










Designing a tanker propeller:
Fluid flow assessment 
by Iwan Rees

Lecturer Dr Kelvin Lake 















Word count 3146


Contents
Table of Figures	2
Table of Equations	2
Task 1	3
Introduction	3
Task 2	8
Boundary Layer	8
Task 3	9
Carbon Fibre Reinforced Plastic (CFRP)	9
Historical Developments	10
Current Developments	11
Future Developments	12
Task 4	13
Modelling Techniques	13
Task 5	15
Propeller Prototype	15
Bibliography	16



[bookmark: _Toc107666166]Table of Figures 
Figure 1 Drop in pressure vs. mean velocity of fluid	6
Figure 2 Laminar and Turbulent flow Diagram	7
Figure 3 Velocity profile at wall	8

[bookmark: _Toc107666167]Table of Equations
Equation 1 Reynolds number	5
Equation 2 Hagan-Poiseuille	7
Equation 3 Darcy	7
Equation 4 Reynolds Number (ass)	8
Equation 5 Reynolds (chord) number	9
Equation 6 Resultant inflow	9
Equation 7 Reynolds number (assumptions inc)	9
 

[bookmark: _Toc107666168]Task 1
[bookmark: _Toc107666169]Introduction
Reynolds number, named after the English scientist Osborne Reynolds, describes the viscosity of the flow, and is denoted by RE. Reynold’s found that the critical velocity depends on the pipe size and the fluid properties. He combined these in the dimensionless parameter known as Reynolds number (Gad-el-Hak, 2000).

[bookmark: _Toc107611051]Equation 1 Reynolds number

Where:
 



The flow will be laminar if Re <2000
The flow will be turbulent if Re >4000
Between these is the transition zone. RE = 2000, 4000 are the lower and upper critical values. 
Figure 1 graphically shows pressure energy per unit length as the velocity of a fluid increases. 
 [bookmark: _Toc107611084]Figure 1 Drop in pressure vs. mean velocity of fluid


Slope 1 shows the laminar flow, and the straight line obeys the Hagan-Poiseuille equation: 
[bookmark: _Toc107611052]Equation 2 Hagan-Poiseuille

In the transition zone the flow is erratic, and results are unstable. After the transition point the flow settles to a completely turbulent condition. For turbulent flow, the curved line obeys the Darcy equation: 
[bookmark: _Toc107611053]Equation 3 Darcy


Importance of flow
If the Reynold number is <2000 the viscous forces in the fluid will predominate and this property effects the rate of distortion of the fluid. Laminar flow flows uniformly with each particle of the fluid flowing parallel to neighbouring particles.
Turbulent flow means that the Reynolds number is >4000 resulting in the flow no longer flowing in parallel lines. There is intermixing between adjacent layers eddying. Generally, more energy is lost during turbulent flow than in laminar flow.  

[bookmark: _Toc107611085]Figure 2 Laminar and Turbulent flow Diagram



In the case of laminar flow, the velocity profile is parabolic. In the case of turbulent flow, the velocity profile becomes more uniform where the velocity is constant except near ay surfaces. For low velocity, laminar flow viscous effects of the surface reduce and only effects the velocity profile near the surface as seen in figure 2 (a), this area is known as the boundary layer. 
Viscosity is the property which effects the rate of distortion of the fluid. Some fluids are more readily distortable than others. They will run or spread at different speeds. If fluid is moving with an average velocity v as the fluid nears a surface, the velocity will decrease ultimately to zero, this velocity profile is seen in Figure 3. 

Figure 3 shows that adjoining elements of the fluid are moving at different velocities and therefore shearing forces will be set up between them. [bookmark: _Toc107611086]Figure 3 Velocity profile at wall

Reynolds Number of Propeller
The value for Reynolds number input is 
[bookmark: _Toc107611054]Equation 4 Reynolds Number (ass)

Assumptions: 




The chord Reynolds number is defined by 
[bookmark: _Toc107611055]Equation 5 Reynolds (chord) number

Assumptions: 


Therefore,
 


The resultant inflow velocity is defined by: 
[bookmark: _Toc107611056]Equation 6 Resultant inflow

Where:
 
= 2.9m


The chord number is related to the Reynolds number to the diameter Reynolds number by 
[bookmark: _Toc107611057]Equation 7 Reynolds number (assumptions inc)

