 

Guide vanes tube 

cover 

DIN 933 M6 L45 10 

Propeller blades Rotor DIN 965H M4 L20 8 

Guide Vanes blades 

Guide vanes tube 

cover outlet 

DIN 965H M4 L12 14 

Guide vanes tube 

cover inlet 

DIN 965H M4 L6 14 

Housing Rotor Side Hull DIN 933 M10 L70 10 
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Cover plate seal 210 Guide vanes tube 

cover 

DIN 965H M4 L14 12 

Guide vanes tube 

cover 

Guide vanes tube 

cover Housing 

DIN 933 M6 L14 12 

Outlet tube Guide vanes tube 

cover 

DIN 933 M4 L20 14 

Guide tube Outlet tube DIN 933 M6 L25 2 

Reverse gear Reverse Gear 

Support 

DIN 933 M8 L22 2 

 

Along with the pass through bolts, a washer, grower and nut are used. The purpose of the washer 

is to avoid damaging the surface of the coupler of the housing for the guide vanes. The grower is 

intended for avoiding the nut loosening. The washer has been chosen within DIN 125A ISO 7089 

and the grower does within DIN 127 B. 

Other components that have been chosen from brochure are listed in the following table: 

Table 12: Commercially distributed components  

Product Identification Quantity 

Goretex vent Poly Vent High Airflow (Gore) 1 

Springs 
CS 2x7.25x20 Ref:2657 

(Lesjöfors) 
30 

Metallic Threaded Inserts 

HITSERT 2 Type 0931 106 0011 

(Böllhoff) 
2 

HITSERT 2 Type 0931 108 0013 

(Böllhoff) 
2 

Some highlights about the components mentioned in the previous table are: 

 The goretex vent is directly coiled in the housing with a 10x2 mm O-ring to prevent 

leakage. 

 The metallic threaded inserts are selected to be place by applying heat to the plastic so that 

it melts and gets sticked to the insert. 
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Figure 67: Metallic insert (Top left), Preload spring (Top right) and goretex vent (below) 

 

3.8 SCALED MODEL 

It was decided to 3D print a half cut out 1:2 scaled model to find out if it was needed to modify 

any component in case their assembly or disassembly was difficult to do. Also this model helps 

for a better understanding of the motor and find areas for improvement during the meeting with 

SKF.  

It has to be taken into account that assembling this scaled model will be much easier since they are 

plastic parts and are easier to be forced to fit. However since all measurements are within the 

standards in the actual design, there should not be any problem with the actual components.  

Nevertheless does this mean that the fitting in the scaled model will be better, most of the parts 

have been printed in two halves as the components were bigger than the printer size so when being 

stuck together some material will be added in between. Also the tolerances achieved are lower 

than with the stainless steel and the material stiffness is also lower allowing bendings that would 

not occur in the actual model. 

Also, in order to increase the printing speed and reduce the volume of material used, some parts 

were hollowed inside of them. Something else to highlight when preparing the model for printing 

is the way the parts are placed because it can considerably reduce the supports and thus the amount 

of material needed as well as the time. However sometimes it is important to leave surfaces without 

supports to achieve better quality. 

Despite it has been exposed before about other 3D printed models (propeller blades), further 

information about the printer and material used are introduced in this chapter. The 3D printer is a 
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Form2 from Formlabs and two different material were used: the draft resin (material 1), which is 

the fastest printing material available for this printer, being ideal for a prototype like this one and 

the standard clear resin (material 2), which prints in a translucent polymer allowing a better 

identification of the inner components. However printing with this material takes notably more 

time since the layers are 0.1 mm against 0.3 mm of material 1. On the other hand, printing thinner 

layers also allowed higher precision scale models. 

The Software used for 3Dprinting is Preform, relative to the printer models. In the following 

picture it is possible to see the layout of it with some of the components to be printed. In this case, 

the total amount printed is 271 mL and the printing time is 4 hours and 12 minutes. 

After being printed it is necessary to rinse the components in two different alcohol solutions for 

around 10 minutes to let the polymer cure, increasing its hardness and stiffness. 

 

 

Figure 68: Preform layout and components with supports sample 

The different printing times and volumes of printed material are shown in the following table: 

Table 13: Summary of times and volumes of printed components 

Print number Material Time Volume [ml] 

1 1 1 h 16 min 58 

2 1 1 h 26 min 70 

3 1 4 h 12 min 271 

4 1 1 h 30 min 86 
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5 1 2 h 25 min 127 

6 2 7 h 38 min 107 

7 2 5 h 21 min 55 

8 2 4 h 34 min 59 

9 2 9 h 40 min 117 

10 1 3h 24 min 199 

Total - 41 h 26 min 1149 

 

It has to be taken into account that, as previously indicated, it is needed to rinse the printed models 

for 20 minutes and also let them dry, two operations that can be done in parallel with the printing 

of the next component, but for the last printed component for the first scaled model, the second 

scaled model and the prints number 1 and two that comprises the printing of the propeller blades 

altogether and the single blade arrangement specified in paragraph 3.5. Thus the Time spent in the 

printing process is 42 h and 28 min. 

