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1. [bookmark: _Toc106048390]Introduction
This report studies how: the boundary layer, different materials and Reynolds number interact with the marine propeller blade. The report focuses on why the Reynolds number is important in the design of hydrodynamic parts and how to calculate the Reynolds number. How boundary layers are used to create thrust and in turn move the ship forward. There is also research into how the marine industry innovates new technologies to make propellers more efficient by using a new composite material. Computational Fluid Dynamics will also be analysed and how simulations can be used to make more efficient designs, the advantages and disadvantages will also be discussed. Finally, this document will discuss how a prototype will be tested in a hydro tunnel and how it could compare to the Computational Fluid Dynamics simulations. 
The propeller in question is a five-blade propeller used in maritime trade, these are typically made from steel or nickel aluminium bronze alloy. The propeller is made up of several parts: the hub, blades and the drive shaft. The propellers rotate due to the kinetic energy transferred from the engine through the drive shaft to the propeller blades. The motion forces water behind the propeller pushing the ship forward. Once water is pushed past the propeller it interacts with the rudder to change the direction of the ship. 
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[bookmark: _Toc106048175]Figure 1 – Picture of a propeller 


[bookmark: _Toc106048391]What is Reynold’s number?
Aerodynamic forces are created when an object and gases interact with each other. The size of these forces depends on several factors: shape, speed of the object, the mass of gas, viscosity, and compressibility of the gas. Viscosity is the level at which gases stick to an object please see Figure 1 An object and air have natural forces of attraction and this is what the sticking effect is. Inertial forces refer to the resistance to change which in this report will reference airflow. Reynold number is a ratio which expresses inertial forces against viscous forces. 
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[bookmark: _Toc105575527][bookmark: _Toc106048176]Figure 2(Benson, 2021) 
[bookmark: _Toc106048392]Why is it important?
The Reynolds number is used to determine fluid flow around an object, it is a scale of how turbulent the flow is around the object, starting from laminar flow (smooth and layered) going to turbulent (chaotic and irregular). Reynolds number is important in designing aerodynamic and hydraulic systems, as it can reveal the extent of various forces on an object. Determining whether a system is laminar or turbulent allows for the analysis of problems created from the air pattern. 
Using computational Fluid Dynamics (CFD) modelling allows for the simulation of airflow behaviour around an object, the simulation can indicate areas of concern/improvement to ensure efficient performances. Reynolds number simplifies the simulation, through prediction flow, can show all laminar and turbulent flows in the system. 
Propellers work on a basis of creating a low pressure in front of themselves, whilst creating a high pressure behind the blades. The propeller creates this low pressure by pushing the water behind itself. As the propellers turn, they cut through the water, forcing the fluid over the leading edge and directing it to the trailing edge. The pressure difference causes the propellers to pull themselves through the water. The propeller blades will be thought of as flat plates, with the design of the hydrofoil to increase the pressure difference between the front and back of the propeller. Using Bernoulli’s equation there is a correlation Velocity can be calculated. Once velocity is known it can be used in the equation for the Reynolds number.


[bookmark: _Toc106048393]Calculating Reynolds number
Bernoulli’s equation: p1 + ½ pu12 + PGZ1 = p2 + ½ pu22 + PGZ2
Where P1 is pressure and pu1 kinetic energy
There is no potential energy difference due to height being constant.
This means PGZ is equal to 0 on both sides of the equation.
Reynolds number is: Re= ρuL/μ
Where:
· ρ is the fluid density Kg/m3)
· L is a length scale which is of interest (m)
· u is the fluid velocity (m/s)
· μ is the fluid dynamic viscosity (kg/m.s)
The assumptions being made
The Fluid is salt water with a density of 1 024 kg/m³
The assumption is that the system starts with Low pressure and high velocity.
Another assumption is that the system ends with high pressure and low velocity.
The blade will operate as a disk in this solution.
Assume no energy is being lost through heat.
Water is incompressible 
The change in pressure moved from low to high which is represented in the image below.
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Figure 3 – pressure change from low to high
We will assume that the point at which we are measuring speed is the point of separation, meaning pressure is high with no speed.
Speed will be assumed to be 15.6 m/s the density of salt water is 1024 kg/m³ diameter of the plate is 3m the viscosity of salt water is 0.001 kg/m.s 
Re= 1024 * 15.6 *  3 / 0.0010
Reynolds number = 47,923,200
[bookmark: _Toc106048394]How Boundary Flow Interacts with a Propeller
[bookmark: _Toc106048395]Boundary Flow Basics
Boundaries flow refers to different layers of a fluid which is interacting with a surface. They are an interpretation of how the fluid flows around an object. Propellers are effectively large rotating plates at an angle. The boundary layers would flow how they would on a plate. To the left of the diagram is fluid flow before the propeller, as the first boundary layer (closest arrow to the plate) passes the plate it shears, this shearing requires energy. The loss of energy decreases the velocity of the fluid layer. The loss of energy causes the next boundary layer to shear against the first dissipating energy and causes the second boundary layer to lose velocity. This effect acts on each subsequent boundary layer causing the laminar flow which then becomes the transitionary region. This is the region between laminar flow and turbulent and adopts qualities of both. Eventually, the velocity decreases to a point where the flow has become turbulent. The change from laminar flow to turbulent flow is demonstrated in figure 3.
[bookmark: _Toc105575529] [image: See the source image]
[bookmark: _Toc106048177]Figure 4 - boundary flow moving over a plate (the engineering concepts, n.d.)
 Figure 4 shows this interaction of boundary layers regarding a marine propeller.
 [image: Diagram
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[bookmark: _Toc105575530][bookmark: _Toc106048178]Figure 5 - boundary change over propeller (Baltazar, et al., 2020)