Where: 
= 2.9m
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A boundary layer is a thin layer of fluid that forms adjacent to a solid surface and within which the fluids speed is restricted by the effects of viscosity. The velocity within the boundary layer slowly increases as the distance from the solid surface increases until it equals the speed of the free-flowing air stream (Prasad, 2020).
Since the ship propeller has a high Reynolds number the boundary layer is turbulent and the streamwise velocity is characterised by unsteady swirling flows inside the boundary layer. The external flow reacts to the edge of the boundary layer just as it would to the physical surface of an object. 
When flow in the boundary layer is turbulent, separation is delayed, meaning that the point of separation is located farther downstream along the body than it would when the flow is laminar. The difference between the two forces is called drag (CHANG, 1970). Separation occurs when particles change paths by leaving the boundary layer. 

The effect of boundary layer on the propeller is such that the air travelling inside the boundary layer has lost a significant amount of air speed due to friction. Resultantly two forms of resistance occur Friction Resistance and Viscous Pressure Resistance (Qingsong Zeng, 2019). Friction arises from the shear stresses in the fluid and acts tangential to the body. Whereas the reduction in the forward acting component results in a net resistance force due to pressure acting on the propeller.
Moving away from the propeller, the velocity of water particles in the boundary layer becomes less, until at the outer edge of the boundary layer velocity is nearly that of the surrounding ocean. Formation of the boundary layer begins at the transition point and the thickness of the boundary layer increases along the length of the hull as the flow becomes more turbulent. As the propeller speed increases, the thickness of the boundary layer will increase, and the transition point between laminar and turbulent flow moves closer to the bow, thereby causing an increase in frictional resistance as speed increases.
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[bookmark: _Toc107666173]Carbon Fibre Reinforced Plastic (CFRP)
Industries all over the world are constantly looking for ways to make their product more effective and efficient. In 2014 a propeller company in Okayama, Japan fitted the first CFRP propeller to a commercial vessel. As a result, the fuel efficiency increased by 9%, and the vibration decreased by 12% compared to metal propellers which made the experience more comfortable (Pegorari, 2018).
Conventionally ship propeller are made of a copper alloy but new technology, global competition and modern pressures have required that ships travel faster and are more economical, therefore bigger propellers are needed to meet demand. And as such have increased the use of metal and weight, leading to poor fuel consumption and a bigger carbon footprint. 
CFRP is a cutting-edge material made of carbon fibre and resin. It is extremely strong when the layers are orientated correctly and light weight. Tests were carried out by Nakashima propellers to compare the strength of the CFRP vs. Aluminium propeller, the test found that the CFRP propeller was 18% stronger than then aluminium propeller and 52% lighter (Nippon, 2015) .
Nakashima make their CFRP propellers by layering carbon fibre sheets one on top of another and placing them into a mould. A characteristic of CFRP is its strength, however if the carbon layers were all layered with their fibres facing in the same direction it would make a weak structure. Therefore, to overcome this the carbon fibres are oriented in different directions which when set in the resin makes for an exceptionally strong structure. More than 300 sheets at 0.4mm thickness are layered together and are then put into a vacuum where resin is poured between the fibres. 
The disadvantages of CFRP: (Weekly, 2019)
· Difficult method of manufacture 
· More expensive way of manufacture 
The advantages of CFRP: (Weekly, 2019)
· Lightweight 50~60% of NAB
· High strength whilst having a thinner air foil section. CFRP stronger than NAB
· High performance; flexible deformation and low cavitation
· Low vibration
· Low maintenance
· Efficient and environmentally friendly 


[bookmark: _Toc107666174]Historical Developments 
In the 18th and 19th century manufacturing ship propellers were first tested as prototypes before being constructed on a large scale. In naval field, the pioneer William Froude (Froude, 2020) established, in 1861, a methodology by which the results of small-scale towing tank tests could be used to predict the behaviour of full-sized hulls. To do this several factors need to be considered. 
Large modern propellers typically are cast in one piece, however, historically propellers in the 19th century were made with removable blades. Traditionally, the design and calculations were done by hand and as such large numbers of experiments on model propellers were needed util the exact pitch and diameter to achieve the desired speed was achieved. 
Wax models were a popular way of testing life size models of propellers which were towed through water by a structure resembling an overhead travelling crane, in a large tank of water. Once the design was approved, the first step of manufacture was preparing the mould which involved building a structure of brick on a steel foundation and compacting layers of sand to etch the design before poring a molten alloy in the cavity and allowing it to cool (Unknown, 1937). 