The drying times also varied between the materials, needing overall more time the material number 

1 being stickier after being rinsed. Not only does the drying time depend on the material but also 

in the geometry; some of the components printed were made hollowed with inner supports to 

reduce printing time and material, and thus the cost, but those hollowed parts need more drying 

time since the rinsing liquid gets trapped inside of them. 

Following it is possible to find the assembly of the first scaled model taken to SKF meeting on the 

16th of May.  
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Figure 69: Scaled model of the first design approach 

Later, after the redesign was done it was decided to print another model at a 1:4 scale and with all 

the components already fit together (print number 10) to reduce the printing time and as the main 

features were already seen to fit together in the previous model and no major changes where done 

in their disposition. This model purpose is to help get a better idea of the shape and size and also 

serve as a model to show to potential investors interested in financing the project. 
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Figure 70: Second scaled model 
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4  RESULTS  

In the results chapter the results that are obtained with the process/methods described in the 

previous chapter are compiled, and analyzed and compared with the existing knowledge and/or 

theory presented in the frame of reference chapter. 

4.1 FINAL DESIGN  

 

 

 

 

Figure 71: Final design  
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Figure 72: Final design cut out 

 

Figure 73: Final design lifted reverse gear 
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Figure 74: Final design back isometric view 

 

Figure 75: Front view lifted reverse gear 
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Figure 76: Final design rear view 

 

Figure 77: Final design guide vanes side components distribution 

 

The general characteristics of the final design are summed up in the following table: 
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Table 14: General characteristic of final design 

Feature Value Units 

Length (no guide system nor 

reverse) 
459.6 mm 

Weight (no guide system nor 

reverse) 
159 kg 

Length (No reverse gear) 609.3 mm 

Weight (No reverse gear) 163 kg 

Length 760.3 mm 

Weight 167 kg 

Max. Diameter 410 mm 

Max turning of guide tube 30 º 

Lift for reverse gear 70 º 

If we compare this design with the frame of reference ones it is possible to notice some similarities 

such as the use of ball bearings as in the HBOI PM motor (figure 10), but in contrast, the used 

ones are not plastic ball bearings and also have an improved performance thanks to the enhanced 

proprieties for high speed rolling. 

Other similarities can be noticed in the submarine jet propulsion (figure 3), in which the flow 

downstream the rotors is forced through the duct for jet propulsion. In this design further than only 

having the downstream duct, there are also guide vanes to redirect the water flow increasing the 

kinetic energy. 

The main material to be used during its manufacturing is stainless steel due to its mechanical and 

corrosion resistance properties, having a good properties/price ratio, not being needed the use of 

titanium nor other high performance materials. 

The design has been done with high modularity, allowing the disassembly operations to be carried 

out in an easy way and enabling the access to critical parts such as the blades without needing to 

detach the motor from the vessel and keeping the seals on position so bearings do not get into 

contact with the ambient since they are very sensitive to the ingress of particles or agents that can 

modify the properties of the lubricating grease or oil as well as misalignment. 

Another important fact to highlight is the usage of standard components which was intended from 

the beginning to reduce costs and be sure about the correct performance of them.  
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4.2 LIST OF REQUIREMENTS ACHIEVED 

Table 15: Requirements achieved 

Requirement Achieved 

No extra systems (pumps, 

etc.) 
■ 

Fit within actual mounted jet 

dimensions 
□ 

As compact as possible ■ 

Modularity ■ 

The only non achieved condition is the one that consists on the design fitting the dimensions of 

the currently mounted water jet. This was not possible to achieve due to two main reassons: the 

diameter of the PM motor used is already higher than the diameter of the current water jet. The 

second reasson concerns the length, which in the design done in this Master Thesis is fitted within 

the dimensions of the components that must be mounted such as bearings, seals and locking nuts. 

Because of this two reassons it was not possible to fit it, however SSRS was already exceptical 

about the possibility to be able to fit the design in the dimensions currently available in the vessel 

and that some modifications where going to be needed to be done on it. 

4.3 DRAWINGS OF NON STANDARD OR COMERCIAL 
COMPONENTS 

The drawings for the different non standard or comercial components can be found in Appendix 

E. A part from this drawings, it is possible to find a drawing relative to the assembly. 

Tolerances added in the drawings are related to the information collected from the super precision 

bearings and trelleborg seals brochure. The tolerances for the bearings might slightly differ from 

the ones in the brochure but as it was discussed with SKF during the meeting it is possible that 

such close tolerances might be avoidable for this project since those tolerances where stablished 

for the use of this type of bearing for precission machining. 
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5  DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions that the authors have drawn during the Master of 

Science thesis are presented in this chapter. The conclusions are based from the analysis with the 

intention to answer the formulation of questions that is presented in Chapter 1.  

