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A discussion into the influence of Reynolds number regarding fluid flow around propeller blades. Taking into consideration numerical methods, practical testing and modeling techniques used to anticipate boundary flow and separation at varying points along each blade section. Focusing on modelling techniques such as computational fluid analysis (CFD), large-eddy simulation (LES) and cavitation effecting fluid flow caused by the geometry of propeller blades in varying materials (MAB,NAB,CFRP) and designs. 
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When considering the design of a structure, fluid flow must be considered to determine its performance. Fluids are substances, both gases and liquids, that when in contact with a solid body or structure, deform and this will affect its flow around the object [1]. The fluid can have laminar or turbulent flow around a structure. Laminar flow is streamline when liquids or gases flow in laminations. Turbulent flow is unstable, this can happen in pipelines when the velocity of a fluid is increased and can be seen clearly with the inclusion of dyes [2]. As engineers, to improve performance a laminar flow would be more efficient, as less energy is lost. To understand whether a flow is laminar or turbulent we use Reynolds number. 

The Reynolds number is a dimensionless ratio of internal forces to viscous forces in a fluid. This is defined by the relationship of; density of the fluid x the velocity x reference length and divided by dynamic viscosity known as the Reynolds number: Re =   and is specifically important when analyzing the boundary layers [3]. Dependent on its application, low values of the Reynolds number (Re <2100) flow is considered to be laminar. At high values flow is turbulent (Re >4000). The Reynolds number which determines laminar or turbulent flow will vary dependent on its application for example, flow around a sphere or flow inside a pipe. 

For the performance of propeller blades, the design should produce propulsion to move the ship through water. Therefore, we should consider the blade pitch ratio, chord length and inflow velocity of the fluid as well as the kinematic viscosity of the fluid (kinematic viscosity = dynamic viscosity of the fluid/ density of the fluid). This is important to determine the boundary layer flows and whether they are laminar or turbulent [4].  The Reynolds number is crucial to the design stage, it allows us to determine the flow on a much smaller scale, we can then predict the behavior and properties on the larger full-scale prototype based on the tests. Using the drag coefficient of the propeller blade at 0.7 – 0.75 of the radii, performance prediction methods such as the ITTC use these scale models and then correct torque coefficients to the full-scale model [5]. 

The inflow velocity of the fluid is assumed to be the correlation of rotation of propeller blade in RPM. For a slow steaming ship this can be considered anything from 80-130 RPM. In this instance I will assume 80RPM. To convert to angular velocity, using the radius of the propeller at 70% of the chord length when considering scaling effects. There for my inflow velocity of the fluid is equal to   

Assuming the application of ship propeller, density of sea water at 5 degrees Celsius is 1028 kg/m3 and a dynamic viscosity of 0.00161 Pa s (pascal-second) and considering the design of the propeller blade and its length where fluid flow will affected at 3.035 metres on specified geometry, I calculate Reynolds number for the blade to be    This would suggest a turbulent flow around the propeller blade.

As well as the ITTC scale models, RANS (Reynolds average Navier stokes) solvers are used to accurately predict, what appears to be fully turbulent flow caused by scale effects and to identify the flow transitions from laminar to turbulent [6].
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To improve efficiency of the propeller blade, laminar flow is desired. This will reduce frictional losses and delay the separation by reducing the pressure gradient. As the pressure gradient increases, separation will occur, and the flow will become turbulent [7]. The flow around the propeller blade appears to have a significantly large value for its Reynolds number and this is likely to the model scaling. However, this indicates that its likely that laminar, transition and turbulent flow all occur simultaneously at the boundary layer. The geometry of the propeller blade causes the boundary flows to behave in this way. 

Boundary layers on the blade back or suction side of a propeller blade Is the region of high loading, which occurs at the tip of the blade. Whereas, at the leading edge short laminar separation bubble exists, causing the boundary layer to behave in a turbulent manor over the remaining section of chord. The separation occurs in the region of the upper part of the blade where flow becomes turbulent from the laminar region. The position at when this occurs is strongly dependent on the propeller loading. The middle of the blade section where flow turns from laminar to turbulent is known as the transition region. The Reynolds number will dictate this area of transition, predominantly is located at some distance from the leading edge. Laminar separation occurs at mid chord (lower region) due to the very low sectional Reynolds number at those radii in combination with thick propeller sections. The shape of the propeller sections, the propeller loading, and the propeller Reynolds number can all influence the regions in which the flow changes within these boundary layers. 
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Figure 1: representation of the boundary layer regime on the suction side of propeller [8]

Boundary layers on the blade front or pressure side of a propeller blade is generally less complex. In normal operating conditions no laminar separation occurs on the pressure side and a significant laminar region exists near the leading edge. The blade back, known as the suction side is where transition often occurs more gradually due to a favorable pressure gradient [8].
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Figure 2: Left: Pressure side, right: Suction side. Flow separation can be observed at the tip of the blades at the suction side [9]

The propeller is designed in this way with a large diameter to create the most efficient propulsion. The pitch in each blade section creates the thrust for the forward momentum of the ship. As the ship moves through the fluid, the friction of the ships hull and fluid creates a boundary layer, where the velocity of the fluid is equal to that of the ships hull. The further the fluid moves from the front of the ship the boundary layer increases. This means that the pressure is lower towards the rear the ship in comparison to the front which results in the viscous pressure resistance. There for the propeller will be working in a wake field which is turbulent in flow [10]. Fluid flow around ships results in increased frictional forces and higher skin friction component of drag, compared to laminar flows. At the same time, the boundary layer separation is delayed in turbulent flows as the separation point moves further downstream [11].