Once a single propeller arm was made this process was repeated until several propellers were made. After the propeller was built in its entirety it was finished by hand which involved substantial amount of time and was a laborious process. Furthermore, many failures occurred since the test scenarios did not replicate what happened in open water, which resulted in lost time, lost money, and many casualties. The process slowly improved over the years with the development of technology and a better understanding of material science. Much of what we benefit from today has derived from historical times.


[bookmark: _Toc107666175]Current Developments 
Typically, a propeller today is designed with fuel efficiency in mind. Many large propellers are a single piece of bronze alloy, formed by casting the entire propeller in one go. This is a time consuming, costly manufacturing method since the mould needs to be designed, built and the molten metal needs to be poured at high temperature involving human interaction which is a health and safety risk. Depending on how large the propeller is the molten metal requires several days to cool after which the mould needs to be removed since it is a single use mould. During the removal of the mould, the newly formed propeller could incur irreparable damage resulting in a rejected propeller.
Furthermore, what has not changed much over time is the afterwork involved in finishing and polishing the propeller. Before the benefit of automation, propellers would have been hand finished with the aid of a milling machine or by hand, however with significant developments in technology the use of CNC millers are used to maximise the propeller effectiveness. 
During the early manufacturing of propellers, efficiency was not a priority but rather speed was, therefore the finish was not as critical; the only concern was manufacturing the propeller as big as possible to maximise output. However, recent developments, research and continuous challenges have demanded that propellers be more environmentally friendly. One way to do this is to ensure the surface finish and pitch of the blade is maximised. If the pitch angle is wrong then the propeller becomes heavy and demands more power than the engine can reach, if the pitch is too small and as a result too light the propeller would not absorb the engine's full power. 
Since oil is expensive, companies are looking for ways to improve on efficiency and a way to do this is to ensure that the propeller surface finish is correct and well maintained. By ensuring correct and annual maintenance of a propeller companies can save 3% on their annual cost which can exceed 10 million pounds. 


[bookmark: _Toc107666176]Future Developments 
Although 3D printing is a relatively old technology, developed over 30 years ago a new phenomenon called Wire and Arc Additive Manufacture (WAAM) terminated in the production of the world’s first full scale printed propeller (Fletcher, 2022).
The development paves way to produce propellers with more complex geometry with the added ability of repeatability. It was printed in 298 layers of nickel aluminium bronze. There are significant benefits in being able to safely manufacture more complex structures in a shorter time. The design can be amended and programmed quickly compared to previous manufacturing methods and requires very little human intervention.
Several companies have adopted the WAAM method resulting in bigger and heavier propellers. The French naval group manufactured a propeller spanning 2.5 meters, weighing 1 metric ton, featuring five 220 kg 3D printed blades. WAAM, which is a better AM technique for large-scale applications, uses a robotic arm to melt metal wire that has been heated up by an electric arc. 
The disadvantages of WAAM
· Initial high cost in investment in training and automation
· Finishing work takes longer, polish and inspection 
The advantages of WAAM
· Ability to create more complex shapes
· Less wasted material 
· Low storage and equipment cost
· Faster way of manufacture 
· More environmentally friendly
· Different material choice
To keep up with technological advancements and demand, it is imperative that manufacturing companies adopt the future of propeller which lies in WAAM.
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To be able to further enhance the performance of ship propellers it is necessary to have a full understanding of the occurring flow phenomena on the propeller. In the past most of the research and development in this field were based on model scale experiment (Task 5) whereas today it has become possible to get more detailed insights in the flow field when numerical flow simulations are carried out. In engineering, numerical modelling and simulation are widely used to solve complex problems. The development of computational numerical modelling has been advantageous in simplifying the problem-solving procedure. In numerical modelling, various methods such as the discrete element method (DEM), finite difference method (FDM), boundary element method (BEM), and finite element method (FEM) are used to develop models and solve problems. By using these modelling techniques, a proper understanding of how the propeller reacts in open water can be predicated.
Boundary Element Method
The boundary element method solves engineering problems involving differential equations. Compared to other numerical methods, BEM is suitable for solving boundary integral equations and other physical problems with complicated boundaries such as a ship propeller (Ryckelynck, 2005).
BEM requires discretization only on a body’s surface, which simplifies data required to process and solve the problem (Gupta, 2019). BEM is a versatile numerical method because it easily generates surface mesh with the aid of discontinuous elements. Additionally, it provides highly accurate solutions obtained with boundary elements. BEM can be used to simulate the flow around the ship propeller.
The advantages of BEM can be listed as: (Mushtaq, 2022)
· Boundary discretisation makes the numerical method simpler.
· Mesh formation is easier in BEM for 3D problems.
· High accuracy is achieved with BEM, as it is a semi-analytical method. 
· Suitable for open boundary problems and moving boundary problems.
· BEM can be combined with analytical methods and numerical methods such as FEM.