5.1 DISCUSSION 

5.1.1 Study of different solutions 

Since the operating conditions for the bearings and seals are especially tough due to the speed and 

size of the needed components it has been necessary to do an exhaustive study of the possible 

solutions for each field and determine which one is the most suitable in terms of operation and 

also trying to meet as many requirements as possible. Note that the cost has not considered as one 

of the most important facts to take into account by SSRS since the main objective is to have as few 

operating systems as possible to reduce the risk of failure and the actual components chosen in this 

thesis are going to be used on the future prototype that will be manufactured for testing. 

For the bearings solutions there was a lot of work done in research for different solutions to achieve 

the most suitable one. A part from the possible solutions listed in the implementation part (Heading 

number 3), other solutions were studied to determine if they could be suitable, such as the use of 

tilting pads for both radial and thrust forces, or other high pressure air bearing systems. This 

systems among others have not been mentioned since they were considered as a non-viable option 

in either way due to space or other limitations. 

Despite being discarded as an option and not long text is written about water lubricated bearings, 

an exhaustive research was done on it as it was considered as an interesting solution for this engine 

since it will operate in water and could be used to be filtered inside the engine and use it as the 

fluid for the hydrodynamic film. However after many research and documentation was read this 

option required larger dimensions than available and much lower rotating speeds to avoid the high 

temperature build up. This high temperature build up was also noted by a previous partner in the 

project in the early studies of it a few years ago. 

According to the seals only the chosen ones are said to be able to deal with the operating conditions 

of the engine. However by talking to Trelleborg it was discussed that a tandem of two seals might 

be needed. However it was decided to use only one on each side to reduce the costs and leave the 

possibility of using a tandem for future work since a prototype is to be made and tested to identify 

all areas for improvement. 

5.1.2 Final Design 

All main requirements established in the design where achieved successfully for this concept 

design for a first prototype and approach. With this design and components chosen there is no need 

for extra systems such as pumps. Also a high degree of modularity has been achieved so that the 

main components can be accessed without carrying out a complete disassembly of the engine. 

5.1.3 Designed components verifications 

All design verifications done are related to the housing on the rotor side since it is the one that will 

be attached to the vessel and thus will be the most loaded component. Also in that component there 

is an area where stress concentration was studied due to a thin section close to a bolt joint. Both 

analysis in ANSYS showed that there is no problem with the loads. 

Another ANSYS analysis done was with the CFX module to determine whether or not the design 

done for the reverse gear was acceptable. The results achieved are satisfactory and this design can 
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be used, however further work can be done on it. This is specified in the Recommendations and 

future work heading. 

5.2 CONCLUSIONS 

 Use of super-precision angular contact bearings: 71940 and 71944 series. The 71944 

bearing is preloaded by means of springs to assure the correct operating conditions for the 

bearing at all loads. 

 The recommended tightening torque for the bearing locking nuts can be highly reduced 

since the loads that will be carried by the bearings are very low. 

 Use of Turcon Varilip seals, which are the only ones found that can withstand the operating 

conditions of the engine. 

 Design with high modularity enabling easier maintenance operations. Also this modularity 

enables the access to the blades whose design has been done to be treated individually. 

 The design achieved meets the main requirements established by SSRS. The only 

requirement that was not achieved was impossible to meet due to the lack of space and 

current size of fixed PM motor 

 The extent of the design has dealt with the design of components for the guide and the 

reverse gear, which in the main tasks were not included in the beginning. Thus their design 

might be improved, specially the one related to the reverse gear. However the design 

achieved shows good results. 

 There will be an efficiency reduction due to two main factors: firstly in the protrusion to 

fit the propeller blades in the rotor tube. Secondly in the small gap in between the propeller 

blades and the guide vanes. 
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6 RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations on more detailed solutions and/or future work in this field are 

presented.  

6.1 RECOMMENDATIONS 

A more exhaustive FEM analysis might be advisable for later phases on the project since this 

Thesis is intended for a conceptual design in order to develop a first prototype in which it is 

possible to work with for further improvements. However the simulations carried out consists of 

enough accuracy considering that the loads are not critical in this project and the experience and 

knowledge of the author and supervisor at SSRS. 

A complete new flow analysis is suggested to be done to analyze the efficiency loss due to the 

channel needed in between the rotor tube and the stator in the guide vanes side to avoid friction 

among them. 

Use a Generative Design software to improve the efficiency and performance of the reverse gear. 

6.2 FUTURE WORK 

 Decide the manufacturing process for the plastic components 

 Manufacture and assembly the designed motor in this master thesis 

 Test the manufactured prototype and identify improvements: 

o Is the current seal solution enough or is it needed to add a tandem of two seals in 

one or both seal positions? 

o Is grease lubrication a suitable solution or is it needed to use an Oil-air lubrication 

system? If change is necessary, most likely an oil sump has to be design under the 

bearings 

o Is one goretex vent enough and does it perform correctly protecting from water and 

humidity leakage? 

