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[bookmark: _Toc104842183]Introduction
This project will analyse the design of a marine tanker propeller. The propeller is a component typically fitted to the stern of the ship. The propeller generates thrust by converting rotational motion, the velocity created introduces a pressure difference across the blades which can be modelled using Bernoulli’s theory and Newtons third law of motion. The marine propeller is carefully designed with unique geometry to optimise performance. The fluid flow around the propeller is complex. It consists of a low pressure side and a high pressure side with both a leading and trailing edge. This study will present an investigation of fluid flow around the tanker propeller focusing on how the design influences flow and efficiency. The report focuses on computer modelling techniques and types of live laboratory testing available to engineers when designing propellers for marine tankers.
[bookmark: _Toc104842184]Aims
To build upon the understanding of the effects on fluid flow around a marine tanker propeller and the effects this has on the design.
[bookmark: _Toc104842185]Objectives
· Analysing the propeller blade design using analytical methods to estimate the Reynolds Number and classify the type of fluid flow experienced.
· Examine the design and how this influences boundary flow relating to separation and turbulence.
· Explore the performance implications on manufacturing the propeller blades out of carbon fibre reinforced plastic, relating to future, current and historical propeller blade designs. including reference to technical literature, industry standards and codes of practice where applicable.
· Explore computer modelling techniques which simulate fluid flow around the propeller and the advantages and disadvantages of using these methods
· Look at live testing techniques to understand fluid flow for the prototype propeller and how this testing method corelates to the simulation. 
[bookmark: _Toc104842187]
Reynolds Number
Reynolds number is used to determine whether the flow of fluid is turbulent or laminar. Reynolds number plays an important role when considering fluid mechanics.
Looking at the flow characteristics of a propeller design there are two fundamental principles that affect the type of flow. There are the three variables which design engineers could change to optimise performance. These include the speed of the rotation, number of blades and the length of the blade. (Saha, 2019)
When considering fluid mechanics and specifically the boundary layer. The fluid which is touching the surface is considered to be travelling zero velocity due to fiction, this generates high pressure and low pressure regions. The high pressure moves towards the low pressure region in increasing velocity.
To allow the engineer to calculate the theoretical fluid dynamics several assumptions were made. Firstly, the boundary layer of the hub was neglected the viscous thrust was assumed minimal. (Takinaci, 2001) To estimate water density the ship will operate in sea water with a temperature of 10˚C. The increase in pressure due to the depth of the propeller will be considered negligible when determining the flow. As will the energy losses due to friction.
	Properties
	Units
	Symbol

	Temperature
	10˚C
	T

	Density
	1027 (kg/m^3)
	

	Length
	3.0352 (m)
	

	Dynamic Viscosity
	0.00141 (Ns/m^2) 
	

	Propeller speed
	75 RPM
	

	Propeller Pitch
	10.668m
	P


[bookmark: _Toc104925034]Table 1: Propeller operating conditions
To calculate the Reynolds number a theoretical velocity was needed. There are many ways of calculating this value. If we consider a propellers motion, the rotating blades move in a similar way to a screw driving into wood, this is true except the water is pushed through the blades to the rear and this motion propels the vessel and not the blade. If we consider the water travelling through the propeller the significant length will be 3.0352m. The propellers pitch determines how far the propeller moves the ship in one full rotation, this is important and needs to be considered when calculating the theoretical inflow velocity. 
Theoretical Velocity
To calculate the velocity the engines revolutions per minute was divided by 60 to convert to revolutions per second, this figure was then multiplied by the propellers pitch to give us the theoretical fluid inflow velocity.
 v = P *  / 60
[bookmark: _Toc104925046]Equation 1: Propeller inflow velocity
v = 10.668 * 75 / 60 = 13.335 m/s 
Estimated Reynolds Number
Therefore Reynolds number at this speed is
Re =  		Re =  = 29.4802841 x10^6
[bookmark: _Toc104925047]Equation 2: Reynolds Number
If we now considered a 10% loss of motion due to the propeller slipping the value will be as follows;
10% loss = 10.668 * 0.1 = 1.0668m			10.668 – 1.0668 = 9.6012m 
v = 9.6012 * 75 / 60 = 12.0015 m/s 
Therefore Reynolds number at this speed is
Re =  		Re =  = 26.53225569 x10^6
[bookmark: _Toc104925048]Equation 3: Reynolds number with 10% slip
Reynolds Number Evaluation
Under these conditions the propeller would experience turbulent flow, as expected the flow generated by the rotation has drawn a turbulent flow across the blades. This figure is an estimated value and should be treated as an estimate. 
Knowing the Reynold number allows engineers to make informed decisions that influence the design. At this stage the engineer will be looking at the areas within their control, length and speed are parameters which could be altered along with propeller pitch to improve the efficiency. (Mani, 2021) engineers seek to delay separation of the boundary layer by using the pitch, shape/ angle, and speed of the propeller.
Calculating the Reynolds number using this analytical method offers a low cost, rapid evaluation of flow. Ultimately it is only an estimate so concerns should be shared about the accuracy of the data, It is important to conduct further more advanced analysis methods when designing such components. 


