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Reynolds number is a dimensionless value that predicts a pattern that is present with the behaviour of a fluid. It is often called “Re” and this number is applied to establish whether the flow of a liquid is turbulent or laminar. This is critical due to the contrast between the two flows characteristics. (Rehm, et al., 2008) (Rapp, 2017) (Menon, 2015)
Laminar flow, also called “streamline flow” has the characteristic of being a smooth flow with regular paths of fluid particles. The term streamline flow comes from the lack of disturbance between the layers of the fluid. It is common to find this type of flow pattern in fluids with a low flow velocity due to the absence of mixing occurring laterally and the neighbouring layers flowing past each other. Then again, turbulent flow has been regarded as the irregular movement of the fluid’s particles. The layers present are not parallel to one another and the lateral mix heavily which causes disorders amongst the layers (Simscale, 2021). 
A turbulent flow results in a less efficient propulsion as there is more fluid resistance present. This results in more wasted energy than that of a laminar flow which provides a more constant velocity will less drag.
The following is the common equation for Reynolds Number.

Where:
  = density of the fluid (kg/m3) 
V = the velocity of the fluid (m/s) 
D = the propeller diameter (m) 6m 
 = the dynamic viscosity of the fluid (water) (kg/m.s) 0.001308 (Rehm, et al., 2008)
To begin in estimating the Reynolds number for the propeller it requires a velocity. The average rpm for a tanker is around 120 RPM. The given pitch of the blade is roughly 3m. This is then converted to a circumference by 2πr which gives 27.9m, this is then rounded to 28m. 120 RPM divide by 60 gives 2 revolutions a second meaning that the velocity of the flow created is 56m/s. Then using the equation for Reynolds number then answer given is 


This number shows that the flow produced is turbulent as it is over 3500.
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The boundary layer is formed at the contact point of the water against the curved edge of the propeller blades. The blade causes the boundary flow to be forced the outer edge of the blade as shown in red in figure 2. This separation leads to two flows being produced. The boundary layer is the point at which the laminar flow and turbulent flow become unaffected by the blades. The separation of the boundary layer is dependent on the flow rate and the Reynolds number (Britannica, 2020).
The turbulence is created behind the blades as they rotate and at the end of the turbulent zone is the separation point. The wake zone created needs to collapse before the leading edge of the next blade arrives otherwise it becomes less efficient (Young, 1986). 
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The propellers blades are shaped to move the fluid past the blades creating lower pressure at the front and higher pressure at the back because the inside of the blade rotate slower than the outside of the blades. A steeper pitch results in more water to flow whereas a shallower pitch at the tips causes less water to flow. Due to the combination of the differing rotational velocity and the propellers pitch it causes a constant pressure across the face of the blade, this is why it is shape as such.
The physical size of the blades is dependant of the ships ideal RPM, with physically larger blades being for slower RPM and small blades for faster RPM. The aim is to keep the tip velocity underneath the speed of sound in the fluid, anything faster will cause cavitation.
The number of blades is set because of the geometry so that the turbulence generated by the previous blade does not affect the efficiency of the next blade (Todd, 1967).
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The propellers of large tankers are required to endure in the harsh marine environments of the oceans. These vessels are commonly tasked with extended periods of travel between destinations with different water characteristics. The average travel time of a tanker is 10 to 20 days out in the open waters to cross the Atlantic Ocean with the propeller running almost constantly. A tanker of around 8000 twenty-foot equivalent unit will consume around 225 tonnes of fuel per day when traveling at 24 knots however at 20 knots this figure is reduced to roughly 150 tonnes (Rodrigue, 2020). At lower speeds, the fuel consuming drops staggeringly. Even though this appears to be the best option to conserve fuel and save on fuel costs it heavily impacts the shipping times which in turn would require an increase in the number of ships to maintain the same port frequency (Rodrigue, 2020). It is crucial that these ships run as efficiently as possible to reduce the fuel consumption and to prevent the increase of shipping times by any means viable. 