 Redesign and/ or choose the components needed for all identified improvements. 

 Is it possible to scale the final achieved design to a bigger size for higher power using as 

many standard parts as possible? 

 Redesign the turning and lift up rods for the guide tube and reverse gear respectively. Also 

redesign in the guide tube and reverse gear might be needed to adapt the system that control 

them after the modifications in the vessel 
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https://books.google.se/books?id=Kx1tjzBv2ZEC&pg=PA337&lpg=PA337&dq=Johnson%E2%80%99s+elastic+parameter+tribology&source=bl&ots=0mgMFrrBks&sig=ACfU3U3InZYq-udfX0RYY91DkBtFc2TdPg&hl=es&sa=X&ved=2ahUKEwjy7tvR6-HhAhVw_SoKHaS3BEgQ6AEwCHoECAgQAQ#v=onepage&q=Johnson%E2%80%99s%20elastic%20parameter%20tribology&f=false
https://books.google.se/books?id=Kx1tjzBv2ZEC&pg=PA337&lpg=PA337&dq=Johnson%E2%80%99s+elastic+parameter+tribology&source=bl&ots=0mgMFrrBks&sig=ACfU3U3InZYq-udfX0RYY91DkBtFc2TdPg&hl=es&sa=X&ved=2ahUKEwjy7tvR6-HhAhVw_SoKHaS3BEgQ6AEwCHoECAgQAQ#v=onepage&q=Johnson%E2%80%99s%20elastic%20parameter%20tribology&f=false
http://www.esi2.us.es/~jfc/Descargas/TC/Coleccion_tablas_graficas_TC.pdf
https://catalog.lesjoforsab.com/cs-2x7x20
https://www.tss.trelleborg.com/-/media/tss-media-repository/tss_website/pdf-and-other-literature/catalogs/turcon_varilip_pdr_gb_en.pdf?revision=65e647e5-4d03-4394-915f-9bb63a3eec74
https://www.tss.trelleborg.com/-/media/tss-media-repository/tss_website/pdf-and-other-literature/catalogs/turcon_varilip_pdr_gb_en.pdf?revision=65e647e5-4d03-4394-915f-9bb63a3eec74
https://www.tss.trelleborg.com/-/media/tss-media-repository/tss_website/pdf-and-other-literature/catalogs/turcon_varilip_pdr_gb_en.pdf?revision=65e647e5-4d03-4394-915f-9bb63a3eec74
https://www.tss.trelleborg.com/-/media/tss-media-repository/tss_website/pdf-and-other-literature/catalogs/turcon_varilip_pdr_gb_en.pdf?revision=65e647e5-4d03-4394-915f-9bb63a3eec74
https://www.gore.com/system/files/2018-06/PTV_Datasheet-Screw-In-Vents_EN_1.pdf
https://www.gore.com/system/files/2018-06/PTV_Datasheet-Screw-In-Vents_EN_1.pdf
https://www.trelleborg.com/en/fluidhandling/products--and--solutions/sheeting/nbr/bs11
https://www.trelleborg.com/en/fluidhandling/products--and--solutions/sheeting/nbr/bs11


 94 



 95 

APPENDIX A: PLANING 

In order to plan the different activities to be done during the development of the Master Thesis, 

firstly a Work Breakdown Structure (WBS) was done in order to identify the activities so it is 

easier to work on a Gantt diagram afterwards. 
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APPENDIX B: RISK ANALYSIS 

When working on a project it is necessary to identify the risk that you might encounter while it’s 

developing. Once the risks have been identified they have to be classified by rating them within 

probability of occurrence and how high is the impact they can cause and are displayed in a matrix 

so it is easier to locate and also have the possibility to use blocking techniques for high number of 

risks. 

Being classified the first step is to plan preventive actions since the most important is that these 

risks do not take place. Following mitigation actions have to be planed for those risks that became 

a reality causing their effects; the purpose of this actions is to minimize the consequences of the 

hazard since they cause delays in the projects. Furthermore there are risk and situations in which 

it is not possible to take actions on a risk that will take part, so the only possibility is the acceptance 

of it. 

However, this is not a rule of thumb, since preventive actions cannot be worth implementing or 

studying them for low provability risk as well as mitigation actions for very low impact, 

furthermore, low probability and low impact are usually accepted risk and no plans are developed 

for them. 