[bookmark: _Toc104842188]Boundary Flow, Separation & Turbulence of The Propeller
From the mathematical modelling there is a high level of turbulence experienced on the propeller blade this is due to the very high Reynolds number calculated. Typically design engineers would prefer to have laminar flow since this reduces flow losses and improves predictability of the design. When this is not possible, which is the case in the design of the propeller a turbulent boundary layer should be aimed for. This is what influences the design & shape of the propeller blade. A turbulent boundary will follow the blade surface for longer than laminar flow the reason for this is the increased momentum experienced within the boundary layers owing to a steeper velocity gradient.
[image: Velocity profile in a laminar and turbulent boundary layer]
[bookmark: _Toc104925016]Figure 1: Turbulent & laminar boundary layer
With turbulent boundary layer the velocity increases faster than with a laminar flow boundary layer and creates a higher velocity gradient closer to the surface, this will result in higher kinetic energy of the boundary layer and further counteracts any negative pressure gradient experienced. (Sampson, 2015)
The propeller designed to maximise the turbulent boundary layer. The leading edge and high pressure surface of the propeller blade holds the turbulent flow increasing it’s velocity until separation occurs close to the tip at this point of separation there is a sudden drop in pressure, the fluid has reached a level of velocity which results in the fluid saturation point being reached causing cavitation to form. (Tec - Science, 2020) Cavitation is a highly undesirable phenomenon that occurs which typically result in higher noise, increased hull vibration and corrosion on the surface of the propeller and must be considered when in the design stage to improve reliability of components.
The propellers separation point occurs downstream of the blade therefore the wake becomes finer resulting in less drag and higher efficiencies.
Ultimately if we cannot reduce flow to a controllable level engineers need to find ways of using this turbulence to their advantage, in the design of the propeller the turbulence is utilised to delay separation and increase velocity to generate a narrow wake, reducing drag & propelling the marine tanker forward by generating thrust.