[bookmark: _Toc106048396]Pressure Gradients
The fluid hits the front of the propeller at its stagnation point, this is when pressure is highest, as the fluid flows over the top of the propeller the pressure decreases and velocity increases, known as a favourable pressure gradient. At the top of the shoulder of the hydrofoil, the speed of the fluid is at its maximum whilst its pressure is at its minimum. As the fluid continues to pass over the propeller the pressure increases as speed decreases due to the boundary layers shearing against one another. This low to high pressure is known as an adverse pressure gradient. This would represent fluid flow over the front plate See figure 4.
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[bookmark: _Toc106048179]Figure 6 - Flow around a curved surface (Hu, 2013)
Comparatively, the fluid flow on the back face of the propeller works oppositely. The back plate is curved so it has a lower surface area than the top and is shaped as flat as possible. This results in the water moving slower than the front plate and thus causes high pressure. Please see figure 5.
[image: See the source image]
[bookmark: _Toc106048180]Figure 7 – boundary layer flow around a propeller (Hu, 2013)
The difference in pressure causes water to be pushed behind the propeller which in turn pulls the propeller forward. This follows newtons third law of every action having an equal and opposite reaction. As the fluid is pushed behind the propeller blades it creates thrust in the opposite direction to fluid flow, this pushes the ship through the water.


[bookmark: _Toc106048397]Separation
The separation point is when the velocity of the fluid becomes zero, this occurs once the adverse pressure gradient becomes large enough large that the flow is forced back against the flow direction. This results in a backflow area and the laminar flow detaches itself from the contour at this point. This is seen in figure 4 at the separation point.
[image: ]
[bookmark: _Toc106048181]Figure 8 - Boundary flow of a Propeller (MHL Media, 2018)


[bookmark: _Toc106048398]The Development of Carbon fibre Reinforced Plastics in marine Propellers

[bookmark: _Toc106048399]Background

Carbon fibre reinforced plastic (CFRP) is a composite material, due to this, it has the advantages of being lightweight, high strength, low vibration, low noise, corrosion-resistant and fatigue resistant. These properties make CFRP ideal for marine propellers as they fulfil most challenges a propeller would face. CFRPs are already used in the aircraft industry due to their light weight and strength. CFRPs are carbon fibres which run parallel to one another, alone they unable to withstand compressive load and buckle easily, please see figure 8.[footnoteRef:1] Therefore, they are combined with resin to form a composite material that can withstand a compressive load. This enables CFRP to be used as a structural material.[footnoteRef:2] These laminates of CFRPs are overlaid with other sheets when combined creating a heterogeneous structure. When comparing CFRPs to the traditional materials such as Nickel, Aluminium and Bronze alloy (NAB) or steel, CFRPs outperform in many aspects. [1:  (Kitano, 2016)]  [2:  (Kitano, 2016)] 
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[bookmark: _Toc106048182]Figure 9 – Construction of CFRPs (Kitano, 2016)
[bookmark: _Toc106048400]Corrosion-resistant