The identified risk, consequences, planned actions and matrix are shown in the following table and 

figure: 

IDENTIFICA

TION 
RISK 

PROBABI

LITY (1-

10) 

IMPA

CT (1-

10) 

CONSEQUE

NCE 

PREVENT

IVE 

ACTION 

MITIGAT

ION 

ACTION 

1 

Low 

communicat

ion with 

stakeholders 

1 7 
Non defined 

requirements 
- 

Send 

emails and 

try to 

create a 

collaborati

ve 

atmosphere 

2 

Not 

fulfilling 

requirement

s 

3 8 
Non valid 

design 
- 

Achieve 

the most 

important 

milestones 

3 

Loss of 

information/

work done 

2 10 
Repeat 

everything 
- 

Make 

security 

copies of 

all the 

progress in 

external 

media 

4 
Intrude on 

patents 
4 9 

Sues from 

companies 

Exhaustive 

control of 

the 

available 

patents on 

the study 

field 

Change the 

concept, 

look for 

other 

options or 

uses 

5 

Not 

finishing on 

time 

7 2 

Longer time 

to finish the 

project 

Set goals 

and follow 
- 
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the Gantt 

chart 

6 

Not 

achieving a 

viable 

design 

1 9 

Non valid 

design for 

operation 

- 

Change the 

concept, 

look for 

other 

options or 

uses 

7 

No good 

models 

achieved for 

simulation 

6 8 

False results 

that can be 

considered as 

valid or non-

valid being 

the other way 

Keep 

contact 

with 

experts in 

the area to 

be advised 

Modify the 

models and 

make a 

new 

analysis 

8 
Available 

budget  
2 3 

Redesign 

according to 

new budget 

requirements 

- - 

 

 

 

  

1

2

3

4

5

6

7

8

IM
PA

C
T

PROBABILITY
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APPENDIX C: MATLAB CODES 

A) WORKING TEMPERATURE AND VISCOSITY CALCULATION 

%Working temperature and viscosity calculation for bearings 

  

clear all 

clc 

it=0; 

v=50; %mm2/s %comparing viscosity for loop 

ve=1; %mm2/s %viscosity 

D=300; %mm %Outer diameter 

d=220; %mm %Inner diameter 

Dpw=(D+d)/2; %mm %Mean diameter 

n=4000; %rpm %Rotational speed 

Fr=100; %N 

Fa=4170; %N 

Dw=25.4; %mm %Ball diameter 

ro=1023.6; %kg/m3 %density 

muw=0.959*10^(-3); %kg/ms %dynamic viscosity of sea water 

kw=0.6; %W/mK %sea water conductivity 

Cpw=4000.6; %J/kgK %Sea water Heat capacity at constant pressure 

ka=16.3; %W/mK %Stainless steel thermal conductivity 

L=0.038; %m %Bearing length 

betha=39.5*10^-5; %Thermal expansion coefficient for sea water at 42ºC 

Tamb=20; % Ambient and water temperature in ºC 

Trod=40; %First estimation of bearing temperature for later iteration 

  

Krs=6*10^(-8); %replenishment/starvation constant for air-oil lubrication 

Kz= 4.4; %bearing type related geometric constant 

  

  

%% While loop 

  

while abs((v-ve)/ve)*100>=0.1 

  

it=it+1; 

v=ve; 

%%Mrr: rolling frictional moment 

  

%Angular ball bearing constants 

R1=3.58*10^(-7); R2=3.64; R3=3.55*10^(-12); 

Fgr=R3*Dpw^4*n^2; 

Grr=R1*Dpw^1.97*(Fr+Fgr+R2*Fa)^0.54; 

  

phiish=1/(1+1.84*10^(-9)*(n*Dpw)^1.28*v^0.6); %Inlet shear heating reduction factor 

phirs=1/exp(Krs*v*n*(d+D)*sqrt(Kz/(2*(D-d)))); %Kinematic replenishment/starvation 

reduction factor 

  

Mrr=phiish*phirs*Grr*(v*n)^0.6; 

  

%%Msl: Sliding frictional moment 
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%Angular ball bearing constants 

  

S1=1.14*10^(-2); S2=1.55; S3=3.55*10^(-12); 

Fgs=S3*Dpw^4*n^2; 

Gsl=S1*Dpw^0.26*((Fr+Fgs)^(4/3)+S2*Fa^(4/3)); 

  

phibl=1/(exp(2.6*10^(-8))*(n*v)^1.4*Dpw); %weighting factor for the sliding friction 

coefficient 

mubl=0.12; 

muehl=0.04; %synthetic oil %sliding friction coefficient in full-film conditions 

musl=phibl*mubl+(1-phibl)*muehl; % sliding friction coefficient 

  

Msl=Gsl*musl; 

  

%%Mdrag: Drag frictional moment 

irw=1; %number of ball rows 

Kz=4.4; 

Kball=irw*Kz*(d+D)*10^(-12)/(D-d); 

Vm=0.00002; %drag loss factor 

H=Dw/2; 

t=2*acos((0.6*Dpw-H)/(0.6*Dpw)); 

if t>=0&&t<=pi 

    ft=sin(0.5*t); 

elseif t>pi&&t<=2*pi 

    ft=1; 

end 

  

fa=0.05*(Kz*(D+d)/(D-d)); 

Rs=0.36*Dpw^2*(t-sin(t))*fa; 

