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SUMMARY

In order to ensure the accuracy of propeller modelling and hydrodynamic performance prediction, first of all, compared with atlas modelling and OpenProp modelling, it is pointed out that the characteristics of the blade model established by PropCad are more complete. Secondly, through the analysis and discussion of the computational domain distribution, grid independence verification and turbulence model, the CFD calculation model is established systematically. Thirdly, the hydrodynamic analysis of AU5-80 propeller is carried out under different advance ratios, and the simulation results are in good agreement with the open water test data. The accuracy of CFD calculation model is proved. Then, the fluid-solid coupling analysis of the propeller is performed, and it is verified that the stress field of the propeller meets the material strength requirement. It provides support for the further optimization design of propeller structure. Finally, through the design and analysis of the PBCF propeller, some optimization parameters of the PBCF are obtained. Because the PBCF can diffuse and weaken the hub vortex, the propeller thrust, and efficiency are improved.
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NOMENCLATURE

A0Model constant (dimensionless)

C1, C2, CμCoefficients in approximated turbulent transport equations (dimensionless)

CDkωCross-diffusion term of equation

DPropeller diameter (m)

F1, F2Blending function

JAdvance ratio (dimensionless)

kTurbulent kinetic energy (J)

KQTorque coefficient (dimensionless)

KTThrust coefficient (dimensionless)

PFluctuating component of static pressure (Pa)

PbTurbulence kinetic energy due to buoyancy (J)

QPropeller torque (N m)

SModulus of the mean rate-of-strain tensor (dimensionless)

TPropeller thrust (N)

uiFluctuating component of velocity in direction xi (m s–1)

WTime-average square of the vorticity fluctuations (s2)

xiCartesian space coordinate (m)

yDistance between the first layer grid node and the wall (m)

YRadial width of mixing region (m)

y+Wall distance (dimensionless)

yjCartesian space coordinate (m)

α, β, σThe constants (dimensionless)

εTurbulent dissipation rate (%)

η0Propulsion efficiency (dimensionless)

τωWall shear stress (Pa)

φA generalized dependent variable (dimensionless)

ωSpecific dissipation rate (%)

[image: image]Mean rate-of-rotation tensor

ρFluid density (kg m–3)

nPropeller speed (r s–1)

u*Near wall friction velocity (m s–1)

VPropeller advance speed (m s–1)

μMolecular viscosity (m2 s–1)

μtTurbulent viscosity (m2 s–1)

νTKinematic eddy viscosity (m2 s–1)

υKinematic viscosity of the fluid (m2 s–1)

2DTwo Dimensional

3DThree Dimensional

AUVAutonomous Underwater Vehicle

CAD/CAMComputer-Aided Design and Manufacturing

CATIAComputer Aided Three-dimensional Interactive Application

CFDComputational Fluid Dynamics

CPPControllable Pitch Propeller

DMDynamic Mesh

DTMBDavid Taylor Model Basin

ICEMIntegrated Computer Engineering and Manufacturing code

MATLABMatrix & Laboratory

MRFMultiple Reference Frame

PBCFPropeller Boss Cap Fin

Pro/EProfessional Engineer

RNGRenormalization Group

SMSliding Mesh

SSTShear Stress Transport

UGUnigraphics NX

1.INTRODUCTION

Due to its flexible manoeuvrability and high economy, Autonomous Underwater Vehicle (AUV) is widely used in marine resource exploration and marine investigation (Cheng et al., 2021; Vinoth Kumar et al., 2020). As the AUV’s key propulsion device, the performance of the propeller is directly related to the manoeuvrability of the AUV (Wadhams & Krogh, 2019). Therefore, propeller design is particularly important.

The commonly used propeller modelling methods include atlas modelling method and propeller modelling using OpenProp. Propeller atlas modelling is based on the data of propeller basic parameters, the size table of blade contours and the offset table of blade sections provided by propeller atlas (Qian, 2017), through the spatial coordinate conversion formula, the spatial point cloud of each blade section is obtained. Afterwards, the propeller model is established by computer aided software. Many scholars have used computer aided modelling software such as UG (Unigraphics NX), Pro/E (Professional Engineer) and CATIA (Computer Aided Three-dimensional Interactive Application) to discuss modelling methods (Wu et al., 2011; Qiu & Zheng, 2019; Liu et al., 2018; Xiong, 2016). Gao et al. (2010) established DTMB (David Taylor Model Basin) 4119 propeller model by the propeller atlas modelling method and verified its open water performance. Sun et al. (2019) established a MAU type propeller based on the propeller atlas and conducted a hydrodynamic analysis. Huang et al. (2018) also carried out propeller modelling and analysis. And An et al. (2018) also adopted the fluid-solid coupling analysis method to conduct propeller modelling analysis. However, the atlas modelling method is based on the nine blade sections between 0.2R and 0.95R, and the blade is designed with limited blade section profile data, especially at the blade tip, which is lack of integrity. It may be solved by effective modelling technology. But it is also considered that this method is limited by the test propeller type atlas. Therefore, the propeller atlas modelling method lacks universality.