During the 1800s the first ship propellers were manufactured out of bronze, the first screw propeller was created by Josef Ressel in 1827 for use on his steamboat (Normand, 1962). There are now many types of marine propellers available such as skewback, modular and controllable pitch. The vast majority of propellers are made from alloys (G.T. Sitek, 2022).
A carbon fibre propeller is far lighter than any alloy propeller that is used. The light material results in less drag being created which makes it more efficient. For the same given velocity there is much less power required due to the increase in efficiency. Carbon fibre is also highly durable which will allow it to endure the harsh climates. It is non-galvanic meaning it completely corrosion proof and doesn’t require sacrificial additions. The future development of propellers will be nano technologies (Dinh, 2020).
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A method of simulating the fluid flowing around the propeller is by using Computational Fluid Dynamics (CDF). Before the creation of computer-based software capable of carrying out these simulations the flow of fluids was calculated manually by using Navier-Stokes equations (NSE). They would conduct experiments to physically simulate how the fluids would react under different circumstances which was a time-consuming process. CDF utilizes the Navier-stokes equations with different algorithms (Sjodin, 2016) (Tschirschnitz & Sabrowski, 2020). As industry goes through its fourth revolution the importance of using CFD analysis will continue to increase (Zhang, et al., 2017). There are two classifications present as part of CFD. These are the Eulerian Method and the Lagrangian method. 
The Eulerian method is used to describe the fluid domain by using a mesh. When the mesh is not altered the cells and their neighbours remain the same during the simulation. The Lagrangian method does not use a mesh but instead uses points that can move around freely within the simulated space. These points are called particles as they commonly carry a mass and volume (Tschirschnitz & Sabrowski, 2020).
For the Eulerian method there a four meshes that can be used. The first of these methods is Finite Volume method (FVM) which is generally used for these simulations because of the partial differential equations that are used (D. Wanta, 2021). FVM simply carries out flux evaluations for the cell boundaries which allows this method to more effective at processing conservation laws within fluid problems. FVM can only approximate the solution when compared to the other methods (Sjodin, 2016).
The second mesh is Finite Element Method (FEM) which is used to discretise NSE and any other partial differential equations in order to solve the problems for fluid flow. It can combine formulations in an easy-to-use method which cannot be achieved by the other methods available. The method does however require a level of mathematical expertise due to its advanced nature. It can also require a solver which is difficult for FEM when compared to both FVM and FDM (Tschirschnitz & Sabrowski, 2020).
 Next is Finite Difference Method (FDM) which is able to discretise the NSE present on points that have physical variables for the fluid such as velocity and pressure. This method is limited due to its requirement of structure grids which makes it challenging to use solving problem that involve complex boundaries. It is more effective than FEM and FVM at using a regular grid (Peritus, 2019). 
Finally, the Lattice Boltzmann Method (LBM) provides an alternative approach to the traditional CFD.  This method uses the Boltzmann equation to approximate the mesoscopic shock events of fictitious particles in the simulation. When compared to the traditional method LBM has a higher performance due to its efficiency at analysis because of the multiple LBM codes (Peritus, 2019). LBM is a new method that has yet to be fully explored. This method has gained criticism as the algorithm uses conditions to the Boltzmann equation that is related to a discretisation of NSE. The results of this method have caused many engineers not to trust it (Tschirschnitz & Sabrowski, 2020).
The second CFD classification, the Lagrangian method consists of Smoothed Particle Hydrodynamics (SPH). SPH discretises the Navier-stokes equation like in the previous classification to simulate fluid flow. It uses a particle based discretisation system compared to the mesh that is used in the alternative methods. In regard to moving boundaries SPH is the most effective and this allows for new unexplored simulations to conducted. It is however less efficient when compared to the other mesh-based methods because of the costly neighbour search process. SPH requires further development due to the discretisation error being difficult to formulate because of the ever-changing particle distribution.