The profile of marine propeller blades is critical as it will directly affect how the flow is produced in each rotational movement. The efficiency of the propeller relies on this principle to reduce vibration and erosion caused by cavitation [12]. Cavitation can be caused by the turbulent inflow of the fluid that is apparent in the wake field. Each blade section has a pitch and skew which has been designed to suite the average wake at each radius. We know the flow is turbulent in this region and the shape of the blade is chosen to minimize cavitation and improve efficiency by reducing the resistance which is onset by the viscosity of the fluid. [12]. 
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Historically, the majority of marine propeller are manufactured using metallic alloys which are subject to turbulent flows, high loading, cavitation, and vibration as they operate in the ships wake field. There for the choice of a metallic alloy to withstand the long-term stress and fatigue would seem obvious. However, due to this environment, some drawbacks of the metallic alloys are corrosions, when the cavitation causes formation of galvanic cell formation [13]. A case study conducted by (Balasubramanian, R.) suggest that the performance of Manganese bronze in aggressive conditions are far from satisfactory, even more so in marine propellers. It is well knowing that copper-zinc alloys are prone to corrosions in sea water and also problems arising with Manganese bronze had been discussed many years before and that alone is justification for new suitable alloys or materials in marine propellers [14]. 

In recent years the use of CFRP in marine propeller has become a popular choice over the predecessor of metallic structures such as Nickel-aluminum bronze or Manganese-aluminum-bronze. The rigidity of metallic propellers allows for separation of the hydrodynamic and structural analysis. Therefor the use of CFRP can take advantage of the Fluid-structure interactions [15]. 

CFRP propellers can improve cavitation performance which we have discussed earlier, this has been shown to improve efficiency when compared to the metallic counterparts. The advantage of using CFRP is that they are lighter and corrosion resistance. Also, the deformation of the CFRP propeller can be controlled to improve the performance in varying flows (laminar and turbulent) as well as the pressure differences on the suction and pressure sides of the blades, hence the exploiting fluid-structure interactions [16]. This is not true when using metallic propeller blades such as NAB and MAB due to the rigidity of the materials. 

Historically, metallic marine propellers deflection is small enough that pre-deformed design is unnecessary. However, the deflection of composite propellers can be larger with certain stacking sequences and a pre-deformed design may help to solve the optimization problem encountered with the varying flows (fig.3) [16].
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Figure 3: pre deformed propeller [16]

However, there are difficulty’s when comparing the CFRP propeller with its metallic predecessor. Fluid performance is dictated by the geometry of the propeller, so the metallic blades only consider the ratio of advanced speed. Whereas the CFRP depends on the magnitude and the ratio, which is dictated by varying flows caused change in vessel speed and fluid viscosity in operating environment. 

Even though the performance of the CFRP marine propeller is promising, more thorough understandings of the mechanical properties in these environments is required in relation to the fatigue performance in harsh weather. The voids in poorly bonded fibers can allow for the water molecules to diffuse into the CFRP material, and it is known that the CFRP plays a role in water absorption. Two important aspects that need investigation are the effect of absorption of moisture in marine condition and the fatigue behaviour [13]. In short CFRP propeller can improve the hydrodynamic efficiency and reduce acoustic emissions caused by cavitation. The damping ratio of CFRP materials is said to be four times larger than metallic alloys such as NAB. The cavitation erosion of metallic alloys is much greater than those made from CFRP [17].

When manufacturing marine propellers, a desired accuracy must be chosen by the customer such as states in ISO 484/1 – 1981 (CE), this tolerance must be adhered to when we consider the harsh environments operated in [10]. Complying with ISO 19030 It is critical to measure the performance change in a ship. The standard focuses on hull and propeller performance, to illustrate the power required to move the ship through the water [18]. “The general principles outlined, and performance indicators defined are applicable to all ship types driven by conventional fixed pitch propellers, where the objective is to compare the hull and propeller performance of the same ship to itself over time.” [19].
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The development of a new propeller would require modelling techniques to understand how the fluid flow deforms around the solid body. A current method is to use computational fluid analysis (CFD) to analyse the hydrodynamics around ship and propeller components and predict resistance, drag, lift and cavitation. A 3D model is primarily created using CAD and the model then used in the CFD software. It can be very costly and time consuming to build full scale models, so scaling methods are used in CFD models to analyse fluid flow. Laminar and turbulent flows can be simulated accurately. However, the transition between flows can sometime prove more difficult because in that region the flow can fluctuate between laminar and turbulent and turbulent slugs can frequently appear in laminar flow far below the critical Reynolds number for transition to turbulent flow. From CFD modelling it is useful to separate possible flows into the following: laminar-turbulent, steady-transient, single-phase – multiphase. When considering turbulent flows, the economical method is to resolve only the large-scale turbulence, by filtering out the fine-scale turbulence, and model these small scales as flow-dependent effective viscosity. Becoming more popular is the large-eddy simulation (LES). This method makes it possible to simulate simple engineering flows on a fast PC. However, this can take a considerable amount of time dependent on the grid meshing mesh and boundary conditions (known boundaries for a problem) selected in the program.
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Figure 4: steps in CFD simulations [20]