OpenProp is an open source program based on MATLAB developed by Massachusetts Institute of Technology, which uses lifting line theory to design propellers (Wilkins IV, 2012; Arapakopoulos et al., 2019). The OpenProp is based on the medium load lifting line theory, in which the propeller blade is replaced by lifting line, and the attached wake vortex is accompanied by local flow velocity. The vortex lattice method is used to calculate the induced velocity of the blade, and the spiral vortex line is discretely dragged into the wake. A two-dimensional section is created at each radius, and the blades are composed of these discrete sections. The entire blade load is obtained by integrating the two-dimensional section load on the blade span. The optimized design process of the propeller determines the optimal circulation distribution along the blade span, so as to produce minimum torque at specified thrust, incoming flow conditions, and blade two-dimensional cross-section properties. In the design, the blade’s two-dimensional cross-sectional shape determines the blade shape and pitch angle for a given design load. The lift coefficient of each blade section is proportional to the local two-dimensional attack angle, which is calculated by the local induced velocity consistent with the blade load, so as to estimate the performance of the blade under off-design conditions.

Epps et al. (2010) designed a two-bladed propeller using OpenProp and carried out hydrodynamic analysis and verification. Epps and Kimball (2013) improved the lifting line method for unsteady flow and wake turbulence. Tan and Guo (2018) used OpenProp to design a ducted propeller. Sun and Lu (2017) combined the OpenProp design program and atlas design method to optimize the propeller design. In addition, it was verified that OpenProp can be used as a practical and efficient tool for preliminary propeller design (Vlašić et al., 2018; Rahman et al., 2017). Compared with the atlas modelling method, modelling using OpenProp can get more blade section contour lines and guidelines, which makes the blade solid contour more complete. However, OpenProp modelling method based on inviscid theory needs to be improved.

Propeller modelling based on PropCad mentioned in this paper is often used in marine propeller design, and the obtained blade model features are more complete. This method has wide applicability. This paper content is organized as follows: the modelling process using PropCad is analysed in Section 2. The computational domain distribution, grid independence verification and turbulence model analysis are carried out, and a complete CFD calculation model is established in Section 3. The hydrodynamic analysis verification for AU5-80 propeller is studied in Section 4. The fluid-solid coupling analysis of the propeller is carried out in Section 5. Propeller Boss Cap Fins are designed in Section 6. Boss Cap Fin parameters are optimized in Section 7. The conclusions are summarized in the concluding section.

2.PROPELLER MODELING BASED ON PROPCAD

PropCad is an industrial software specially used for the design and production of marine propellers. PropCad is able to create 3D propeller models and automatically generate 2D drawings, check the thickness specifications of the classification society and output CAD/CAM data.

PropCad software is used for propeller modelling, and requires known propeller parameters, including direction of turning, number of blades, diameter, pitch, area ratio, rake angle, and propeller type, such as AU propeller, AU CPP propeller, Gawn propeller, Kaplan propeller, Skewed propeller, Thruster propeller, Wedge propeller, and so on. At the same time, taking maximum thickness distribution and characteristics of blade profile, the leading and trailing features, the camber and the bending trailing of blade into consideration, the blades are precisely set to complete the blade geometry modelling.

The heart of PropCad is a library of traditional propeller designs that includes more than ten different propeller series, allowing users to rapidly develop geometries. At the same time, it also allows users to set the offset table of blade sections with different radial distributions. For the complicated surface of the propeller blade tip, the geometry correction settings, such as smooth transition, can be used to deal with it. PropCad includes four inspection maps, namely thickness map, local pitch map, XYZ location map and X-R-Theta location map, which are used to determine inspection point location and inspection values for thickness and local pitch. In addition, the Scan Converter utility in PropCad processes the data and recreates the propeller blade by extracting sections from the geometry and deriving the geometric distributions.

Helal et al. (2018) established the INSEAN E779A propeller geometric model using PropCad software and carried out numerical prediction of cavitation performance. In addition, Fu et al. (2019) used PropCad software to output 2D/3D drawings of propellers, blade section offset tables, and blade thickness submission reports for propeller process design and manufacturing.

As AU type and B type propellers are mostly used in autonomous underwater vehicles, and they all have abundant atlas design data, they are often used as test propellers for hydrodynamic performance verification. Therefore, the AU5-80 propeller is selected as the test propeller in this paper, and its design parameters are shown in Table 1. Based on this, PropCad builds the AU5-80 propeller model and outputs the “*.swb” format model file. After 56 curves representing the characteristics of the blade are obtained as shown in Figure 1 (a) by SolidWorks macros. The blade body is obtained by the feature operations of boundary surface, filling surface, sew surface and surface extension, as shown in Figure 1 (b), and then the AU5-80 propeller model is obtained by the feature operations of array and stretching, as shown in Figure 1 (c).