Corrosion resistance, for example, NAB and steel suffer from stagnant sea water corrosion, selective phase corrosion, and cavitation erosion.[footnoteRef:3][footnoteRef:4] NAB is superior to CFRP when considering cavitation erosion, however, the erosion to CFRP can be reduced using aramid fibres on the surface of CFRP.[footnoteRef:5] However, CFRPs are less likely to suffer from other types of corrosion such as electrolysis, galvanic action or rust.[footnoteRef:6][footnoteRef:7] Traditional materials also come with issues from differing temperatures, for example, steel becomes brittle at low temperatures, which led to the damage to the Titanic’s hull. [3:  (Gadsolution, 2012)]  [4:  (Richardson, 2016)]  [5:  (Waugh, 2015)]  [6:  (Ullmann, 2000)]  [7:  (Richardson, 2016)] 



[bookmark: _Toc106048401]Strength

CFRPs can be designed with strength in mind to produce a higher strength, than NAB or steel, this is due to the production process of CFRPs being customisable for the need of the Job.[footnoteRef:8] For example, merchant ships were trialled in 2012 using a CFRP composite against NAB propellers. It was found that the CFRP exhibited superior strength compared to the NAB propeller. Due to the increased strength of the propeller the diameter of the propeller can be increased, this increase in size allowed for the same thrust for 9% less horsepower.[footnoteRef:9] [8:  (Kitano, 2016)]  [9:  (THE MARITIME EXECUTIVE, 2014)] 

[bookmark: _Toc106048402]Vibration and Noise
When discussing low vibration and low noise several studies conclude, that CFRPs performed better than NAB in terms of damping ratio. The damping ratio is the measure of how fast vibration magnitude decays over time. The vibrations caused by the propeller affect the ship, high vibration intensity can cause structural damage to other parts of the ship.[footnoteRef:10],[footnoteRef:11] Vibration from CFRP is low in comparison to steel and NAB, this is due to the production process between traditional materials and CFRP.[footnoteRef:12] Vibration is caused by the propeller blades being of different weights causing an imbalance in the propeller, adding more blades reduces this problem, however; increasing RPM perpetuates the problem.[footnoteRef:13] The CFRP is more easily constructed to the correct weight than the steel or NAB propellers due to imperfections which can occur inside the casting process. [10:  (Carlton & Vlasi´c, 2005)]  [11:  (EPI inc., 2011)]  [12:  (Anon., 2011)]  [13:  (Carlton & Vlasi´c, 2005)] 



[bookmark: _Toc106048403]Modelling techniques around the propeller
[bookmark: _Toc106048404]Computational Fluid Dynamics
The modelling technique which is used is computational fluid dynamics (CFD). This software is used to mathematically model a scenario which involves a fluid undergoing change, solving numerically through computers. CFD uses velocity, pressure, temperature, density and viscosity to run calculations to virtually generate an accurate solution. 
For CFDs to calculate accurately the large domain (the design) the software design is split into multiple sub-domains which are called cells. The software then calculates all these cells separately. The combination of these cells in the computational structure is named mesh. Please see figure
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[bookmark: _Toc106048183]Figure 10 – CFD MESH example (Simscale, 2021)
Advantages:
· Time reduction – the time required to calculate the equations before the use of CFDs would have extensive as one person would have to do each equation. 
· CFDs can run multiple simulations at the same time 
· The simulations can be used instead of dangerous experiments.
· CFD’s for a higher level of detail than normal calculations. 
· Different designs can be tested and compared easily without constructing the design.
Disadvantages:
· Accuracy of the result is doubted – in some situations successful results will not be gained.
· It is necessary to simply mathematically to facilitate the calculation, if the simplification has been done well the results will be more accurate.
· Some models are more difficult and are unable to be modelled such as turbulence and multiphase phenomenon. 


[bookmark: _Toc106048405]Wind Tunnel
Another way of modelling fluid flow is to make a smaller model with a wind tunnel. There are two types of wind tunnels closed return and open return. In closed return, the air is circulated around a closed unit. It requires less power than the open return. Air heats up due to friction on the walls. For open return type wind tunnels air flows through the system, it takes up less room, air does not heat up and it wastes a large amount of energy. 
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Description automatically generated]
[bookmark: _Toc106048184]Figure 11 – design of Wind tunnels
Advantages:
· A model can be made cheaply
· Can gain results on the flow of fluid around the propeller
· Quickly see where the stress points are on the propeller.
Disadvantages:
· Not using the salt water as a fluid – this changes Reynolds number would lead to inaccurate results.
· Not to scale – resulting in fewer forces and not reaching the same conditions the propeller blade would.
· Depending on the scale the airflow could interact with the walls of the tunnel causing boundary flow lines to be condensed. 
[bookmark: _Toc106048406]Comparison