CFD allows engineers to perform numerical experiments using computer simulations by gathering the relevant data, set boundary conditions and mesh, then perform numerical solution of the equations, so that we can carry out analyses of results. This can predict the flow under varying conditions by using such numerical methods as the RANS equations (Reynolds-averaged Navier–Stokes equations) [11]. 

For the development of the viscosity fluid dynamic method, more researchers have been focusing on predicting propeller hydrodynamics by CFD, where the interest lays in hydrodynamic performance of propellers, pressure distribution on the blade surface, generation of the tip vortex, and working less with the detailed spatial evolution process of a propeller wake [21]. This modelling technique is growing more popular as engineers try to predict fluid flow around an object, with the ability to analyse and solve complex equations with high speed and accuracy. It allows us to create designs and analyse the flow before going into production, we can change structures to improve efficiency and then run the CFD software to re analyse the results again and again until satisfied. One drawback is the simulations require a high degree of computational power, this can be time consuming for one simulation to complete, which depends on your grid mesh and boundary conditions. This can take weeks to achieve good statistical averages even for rather simple flows, so its likely supercomputers would be used in this case [20]. 

Given the geometry of the propeller blade it is likely that a finer mesh will be needed as the shape is not simplistic in design. Therefor the elements next to these boundaries will be finer and so on and so forth. The grid mesh quality will have a direct influence on the accuracy achieved in the simulation, and it has been known for hybrid mesh approach to be used [21]. Considering that each element has 5 Navier stokes equations and on average each simulation has 60 million elements, the experience of the user is critical and understands the software to identify true or inaccurate results based on the inputs. CFD can sometime be a tradeoff between the level of accuracy and how quickly you desired to obtain the results. 

“The numerical predictions performed at model scale are more challenging than those at full scale due to the possible simultaneous cohabitation of laminar and turbulent flow regimes and to the subsequent difficulty in the accurate prediction of the transition to the turbulence in the computations. Since the flow separation may be present at model scale, but it may be absent at full scale, one may raise a question whether the extrapolation of the solution from the model to the full scale may be a reliable procedure or not” [22].
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Validation of simulation CFD with a small-scale porotype can be done using open water tests. Practical tests will be carried out following ITTC – recommended procedures and guide lines – Open Water Test, which only considers model scale propeller [23]. This will give an accurate representation whether the computational predictions will reflect in the results observed in both testing regimes at a scale level. Methods of practical testing such as towing tank and cavitation tunnels are used to understand the efficiency of the propeller and then collate back to the simulation. This will allow to change the design structure using CAD and carry out the simulation again using CFD to improve efficiency of the propeller, only when we have verified the results of both previously can we be assured that the CFD simulation is representative to reality.

Experimental design of the cavitation tunnel is to validate numerical results and the optimal performance of the propeller, in this case the CFRP prototype, known to improve performance through deformation. Using an aluminium mould to create the prototype and using recorded values of the material properties to study its deflection and fluid flow around each blade. This is done by taking superimposed photography to study the deflection between pixels and measuring this can be quite difficult without this method [16]. 

Known velocity of the fluid flow and cavitation number are set before the test, this would be replicated by boundary conditions in the CFD simulation. The test is carried out at varying RPM of the propeller until cavitation is present on both faces of the propeller. This method depends on visual inspection, of the super imposed photography, so development into detection system are recently being used to improve accuracy, rather than on the visual capacity of the tester [24].

Prior to propeller cavitation analysis, CFD simulations were carried out to select a cavitation model for highly precise cavitation analysis of fluid flow. Now CFD simulations can be compared to the model test results for marine propeller cavitation, and improvements on grid meshing techniques can accurately estimate cavitation transitions [25].

Data acquisition on reduced drag, cavitation, turbulent and laminar flows will all be recorded from the cavitation tunnel and collated back to the results from the CFD simulations. To ensure accuracy a two point validation would be carried out by experts in CFD to prove results compared to practical testing. 
 
Once satisfied that CFD analysis is accurate by both parties, produce further designs based on original prototype to see how the performance can be improved even further using CFD modelling. Studying the pressure distributions on the suction side and pressure side to understand the effects performance and reduce cavitation, use CAD software to re design and follow CFD modelling and run further simulations to analyse the results. 

Only when validation collates between both numerical and practical testing would the prototype be manufactured, as scale models can only be used in open water tests. This needs to be robust and valid when using CFD simulation to compare with real data acquired from cavitation tunnel.  
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