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[bookmark: _Toc105338947]Part 1:

[bookmark: _Toc105338948]What is Reynolds Number?
Reynolds number is a dimensionless number used to classify the fluid systems in which the effect of viscosity is critical in controlling the velocities or the flow pattern of the fluid. It is the ratio of inertial to viscous forces. Reynolds number is used to determine whether a fluid is in laminar or turbulent flow. Laminar being a more smooth and orderly flow and turbulent being a rougher and more chaotic flow. See the below Reynolds number that determines whether the fluid is laminar or turbulent flow.
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Mathematically, Reynolds number is Inertial Forces divided by Viscous Forces. When broken down it can be calculated as follows:
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(Science Direct, 2022)


[bookmark: _Toc105338949]Why is Reynolds Number Important?
Reynolds number is important because it plays a key role in calculating the friction factors of several fluid mechanic equations. It is also used heavily when carrying out CFD analysis on structures passing through fluids such as air/water. This makes it possible to apply it in wind tunnel testing to study the aerodynamic and laminar and turbulent flow properties of various structures including automobiles which are the most commonly tested structures in wind tunnel testing. It also plays an important part in the testing the lift on aircrafts, especially in cases of supersonic flights where the high speed causes a focussed increase in density on the surrounding air of the aircraft.
(Science Struck, 2022)


[bookmark: _Toc105338950]How Reynolds Number influences the flow around the propeller:
Reynolds number influences the air flow around the propeller, the higher the Reynolds number (e.g. more turbulent the fluid is around the propeller) then the better the performance of the propeller will become. This improvement will either be seen as an increase in the thrust coefficient or a decrease in the power coefficient, or both. The reason for this is because the propeller requires turbulent fluid to be able to cause enough friction to gain the potential and kinetic energy (forward motion) required to drive the tanker.
(Ananda, 2014)


[bookmark: _Toc105338951]What the Reynolds number is of the fluid flowing around the propeller?
The assumptions I have made to be able to calculate the Reynolds number for the given propeller are below:
· The fluid flowing around the propeller is sea water therefore has a higher density of 1023.6 kg/m3 compared to fresh water due to its salt content.
· The propeller has four blades.
· The propeller is turning at the velocity of 170rpm - 17.8024rad/s. This number is based on an average speed that it is typical for a large commercial vessel propeller to spin at, due to them rotating at a range of speeds between 90 to 250rpm.
· The diameter of the propeller is 7.03 metres. This is presuming that the boss (centre of the propeller that connects all of the blades to the rotational shaft) is approximately 18% of the blades span, which is 1.07 metres in diameter. I made the presumption that the boss diameter 18% of the blades span by looking at dimensioned drawings of propellers and taking an average ratio.
· The Dynamic Viscosity for sea water is 0.00133Ns/m2, this is based on the average temperature of the Atlantic ocean being 12 degrees Celsius.
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Re = 96,319 (Therefore meaning the fluid surrounding the propeller is turbulent)


[bookmark: _Toc105338952]Part 2:
[bookmark: _Toc105338953]Boundary flow:
Boundary flow, also known as the boundary layer, is a thin layer of fluid around the surfaces of a structure where a fluid is flowing, whether it be the structure moving at a velocity or the fluid moving under pressure across its surface. The fluids interaction with the structures surfaces activates a no slip boundary condition, caused by friction. This is a region where the flow adjusts from zero velocity at the face of the structure to a maximum velocity in the mainstream of the fluid flow. The thin boundary layer consists of fluid where the velocity has not yet returned to the maximum flow velocity, therefore acts as a type of outer wall to the structures surface.
Boundary flow around a curved surface (propeller) starts off very thin with a low pressure due to the fluid being squeezed around a curved surface which increases the potential energy of the fluid and its velocity. The pressure then increases which also increases the thickness of the boundary layer. The state of the fluid is laminar flow when initially contacting the propeller blade, this is due to the fluid being under compression, it then changes to turbulent flow after reaching the separation point around the midpoint of the curve of the propeller where the fluid reaches its maximum velocity and the pressure increases. The separation point, also known as the wake, is the region behind the structure where the fluid flow has a difference of velocity compared to the free-stream velocity. This most often causes turbulence behind a structure. The separation of the boundary layer takes place at the point where the wall shear stress becomes zero.
(Connor, 2019)   (Clarkson, 2021)