The disadvantages of BEM can be listed as: (Mushtaq, 2022)
· Non-Linear Flow Problems (unsuccessfully applied to non-linear flow problems)
· Unfamiliar mathematics (not well known in the engineering community)
· Fully populated matrix (unsymmetric and not easy to solve)
Finite Element Analysis 
Finite Element Analysis (FEA) is a methodology for forecasting how in this case the ship propeller component will function over time; it is used in conjunction with CFD. FEA simulates how the propeller will react in open water with constantly changing forces. FEM is a method of dividing a physical system to be analysed into smaller elements. Each of these elements will have a simpler approximation of the solution. FEA offers a range of applications which are applicable to that of the ship propeller, stress, thermal, vibration, impact, and crash analysis. 
The main goal of FEM is to obtain the finite element mesh, transforming the continuous structure into a discrete model, with a finite number of points.
The advantages of FEA can be listed as: (Pes, 2022)
· Enhanced design and early evaluation of critical design parameters.
· Virtual prototyping capability.
· Efficient and less expensive design cycles.
· Maximise performance through material selection and cost efficiency.
· Reduced R&D and development costs.
· Efficient and less expensive design cycles.

The disadvantages of FEA can be listed as: (Pes, 2022)
· The method is approximate — the analysis is not performed on a real structure, but on a model of it.
· The FEA programs are complex and costly. 
· The FEA model is subject to the input of the designer which can be wrong.
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[bookmark: _Toc107666180]Propeller Prototype 
A challenge facing experimental testing of full-scale propellers is the high costs and need for accurate rotary instrumentation; researchers have resorted to identifying suitable test model processes (Kamran, 2022).  
Experimental studies are generally conducted in open water conditions using test models in towing tanks or water tunnels with open sections. The use of model test methods of a full-scale propeller is not error-free as the effect of scaling and testing techniques need to be properly identified. Improper techniques will result in deficient predictions, giving rise to poor propeller performance under real conditions (Martelli, 2015). Therefore, it is imperative to understand and consider all aspects of real-life conditions and apply them to a scaled down prototype. 
Geometric similarity can be achieved in a straightforward way through scaling of the full-scale ship dimensions and modelling it down to scale. However, the level of detail up to which geometric similarity can be achieved is limited. For instance, as a result of the material and the machining process that are used to produce propeller models, the surface roughness cannot be scaled exactly. As a compromise, the propeller models are made very smooth, and the turbulent boundary layer is artificially enhanced by turbulence stimulators on the surface of the ship hull. When further considering the boundary layer of the flow over a surface, the main problem of scaling becomes clear. Whereas geometric properties can straightforwardly be scaled, properties of the tank water like density, viscosity and vapour pressure are approximately the same as on full scale.
Each group of physical properties, like Reynolds number and cavitation requires its own specific scaling law to obtain similarity. A scaling law is generally expressed as a non-dimensional parameter which is the ratio between two physical properties of a fluid. 
The acquisition of data can be obtained by inputting the results of the scaling laws into either a boundary element method or finite element analysis software to obtain certain results. The problem with this is the outcome of it depends on the information that is inputted into the software, and although the results will perhaps come close and give good estimations, they will always be mathematical estimations and until the propeller is placed and tested in open water, how the propeller reacts will never fully be determined. That being said, the advancement in FEA and BEA allows offline tests to be carried out to give a reasonable assumption how it will perform. The benefit of this, is it a more economic way of testing. 
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