[bookmark: _Toc104842189]Carbon Fibre Reinforced Plastic (CFRP)
Carbon fibre composites have higher strength / stiffness, lower density, superior corrosion resistance, non-magnetic & greater damping affect are just a few of the advantages compared with Nickle Aluminium Bronze (NAB) alloys which are typically used on high performance marine propellers.
[image: See the source image][image: CFRP Propeller]
[bookmark: _Toc104925017]Figure 2: CFRP Propeller & NAB alloy Propeller
CRFP Propellers & Warships
Composite materials have been used to build warship / submarine propellers, they offer great advantage when it comes to noise reduction and reduced acoustic signature due to the greater damping effect. The non-magnetic properties of the CFRP propeller is used in warships such as mine sweepers. The whole hull and propeller are made from CFRP to allow the ships to get close to the mines and carry out their operations without danger of releasing and detonating underwater mine.
Advantages / Disadvantages 
The CRFP propellers in design take load off the drive shaft motor and gear box, it offers reduced loading and improves the life of these expensive asset’s onboard ships. It uses its unique material properties which allows the blades to flex under loading reducing the likely hood of shock loading occurring during start up.
Since the early introduction of CFRP there have been advances in production technology and is more widely used within the maritime industry than ever before. The design features support a reduction in maintenance as the individual blades can simply be removed from the hub and replaced with new during maintenance periods, they typically weigh 1/5th of the weight of NAB propellers making it easier to replace. (Aktas, 2019)
[image: Special Characteristics]
Figure 3: Removable CFRP blade propeller design
CFRP is also prone to cavitation erosion where due to the rapid pressure drop when the fluid flows across the surface, which induces small vapour bubbles, these bubbles implode when the pressure increases generating shockwaves which damage the surface of the propeller. The fibres & resin used in the CFRP blades separate and react negatively with the cavitation phenomenon. (Lowde, 2022) The erosion resistance of Nickle Aluminium Bronze (NAB) alloys is far superior compared with CFRP. Modern CFRP blades overcome cavitation erosion with carefully designed geometry which allows the blades to flex reducing the effect of cavitation. (Sampson, 2015)
Historically CFRP propellers are associated with high costs due to complex production technologies making it only suitable for high performance applications. However since the early introduction of CFRP there have been advances in production technology and is more widely used within the maritime industry than ever before. The design features support a reduction in maintenance as the individual blades can simply be removed from the hub and replaced with new during maintenance periods, they typically weigh 1/5th of the weight of NAB propellers making it easier to replace. (Lowde, 2022)
Governing Bodies & Propeller Design
Now more than ever the environment influences engineer’s decisions, ambient noise levels of the world’s oceans have been rising, this is down to the significant impact of global trade and the increase of marine cargo vessels such as tankers to meet global demands. The propeller noise due to cavitation and hull vibrations typically overshadows other artificial noise sources. The low frequency vibrations are in the range used by marine mammals to communicate. (Saha, 2019) Ship builders are governed to control the noise levels ensuring a rich and diverse marine mammal population globally. international and European governing bodies including International Maritime Organisation (IMO) (IMO, 2011), Marine Environmental Protection Committee (MEPC) (MEPC, 2009), European Marine Strategy Framework Directive (MSFD) Create the frame work for standards relating to shipping noise.


[bookmark: _Toc104842190]Computer Modelling Techniques and Simulation of Fluid Flow
There are many advantages gained by using computer modelling techniques, in recent years the technology has improved significantly and have become readily available to design engineers with improved repeatability in results. Using computer modelling techniques offers a low cost solution to engineers to test the design before expensive prototyping and live tests are carried out. This section explores 2 main types of modelling techniques used to simulate the fluid flow around this propeller. Assessing the advantages and disadvantages of using these tools available.
[bookmark: _Toc104842191]Computational Fluid Dynamics (CFD)
Computational Fluid Dynamics methodologies are routinely employed by many industries including aerospace, specialist machinery, automotive & shipbuilding. Significant advances in methods have improved reliability of mathematical modelling which allows engineers to make informed decisions early in the design stage, it achieves this by verifying the design. (Krishnamurthy, 2020) 
CFD models typically simulate the interaction of fluids / gasses when the surfaces are designed with boundary conditions, they are designed to calculate complex calculations and employs the principles of the Navier-Stokes equations. The simulation is iteratively calculated as either steady state or transient flow (Mani, 2021).
[bookmark: _Toc104842192]Advantages of CFD
CFD technology has become a reliable tool for engineers to use, it has proven to produce repeatable results. Making it an excellent option for design and analysis purposes.
It significantly reduces project costs as engineers can easily make design changes based on the results without the need to make physical modifications to prototypes produced, further to this it offers higher success rates of the prototype stage. (Fukumoto, 2021)
CFD allows performance prediction before modifications are made. The design can be altered to suit. This maybe to reduce cavitation or improve strength & efficiency of marine propellers.
[bookmark: _Toc104842193]Disadvantages of CFD
When considering and analysing the disadvantages of using CFD simulation it should be highlighted that the issues faced are because of simulation user. Experience and knowledge is key to producing reliable accurate data, despite the software becoming wildly available at lower cost it should be used with caution (Mani, 2021).
It is easy to make errors this happens when simple flow models and boundary conditions are created and introduce errors in the mathematical calculations.
Interpolation errors are likely due to uncertainties caused by too little computing values per cell, mesh sizes need to be reduced in the critical areas of concern to ensure all relevant data is captured.
If the model is specifically large will lead to extended computational time as it increases the workload. The balance needs to be stuck between enough data in the critical areas without too much to slow computer processing down.