[bookmark: _Toc105338954]Design Concept Critical Review:
See the below tanker propeller blade that was provided:
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The propeller blade has been designed to have an approximate span of six metres, therefore making the propeller diameter around seven metres depending on the size of the boss in its centre. This is down to the propeller diameter having a direct impact on the tankers thrust power, it has been designed like this to have the capability to drive a large tanker ship at a reasonable velocity.
The propeller blade has been designed in this fashion to reduce the vibration across the blades face. The vibration has been limited due to the propeller blade having a high skew. A comparison of a low and high skew can be seen below:
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(Nakashima, 2011)
The curvature of the blade is so the propeller can develop significate thrust efficiently when spinning at high velocities underwater. The thickness of the blade and the pointed edges have also been introduced into the design to maximise the tankers efficiency by improving the fluid dynamics of the structure, this reduces the resistance given by the sea water due to the surface area breaking through the fluid being very thin.
The reason the blade has a curved surface is to compress the fluid, increase its velocity and also create potential energy. The state of the fluid is laminar flow when initially contacting the propeller blade, this is due to the fluid being under compression, it then changes to turbulent flow after reaching the separation point around the midpoint of the propellers blade which is where the fluid is at its maximum velocity and has the most potential energy.
(Covarrubias, 2022)      (Nakashima, 2011)

[bookmark: _Toc105338955]Part 3:
[bookmark: _Toc105338956]Implications on performance when using Carbon Fibre:
Reinforced carbon fibre is a new material that has been adopted in the design and manufacturing of recent marine propellers. It was chosen due to its material properties such as its strength to weight ratio, ductility, low thermal expansion, high resistance to corrosion and high vibration resistance. However, there are implications when using this material, the main one being the cost of the material. But along with that the material is extremely brittle and cannot withstand sudden physical impacts without getting damaged. This may not necessarily be visible surface damage, it may be damage to the inner structure, this would then negatively impact the materials properties such as creep, as small cracks within the grain structure would grow rapidly until failure.
(Moose, 2016)
[bookmark: _Toc105338957]Historical, Current and Future developments of the propeller:
The historic boat ‘The Titanic’ had a propeller that was cast from manganese bronze. Manganese bronze is one of the cheapest propeller blade materials currently on the market, it is made up of 3% Manganese, in addition to Copper, Zinc, Aluminium and Iron. Manganese bronze has a high resistance to corrosion and can withstand very high loads at great speeds, which is very useful when being used as a propeller on a tanker as the fluid pressure acting on each blade of the propeller will be very large. Although when hit by a hard object, the manganese bronze propeller becomes mailable and bends out of shape, which will immediately impact the tankers performance. It is said that the material can be easily bent back into shape although this will severely affect the propellers fatigue and yield strength.
Commercial boats propellers these days are typically made of either a stainless steel alloy or a nickel-aluminium-bronze alloy. The most expensive and toughest material being stainless steel, can be easily repaired and can withstand a lot of abuse and impacts from foreign objects in the oceans. Although stainless steel is the costliest, it is not the hardest of the materials. Nickel-aluminium-bronze alloys is the hardest and is often used in very deep and clear waters where there is no chance of them fouling on the oceans bed or getting hit by hard large objects, this is because although the material is hard on the surface it is also quite brittle on impact.
The industry is slowly moving over and investing R&D into composite materials such as carbon fibre and reinforced glass infused with resins such as epoxy. The benefits to using composite materials is the that they are easier to form/machine, are considerably lighter than a metal alloy propeller (close to half the weight). More energy efficient due to its flexible properties and weight. Have a much higher fatigue strength due to its natural ability to flex, and therefore also has an excellent resistance to vibration. They have a much higher corrosion resistance compared to metal alloys as composites do not corrode as rapidly as metal alloys in salt water. The downside is they costs a lot more to manufacture due to it being a combination of materials that need to be processed in a precise way.
(Linquip Technews, 2021)  (Cavallo, 2022)   (HS Marine Propulsion, 2021)