CFDs are the correct choice for simulating the forces which would occur on the propeller blade. Reynolds number can be inputted into the program giving more accurate results in comparison to the wind tunnel. Interactions between boundary layers and the walls will not influence the CFD; it will also simulate the correct number of boundary layers there would be for the propeller. It could take into amount a ship’s hull above the propeller. CFDs could also simulate the model at scale size. The energy consumption and time will be less for CFDs as a model would not need to construct and there would be no need to run a wind tunnel. 

[bookmark: _Toc106048407]Prototype modelling for a propeller and comparing it to the CFD
[bookmark: _Toc106048408]Method

The experiment would be carried out in a hydro tunnel using seawater as the fluid. Hydro tunnels operate like wind tunnels, however; they are used for liquids instead of gasses. The propeller would sit in a tank which is twice the width of the propeller ideally, with a long tank run-up to the propeller blade if it were possible. If a suitable tunnel is not available a smaller prototype would need to be used. If a smaller prototype was used Reynolds number would be smaller resulting in a more laminar flow. For the sake of the report, the model will be assumed to be full size. The shape of the tank should be tailored to the propeller’s shape allowing for extra space around the circumference of the propeller blades. This allows for the Boundary layer flow to act as it would at sea and reduces the effect of blocking.
There should also be a consideration for the shape of the hull as it would affect boundary flow, the hull would remain at the same distance to the propeller and would not introduce errors. The prototype should also run in an open return tunnel as opposed to a closed return. Fresh water constantly passing past the propeller will keep the temperature of the water closer to sea temperatures and not cause as many cavitations.
[bookmark: _Toc106048409]How the acquisition of data should be obtained

Dyes should be used to illustrate boundary layer flow passing over the propeller blades. Different dyes should also be used for a proper assessment of each boundary layer as it flows to the propeller. the information can also be gathered with a dynamometer and a stroboscope. The dynamometer is placed on the propeller in the inflow, and its thrust and torque are measured at different ratios of propeller speed to inflow velocity. A stroboscope synchronized with the propeller speed "freezes" the cavitation bubble. By this means, it is possible to determine if the propeller would be damaged by cavitation. An ideal location to experiment would be the Emerson Cavitation Tunnel[footnoteRef:14] where a full-sized propeller can be tested in the UK. The hydro tank should simulate the fluid movement of sea currents, the motion should be done to replicate calm ocean water. The propeller also needs to be operational; the model would indicate where the low and high pressures are. If the blade is not turning it will not produce the same adverse pressure gradient as if it were in motion. Figure 11 shows how the dyes would interact with the propeller.  [14:  (n.d., 2022)] 

[image: ]
[bookmark: _Toc106048185]Figure 12 – Hydro tunnel showing boundary flow using dyes (MHL Media, 2018)
[bookmark: _Toc106048410]Compare to the simulation

 The prototype is more accurate than the CFD method, in how the propeller would operate at sea. This is due to several factors, CFDs can not calculate accurately the turbulence in the wake of the propeller whereas turbulence is more easily observable using the prototype. A prototype is an object exactly shaped like the actual propeller; this is more favourable than a mesh system. The mesh system doesn’t consider cavitation (heat generated from the friction between the propeller and water). However, CFDs can model multiple propeller models simultaneously, the ideal way to use both the CFD and prototyping simulation is to design the model first with CFDs and then prove the concept with a model.



[bookmark: _Toc106048411]Conclusion
In conclusion, the report written explains Reynolds number is important for engineers in helping to design Hydrodynamic or aerodynamic parts. This allows for more efficient forms of transport and vehicles in a world which is becoming ever conscious of its carbon footprint. 
Boundary layers cause lift for aeroplanes and thrust in ships, this is done by creating an adverse pressure difference between the Front plate (low pressure) and back plate (high pressure). This is done by the specific shapes of the propeller blade having a greater distance from the leading edge to the trailing edge. This distance increases speed which decreases pressure, the adverse is true for the back plate. 
CFRPs are being researched for use in marine propellers, they are in most ways more efficient than traditional materials. When modelling and creating new designs for propellers it is more time effective to use CFDs until a possible design has been created, using prototyping and hydro tunnels as a final test of the design.
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