  

Mdrag=0.4*Vm*Kball*Dpw^5*n^2+1.093*10^(-7)*n^2*Dpw^3*(n*Dpw^2*ft/v)^(-1.379)*Rs; 

  

%% Total frictional moment 

  

M=Mrr+Msl+Mdrag; 

  

%% Temperature calculation 

  

Ploss=1.05*10^(-4)*M*n; %W 

  

%Outer face 

  

%Radial heat transfer 

Ree=ro*10.29*0.34/muw; 

Pr=Cpw*muw/kw; 

  

if Ree>10^3 

    Nue=0.26*Ree^0.6*Pr^0.3; 

     

else 

    Nue=0.86*Ree^0.43*Pr^0.3; 

end 
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he=Nue*kw/0.34; 

  

Wske=2*pi*ka*L/log(340/D); 

  

%Wall heat transfer 

Wskew=ka*pi*((D*10^(-3)/2)^2-(d*10^(-3)/2)^2)/0.025; 

  

Gra=9.81*betha*(Trod-Tamb)*0.025^3/(10.5*10^-7)^2; 

Ra=Gra*Pr; 

Nuw=0.59*Ra^0.25; 

hew=Nuw*kw/0.025; 

  

%Inner face 

Rei=ro*35.74*0.195/muw; 

  

Gz=195/38*Rei*Pr; 

  

Nui=4.36+0.023*Gz/(1+0.0012*Gz); 

  

hi=Nui*kw/0.195; 

  

Wski=2*pi*ka*L/log(0.22/0.195); 

  

Ws=Wske+Wski+he*0.038*pi*0.34+hi*0.038*pi*0.195+Wskew+hew*pi*((D*10^(-3)/2)^2-

(d*10^(-3)/2)^2); 

  

%Temperature and viscosity calculation 

Trod=(Ploss/Ws)+Tamb; 

  

vr=[36 8]; 

Tempr=[40 100]; 

m=(vr(2)-vr(1))/(Tempr(2)-Tempr(1)); 

mm=vr(1)-m*Tempr(1); 

ve=m*Trod+mm; 

  

end 

 

B) Interpolation for Bearing parameters 

%Interpolation for bearing calculation factor 

  

S=[0.172 

    0.345 

    0.689 

    1.03 

    1.38 

    2.07 

    3.45 

    5.17 

    6.89 

]; 
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DTD=[2.3 

    1.99 

    1.71 

    1.55 

    1.45 

    1.31 

    1.15 

    1.04 

    1 

]; 

  

s=0.703 

  

DTDI=interp1(S,DTD,s) 
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APPENDIX D: DATASHEETS 

Following find attached the datasheet of the chosen bearings and goretex vent. For more 

information, find the components in the references. 

  



11/3/2019 Loads

https://www.skf.com/us/products/bearings-units-housings/engineered-products/insocoat-bearings/loads/index.html 1/1

table 1 - Calculation factors for deep groove ball bearings

 Single row and double row bearings Single row bearings

 Normal clearance C3 clearance C4 clearance

f0 Fa/C0 e X Y e X Y e X Y

          

0,172 0,19 0,56 2,3 0,29 0,46 1,88 0,38 0,44 1,47

0,345 0,22 0,56 1,99 0,32 0,46 1,71 0,4 0,44 1,4

0,689 0,26 0,56 1,71 0,36 0,46 1,52 0,43 0,44 1,3

          

1,03 0,28 0,56 1,55 0,38 0,46 1,41 0,46 0,44 1,23

1,38 0,3 0,56 1,45 0,4 0,46 1,34 0,47 0,44 1,19

2,07 0,34 0,56 1,31 0,44 0,46 1,23 0,5 0,44 1,12

          

3,45 0,38 0,56 1,15 0,49 0,46 1,1 0,55 0,44 1,02

5,17 0,42 0,56 1,04 0,54 0,46 1,01 0,56 0,44 1

6,89 0,44 0,56 1 0,54 0,46 1 0,56 0,44 1

          

Calculation factors must be selected according to the operating clearance in the bearing, which may differ from the internal clearance before mounting. For
additional information or for calculation factors for other clearance classes, contact the SKF application engineering service.  
Intermediate values can be obtained by linear interpolation.