[bookmark: _Toc105338958]Part 4:
[bookmark: _Toc105338959]Modelling techniques:
CFD Software Package –
CFD stands for Computational Fluid Dynamics. It is a software package that allows the user to visualize fluid flow over a structure. This is used commonly in the motorsport and aerospace industries for performance and safety reasons. The software allows the user to view the downforce on the structure (which is useful when looking into automotive vehicles) along with the lift (which is useful to the aerospace industry). It works by splitting the area around the structure into lots of little cells, this is known as the mesh. The smaller the mesh is the more accurate your results, although it will take considerably longer to calculate the smaller the cells of the mesh are. Boundary layer conditions are then defined around the structure and sometimes the floor as well as solver settings to enable the software to know exactly what output you require. For example, the software can output: pressure, velocity, temperature, forces, etc. An equation for each cell is then calculated by the computer and meshed together to give you a visual display similar to the one below, which highlights the fluid flow along with the high and low pressure points.
(Ansys, 2022)
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(Wilde, 2022)















Wind Tunnel Testing –
A typical wind tunnel is a controlled indoor environment where the aerodynamics of a structure such as cars etc can be analysed and tested at different velocities of wind speed to see how they will react at certain speeds/pressures. The two most common aspects measured in wind tunnels for the automotive industry and especially in Formula 1 is lift and downforce. The structure is placed within the tunnel and aligned backing onto the tunnels turbine(s) as you can see in the image below, the structure is then fixed in place to stop any unwanted movement from the object. The turbine(s) then pull air through the tunnel at a velocity set by the test engineer. Due to the turbines having to pull so much air from a static velocity to a set moving velocity, this does take time to achieve a steady laminar velocity over the test section. The test section (red box) which you can see labelled below is the area of the tunnel which is most critical for getting accurate results. The ideal scenario is for there to be air evenly flowing into this section in a laminar fashion with no turbulent air entering. The wind them hits the structure in the test section and diverts course around the object coursing the airflows path to be compressed causing a decrease in air pressure, before finally reaching the turbine and getting exhausted. There are many sensors within a wind tunnel, monitoring things like the pressure, humidity, air speed, downforce, lift. This is what gives the engineers the results required. For visual effect, some wind tunnels will release dye in the air to allow you to physically see the air diverting and becoming turbulent. Some of the more advanced wind tunnels also have a rolling floor for testing cars, this removes the boundary layer on the floor and gives you a more accurate view of the cars performance on the roads.
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(CFD Flow Engineering, 2021)














[bookmark: _Toc105338960]Advantages and Disadvantages of these tools:

CFD – Advantages:
· Time – CFD modelling is hugely faster than physical testing due to no physical lab/race setup being required and the only equipment required is the computer and software itself. Once a CFD model is built, it can be 
run simultaneously on multiple computers. Therefore, several designs can be reviewed at the same time.
· Cost – The cost of prototyping remains very expensive depending on the choice of material. Studies from the airflow sciences corporation have shown CFD models are generally 20-40% cheaper than a comparable physical model. This is predominantly down to the labour difference, with the physical setup taking a lot longer and being a lot more difficult and physically challenging than the software setup.
· Scale – 99% of the time when using CFD, the model is full scale due to it being virtual and not having any physical constraints (e.g wind tunnel size). Whereas it is very common to trial a scaled down version in physical wind tunnel testing. When using a 1:1 scale this helps to improve the accuracy of the Reynolds number, whereas in scaled down physical testing the accuracy is not there due to the change in lengths and surface areas etc. although you will be able to work out the correct Reynolds number regime to see whether the air is laminar or turbulent.
· Storage – CFD models can be stored digitally, therefore taking up next to no space, whereas physical models scaled or not take up considerably more room and have a chance of experiencing degradation or damage over time.