[image: ]An issue with using CDF simulations is that there is no way to calculate for the debris present within the fluid. The oceans have many different factors that need to be accounted for when simulated to ensure that the propeller has the ability to endure in the given environment. The temperature of the water will need to be simulated to investigate how the different water temperatures will affect the blades or the flow of water. For example, an artic tanker has to travel through ice fields. The ice present within the water can alter the flow which will affect the efficiency and effectiveness of the propeller. The simulations are unable to calculate for this which results in a large blind spot for the calculations (Sjodin, 2016) (Peritus, 2019) (Tschirschnitz & Sabrowski, 2020).Figure 2
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Prior to any testing health and safety must be taken into consideration. Depending on the scale of the prototype propellers lifting regulations (LOLER) must be followed to ensure safe handling and transportation (HSE , 2013). When handling the blades for inspection the correct PPE must be worn such as cut resistant gloves as there could be sharp edges caused by damage. The test area will need to be guarded whilst the propeller is operating to prevent any access near it. All tests will need to be carried out within a controlled environment to ensure consistency. 
The main reason for conducting these experiments with a physical prototype is to determine and test the propellers limits in order to make it as effective as possible. 
The fabrication of the propeller can influence its efficiency and how the water interacts with it. To reduce drag on the blades a smooth finish will allow the flow of water to pass around then with ease. A better finishing tolerance during fabrication will improve the efficiency of the propeller. How the blades are attached to the main body can result in an increase in turbulence. If the blades are riveted, then these raised points will affect the flow and disrupt the boundary layer which then creates a higher layer turbulence around the blades. An alternative method is to weld the propellers to main body and then have them ground to a curve or flat surface to prevent a raised point that disrupts the flow. If the propeller is carbon fibre, then it cannot be welded and alternative method of assembly is required. The carbon fibre blades can be inserted into the main body and be connected internally to provide a smooth as surface. The majority of propellers are cast to prevent the need for attachment as it would be one complete unit.
 The propeller will need to be tested at different temperatures to simulate travel between different marine environments e.g. the Arctic and Mediterranean. The average water temperature of the coldest climate and the warmest will need to be gathered to test against. To ensure that the propellers are cable of working in these climates the maximum operating temperature should be obtained, this can be carried out by raising or lowering the water temperature until failure or until it is well past the averages. 
The propeller will need to be corrosion resistant as it will spend its lifespan submerge in saltwater. The material of the propeller will need to be resistant by itself or it will need to be coated in a material that is. The majority of propellers are manufactured using a cast alloy containing a corrosion resistant metal such as aluminium. To evaluate the corrosion resistance the prototypes can be submerged in sea water for extended periods of time to see how it is affected. 
The propeller will be required to operate at high RPM during its lifespan and will be subjected to constant stress as it operates between destinations. It will be required to run at on average 100 RPM for prolonged periods of time. The prototype will need to be subject to intense tests to determine its maximum RPM before failing and to determine how to it can be subject to these high speeds before failure occurs.
The fatigue limit and creep limit will need to be determined. To do this the propeller should be impacted with high velocity flows of fluid to simulate waves to establish how many it takes to cause a failure. 
As there is a large number of different debris present the propellers will need to be able to withstand impacts without fracturing or deforming. The prototypes will require hardness and toughness tests to determine if it will suitable. This is important as any damage can lead to a decrease in efficiency which will result in a higher fuel consumption. This is one of the reasons that a physical prototype is required because CFD does not consider the real-world issues such as plastic build which can result in damages to the blade. It has been estimated that there are around 150 million tonnes of plastic in the oceans which all has the potential to affect the propellers (Kiprop, 2018).
Tankers need to be as efficient as possible in order to save fuel and to keep to the shipping schedules. This is why the performance of the propeller need to be evaluated. These test results should be logged and compared to the CFDs to see if the findings match. Hydrostatic pressure gauges can be used to collect data on how much propulsion is created from the flow of fluid.
The flow can be tested using a smoke streak visualisation test. A wind tunnel and smoke simulate the water flowing around the propeller which give a visible result. The boundary layer can be seen as well as the turbulence (Kuraan, 2019). 
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