71940 ACD/HCP4A

d a min. 209 mm

d b min. 209 mm

D a max. 271 mm

D b max. 275 mm

r a max. 2 mm

r b max. 1 mm

d n   231.4 mm

d   200 mm

D   280 mm

B   38 mm

d 1   224.7 mm

d 2   224.7 mm

D 1   255.3 mm

r 1,2 min. 2.1 mm

r 3,4 min. 1 mm

a   75.2 mm

Dimensions

Abutment dimensions

Calculation data
Basic dynamic load rating C   199 kN

Basic static load rating C 0   250 kN

Fatigue load limit P u   5 kN

Attainable speed for grease lubrication     5000 r/min

Attainable speed for oil-air lubrication     7500 r/min

Contact angle α   25 °

Ball diameter D w   25.4 mm



Number of balls z   26  

Reference grease quantity G ref   81 cm³

Preload and stiffness (back-to-back, face-to-face)

Preload class A G A   1250 N

Static axial stiffness, preload class A     538 N/µm

Preload class B G B   2500 N

Static axial stiffness, preload class B     704 N/µm

Preload class C G C   5000 N

Static axial stiffness, preload class C     938 N/µm

Preload class D G D   10000 N

Static axial stiffness, preload class D     1274 N/µm

Calculation factors

Calculation factor f   1.23  

Calculation factor f 1   0.98  

Calculation factor f 2A   1  

Calculation factor f 2B   1.07  

Calculation factor f 2C   1.12  

Calculation factor f 2D   1.17  

Calculation factor f HC   1.04  

Calculation factor e   0.68  

Calculation factor (single, tandem) Y 2   0.87  

Calculation factor (single, tandem) Y 0   0.38  

Calculation factor (single, tandem) X 2   0.41  

Calculation factor (back-to-back, face-to-face) Y 1   0.92  

Calculation factor (back-to-back, face-to-face) Y 2   1.41  

Calculation factor (back-to-back, face-to-face) Y 0   0.76  

Calculation factor (back-to-back, face-to-face) X 2   0.67  

Mass
Mass bearing     5.11 kg



71944 ACD/HCP4A

d a min. 231 mm

d b min. 231 mm

D a max. 289 mm

D b max. 295 mm

r a max. 2 mm

r b max. 1 mm

d n   251.4 mm

d   220 mm

D   300 mm

B   38 mm

d 1   244.7 mm

d 2   244.7 mm

D 1   275.3 mm

r 1,2 min. 2.1 mm

r 3,4 min. 1 mm

a   79.9 mm

Dimensions

Abutment dimensions

Calculation data
Basic dynamic load rating C   208 kN

Basic static load rating C 0   285 kN

Fatigue load limit P u   5.4 kN

Attainable speed for grease lubrication     4500 r/min

Attainable speed for oil-air lubrication     6700 r/min

Contact angle α   25 °

Ball diameter D w   25.4 mm



Number of balls z   29  

Reference grease quantity G ref   84 cm³

Preload and stiffness (back-to-back, face-to-face)

Preload class A G A   1300 N

Static axial stiffness, preload class A     591 N/µm

Preload class B G B   2600 N

Static axial stiffness, preload class B     776 N/µm

Preload class C G C   5200 N

Static axial stiffness, preload class C     1036 N/µm

Preload class D G D   10400 N

Static axial stiffness, preload class D     1415 N/µm

Calculation factors

Calculation factor f   1.28  

Calculation factor f 1   0.98  

Calculation factor f 2A   1  

Calculation factor f 2B   1.07  

Calculation factor f 2C   1.12  

Calculation factor f 2D   1.17  

Calculation factor f HC   1.04  

Calculation factor e   0.68  

Calculation factor (single, tandem) Y 2   0.87  

Calculation factor (single, tandem) Y 0   0.38  

Calculation factor (single, tandem) X 2   0.41  

Calculation factor (back-to-back, face-to-face) Y 1   0.92  

Calculation factor (back-to-back, face-to-face) Y 2   1.41  

Calculation factor (back-to-back, face-to-face) Y 0   0.76  

Calculation factor (back-to-back, face-to-face) X 2   0.67  

Mass
Mass bearing     5.56 kg



6

The advantages
n Ideal for thermoplastic parts

n Especially designed for thermal installation

n Screw-locked and low-tension anchoring

n High pull-out values

n Efficient installation due to single-spindle,
multiple-spindle or automatic machines with preheating device
Material: Cu Zn 38 Pb 2 (EU 2000/53 compliant)

Principle

Technical data

The HITSERT® 2 thread insert is heated to the melting temperature of the plastic.
As a result of the heat transfer upon insertion, the plastic is plasticised for a short
time and flows into the undercut of the thread insert. Upon cooling, a low-stress
interference is realised.

          Type 0932                                       Type 0931�                                               Mounting hole�

For installation tools and machines, see pages 16 – 18

Other sizes, special designs and materials on request.

d2

90°
d

I

4°

d3

d2

4°

I

I2

90°
d

D1

I2

D

8°

a

L

                    Type 0932                Type 0931�             
    d              Order No                   Order No               I          l2         d2        d3       D +0.1      D1       Lmin.     amin.