CFD - Disadvantages:
· Accuracy - There are certain areas where CFD and physical model results such as wind tunnel testing do not quite compare, and it is not clear which one provides the more real-world results. The accuracy improves when using a finer mesh on the software, although differences are still identified regardless of the mesh size.
· Visualization – Physically seeing a scaled model in a wind tunnel undergoing testing is a lot more satisfying than looking at different shadings of colours around a CFD model. Many clients and even engineers benefit from being able to see the design in physical form to discuss its features and the flow around them.
· Sales – Not many sales customers of the automotive type industries know about or understand the accuracy and benefits of CFD testing. Whereas wind tunnel testing is an easy concept to grasp and roughly understand its function and purpose.
(Linfield, 2008)

Wind Tunnel Testing – Advantages:
· Visualization – Wind tunnels allow engineers and customers to physically see a model and how it behaves in a wind tunnel undergoing testing is a lot more satisfying than looking at different shadings of colours around a CFD model. Many clients and even engineers benefit from being able to see the design in physical form to discuss its features and the flow around them.
· More of a relatable environment to the real life conditions than CFD.
· Time in service - Historical method with the first wind tunnel being built by NASA in 1920 therefore it has been used for decades before CFD was invented (1980’s), therefore some may argue we know more about it and therefore it may be slightly more reliable/predictable.
· One area where wind tunnel testing has a significant advantage is in resolution of unsteady or turbulent effects.





Wind Tunnel Testing – Disadvantages:
· CFD can give you more data than wind tunnel testing can.
· Wind tunnels are expensive to build and take up a lot of space within communities.
· Wind tunnels require a tremendous amount of power due to the turbines having to pull such a large volume of air through the test tunnel at a constant velocity.
· Due to the size of the standard wind tunnel, most structures need to be scaled down to be able to fit in them, this causes inaccuracies such as the Reynolds number being incorrect which can’t always be mathematically accounted for accurately, depending on the structure and data collected.
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(Linfield, 2008) (Watts, 2018)
















[bookmark: _Toc105338961]Part 5:
[bookmark: _Toc105338962]Proposed experiment:
The main requirement of the propeller is that it is able to pull the correct amount of fluid through it to be able to drive the tanker (mass) at the expected maximum required speed. This needs to be done without the propeller exceeding its maximum advised and safe rpm. The force the propeller is exposed to also needs to be tested to ensure it can withstand the pressure on its surfaces.
The proposed experiment to test this function of the propeller would be to use a prototype of the same scale size as the original propeller design, ideally this would be made out of the same material or a material with very similar surface finish, weight and friction properties. The prototype would be placed in a hydro test tunnel and secured with the test propeller fully submerged, ideally the test tunnel would be a very similar diameter to the propeller under test, but this is not essential. The fluid in the hydro tunnel will be salt water to replicate a similar density to sea water. The propeller would then be fired up and set to run at a maximum advised velocity. Before taking any data, the fluid would be allowed to settle at a consistent turbulent flow. Pressure and flow readings will then be taken at different points within the hydro tunnel. This allows you to calculate the energy efficiency of the propeller by looking at the energy in compared to energy out and it gives you chance to think about the design concept. The propeller should also be tested in idle state to ensure that it can withstand the maximum force you expect in a real world scenario with the tanker travelling at a maximum velocity, for this to take place in the hydro tunnel the static water will have to be propelled down the tunnel at a constant flow by the tunnel’s own turbine.
Below you can see an example of a hydro tunnel in action, carrying out the initial experiment with the propeller running at a maximum velocity. The colours you can see are the different levels of pressure and heat transfer within the tunnel:
[image: A picture containing graphical user interface

Description automatically generated]
(Chessa, 2022)
[bookmark: _Toc105338963]Comparison to simulation:
A simulation of this experiment can be carried out on CFD using the correct fluid viscosity for salt water. For a closer comparison to the experiment the test sections outer diameter would be the same diameter as the hydro tunnel. All velocities should remain the same along with the scaled size of the prototype/model used in testing. It is likely there will be a slight difference in results due to tolerancing of the propeller itself, the hydro tunnel and the gauges/CFD mesh calculations used to gain the readings. Overall, you would expect fairly similar results due to both being quite reliable methods of testing within the industry. In my opinion I would prefer to carry out physical testing as I believe it is more visual and allows you to take a better thought process when approaching design changes/prototypes, therefore you can visualize the impact that changes will have more easily.
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