[bookmark: _Toc104842194]Laboratory Testing
To get the best possible data to support the previous analysis the prototype propeller should be tested within ideal flow conditions. To achieve ideal flow conditions there are two types of laboratory testing, The two main types of testing available to design engineers are analysed in this section.
[bookmark: _Toc104842195]Propeller Tow Test
The tow test is a type of test where a propeller is fitted to the shaft and driven at a pre defined speed across a tank. The propeller is typically fitted in reverse with the propeller driven in the reverse direction. This allows for no interference from the shaft and driver.
This test method is limited by the length of tank and can only be run over a short period, it then needs to be moved back to the start position and time allowed for the disturbed water to settle before beginning the test again. 
[image: See the source image]Travel direction of tow test

[bookmark: _Toc104925018]Figure 4: Open water tow test
[bookmark: _Toc104842196]Cavitation Tunnel
This type of testing is the equivalent to a wind tunnel. The cavitation tunnel is a closed loop system where the fluid driven by impellors in the lower horizontal section continuously at a defined velocity. The test section and where the prototype propeller will sit is in the upper horizontal section. These tunnels are designed to give uniform inflow to the test inflow. Viewing ports are installed on the test section with intermittent lights illuminating the propeller to capture the blades at the same position. This helps to capture cavitation patterns.
The School of Marine Science and Technology, Newcastle University is home to a test marine test facility with the Emerson Cavitation Tunnel, the laboratory has the capabilities to test marine propellers full scale or scale models, this facility is considered medium size and the propeller designed would need to be scaled down.
[image: See the source image]
[bookmark: _Toc104925019]Figure 5: Emerson Cavitation Tunnel diagram
	Emerson Cavitation Tunnel Specification

	Facility type 
	Vertical Closed Circulating

	Test section 
	3.10m x 1.22m x 0.81m

	Contraction ratio 
	4.271

	Drive system
	4 Blade axial impeller

	Main pump power 
	300 kW

	Impeller diameter
	1.4 m

	Maximum velocity 
	8 m/s (15.5 knots)

	Cavitation numbers
	0.5 (min) to 23 (max)


[bookmark: _Toc104925020]Figure 6: ECT Specification
This type of testing can replicate the inflow and boundary layer formed by the ship’s hull, this is achieved by installing grid lines upstream to simulate wake flow. However this method is difficult to replicate and gain accurate results. 
This type of test is continuous flow and is not interrupted by limitations by space giving a significant advantage over propeller tow test. 
Data Acquisition methods 
Flow can be measured and analysed using 3D LDA (Laser Doppler Anemometry) an optical technique ideal for point measurement of velocity and turbulence distribution in both free flows and internal flows. This is commonly used to gain further understanding of fluid mechanics.
Stereoscopic PIV (Particle image velocimetry) systems is another tool capable of measuring fluid flow, this process uses optical methods of flow visualisation.


[bookmark: _Toc104842197]Conclusions
This report highlights the importance of analysing fluid flow characteristics at each stage of the design phase. Starting with the analytical and theoretical calculations conducted provides engineers with a low cost solution on analysing fluid flow. This data is then compared with the CFD simulation , which requires more skill but in the right hands can yield accurate and comparable results with physical open water testing. The final testing stage involved identifying laboratory testing suitable for assessing fluid flow over a propeller. Cavitation tunnel & tow testing was analysed, to carry out this type of testing a precision scaled model of the propeller would need to be produced ensuring no effect on scaling would influence the results.
Each stage of the fluid analysis allowed the engineer to compare results between the previous phase, each of the results would be used to correlate with the previous. When simulating fluid flow there will always be differences between physical testing but if repeatability of results can be achieved engineers can store this data and make estimates against previous/ historical data allowing them to make informed decisions. Technology is advancing and these techniques are improving, as is our understanding of fluid dynamics, more and more companies are using the technology to lower costs of the design phase and improving the chance of success.
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