  M 2        0932 102 0005          0931 102 0056        5.0      0.6      4.1     5.0     3.8     5.2     6.0      1.5
 M 2.5       0932 125 0005          0931 125 0056        5.0      0.6      4.1     6.0     3.8     6.2     6.0      1.5
  M 3        0932 103 0005                     –                   5.0        –        4.7        –        4.4     6.2     6.0      1.8
  M 3        0932 103 0055          0931 103 0061        5.5      0.6      4.7     6.0     4.4     6.2     6.5      1.8
 M 3.5       0932 135 0006          0931 135 0068        6.0      0.8      5.5     7.0     5.2     7.2     7.0      1.8
  M 4        0932 104 0006                     –                   6.0        –        5.9        –        5.8     8.2     7.0      2.0
  M 4        0932 104 0075          0931 104 0083        7.5      0.8      5.9     8.0     5.8     8.2     8.5      2.0
  M 5        0932 105 0007                     –                   7.0        –        7.0        –        6.9     8.7     8.0      2.0
  M 5        0932 105 0009          0931 105 0010        9.0      1.0      7.0     8.5     6.9     8.7     10.0     2.5
  M 6        0932 106 0009                     –                   9.0        –        8.6        –        8.5     10.2    10.0     2.5
  M 6        0932 106 0010          0931 106 0011       10.0     1.0      8.6     10.0     8.5     10.2    11.0     2.5
  M 8        0932 108 0012          0931 108 0013       12.0     1.0     11.1    12.0    10.9    12.2    13.0     3.0

Metric ISO thread according to DIN 13-6H.
Technical modifications reserved.
All dimensions in mm.

� Guide values: depend on moulding material, may have to be changed after setting trials.
� The flange has a large contact surface and thus reduces surface pressure.

Minimum quantity on request.

The versions – thread inserts for thermal installation HITSERT® 2
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Product Name PolyVent XS PolyVent Standard PolyVent Standard PolyVent High Airflow PolyVent XL PolyVent Stainless Steel PolyVent Ex+

Thread Size M6x0.75 M12x1 M12x1.5 M12x1.5 M32x1.5 M12x1.5 M12x1.5

Product Number PMF100600 PMF100318 (black) / PMF100319 (grey) PMF100320 (black) / PMF100321 (grey) PMF100585 (black) / PMF100586 (grey) PMF200542 PMF200444 PMF200400

Product Performance Characteristics

Typical airflow 300 ml / min (dp = 70 mbar) 450 ml / min (dp = 70 mbar) 450 ml / min (dp = 70 mbar) 4000 ml / min (dp = 70 mbar) 16 l / min (dp = 12 mbar) 1600 ml / min (dp = 70 mbar) 1600 ml / min (dp = 70 mbar)

Laminate: membrane /  
backing material ePTFE /  – ePTFE / Polyester (PET) ePTFE  / Polyester (PET) ePTFE / Polyester (PET) ePTFE / Polyester (PET) ePTFE / – ePTFE / –

Membrane characteristic Oleophobic Oleophobic Oleophobic Oleophobic Oleophobic Oleophobic Oleophobic

Vent body & cap: material Polyamide (PA6/66) Polyamide (PA6T/66) Polyamide (PA6T/66) Polyamide (PA6T/66) Polycarbonate (PC) Stainless steel (1.4404 / 316L) Stainless steel (1.4404 / 316L)

Vent body & cap: color similar to Black: RAL 9004 Black: RAL 9011 / Grey: RAL 7035 Black: RAL 9011 / Grey: RAL 7035 Black: RAL 9011 / Grey: RAL 7035 Grey: RAL 7035 Metallic Metallic

Wrench size 10 mm 16 mm 16 mm 16 mm 70 mm 18 mm 18 mm

O-Ring material Silicone 60 Shore A Silicone 60 Shore A Silicone 60 Shore A Silicone 60 Shore A Silicone 60 Shore A Silicone 60 Shore A Silicone 60 Shore A

Counter nut: material /  
color / part number Stainless steel (SUS304) / M10510-017 n/a Plastic / Grey / M10510-009 Plastic / Grey / M10510-009 Plastic / Grey / M10510-010 Stainless steel (1.4404 / 316L) / M10510-016

Nickel-plated brass / M10510-008 n/a

Traceability Yes: Individually laser-marked Yes: Individually laser-marked Yes: Individually laser-marked Yes: Individually laser-marked No Yes: Individually laser-marked Yes: Individually laser-marked

IECEx/ATEX Certification No No No No No No Yes

Design and Dimensions         

Units are in mm

Recommended Installation

Units are in mm 

• Install on a flat, vertical housing  
surface where water or other  
contaminants will not pool. 

• Install vent with cap on exterior  
of housing.

Torque  0.3 ± 0.1 Nm 0.7 ± 0.1 Nm 0.7 ± 0.1 Nm 0.7 ± 0.1 Nm 5 Nm 0.9 ± 0.3 Nm (for IK10: 5.0 ± 0.5 Nm) 0.9 ± 0.3 Nm (required)

Through-hole diameter   6.2 ± 0.1 mm – 12.2 ± 0.1 mm 12.2 ± 0.1 mm 33 ± 0.5 mm 12.2 ± 0.1 mm –

Product Information
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