Table 1. AU5-80 propeller design parameters
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Figure 1. AU5-80 propeller based on PropCad modelling. (a) Profile curves, (b) Blade, (c) Propeller



However, the atlas modelling process is as follows: Firstly, according to the design parameters of AU5-80 propeller, the blade section outlines and the boundary auxiliary lines at 0.2R, 0.3R, 0.4R, 0.5R, 0.6R, 0.7R, 0.8R, 0.9R and 0.95R are obtained through the conversion of blade section offset points, as shown in Figure 2 (a). Then, using SolidWorks software, a curved surface is obtained by lofting the surface with these nine profile lines. The surface is extended, and the cylinders are made along the axial direction at the radius of 0.18R and 1.0R respectively and intersect with the extended surface. The stretched surface between 0.18 R and 1.0R is taken as the blade surface. The blade entity is obtained by trimmed surface, surface filling and surface stitching, as shown in Figure 2 (b). And the AU5-50 propeller model is obtained by the feature operations such as array and stretching, as shown in Figure 2 (c).
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Figure 2. AU5-80 propeller based on atlas modelling. (a) Profile curves, (b) Blade, (c) Propeller



The OpenProp modelling process is as follows: Firstly, the design parameters of the blade are input in OpenProp, and the blade profile data file in *. txt format is obtained after analysis. Then, the data is processed by MATLAB. Finally, these data are input into SolidWorks software to obtain 21 profile lines of blade section and seven guidelines of blade surface, as shown in Figure 3 (a). The blade entity and the AU5-50 propeller model are obtained through boundary surface, surface extension, surface stitching, array and stretching, as shown in Figures 3 (b) and 3 (c) respectively.


[image: image]

Figure 3. AU5-80 propeller based on OpenProp modelling. (a) Profile curves, (b) Blade, (c) Propeller



In conclusion, compared with the atlas method which uses nine blade profiles, and the OpenProp modelling method which uses 21 blade profiles and seven blade guidelines to describe the blade features, the 56 blade profile curves are outputted by PropCad modelling, extending from the blade tip to the blade root. So that the blade profile characteristics can be more completely described. The modelling process is faster. In order to further verify the accuracy of PropCad modelling, a hydrodynamic analysis and verification for AU5-80 propeller are carried out.

3.CFD CALCULATION MODEL

The results of hydrodynamic analysis are directly affected by grid type, grid quality and turbulence model, etc. Therefore, in order to ensure the accuracy of the propeller hydrodynamic analysis. We have conducted the following analysis and discussion. A relatively reliable CFD calculation model has been established. It provides a foundation for further hydrodynamic analysis and verification.

3.1ESTABLISHING CFD COMPUTATIONAL DOMAIN

When the CFD method (Anderson, 2007) is used to analyse the hydrodynamic performances of the propeller, many scholars divide the calculation domain into two regions, respectively taking the far flow field as the static domain and the internal flow field as the rotating domain. The domain distribution is shown in Figure 4. This division method can ensure the accuracy of propeller hydrodynamic analysis. According to the calculation domain distribution in literature (Fu, 2012; Zhu, 2013), the static domain is defined as a large cylinder with a diameter of 6D and a length of 10.25D, and the rotating domain is defined as a small cylinder containing a propeller with a diameter of 1.5D and a length of 1.25D. Moreover, the distance between one end face of the rotating domain and the inlet end is 3D, and the distance between the other end face and the outlet end is 6D.
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Figure 4. CFD calculation domain distribution



As for the meshing method of the computational domain, Tu (2019) pointed out that the calculation results of propeller hydrodynamic characteristics depend on the selected grid type, grid density and turbulence model, and the simulation shows that the calculation results with hexahedral grid type are slightly better. Yilmaz et al. (2019) combined with STAR-CCM+ software and also proposed an adaptive mesh refinement method. In addition, the propeller was divided into tetrahedral and other unstructured grids, and other fluid field used hexahedral grids for CFD analysis (Sakamoto and Kamiirisa, 2018).

In this paper, the model file of general format is exported by SolidWorks software firstly, and then it is imported into ICEM (Integrated Computer Engineering and Manufacturing code) CFD software to mesh the static and rotating domains, respectively. The static domain is a regular cylinder, which can be divided by structured mesh to obtain a high quality mesh and speed up the calculation speed and accuracy. The rotating domain consists of a small cylinder and a propeller. The propeller has a large curvature and complex geometric shapes. An unstructured mesh is used in this region, and the mesh of the tip, root, trailing edge and leading edge of the propeller is densified. In this way, the overall flow field grid obtained is shown in Figure 5 (a), the grid cross section is shown in Figure. 5 (b), the rotating domain grid is shown in Figure 5 (c), and the propeller surface grid is shown in Figure 5 (d). In addition, considering that the fluid flows past the solid wall surface of the propeller, a boundary layer will be formed in the area close to the wall surface. In the boundary layer, the fluid has a large velocity gradient. Therefore, in order to have a good orthogonality between the grid and the wall in this region, it is necessary to divide the boundary layer grid on the propeller wall.
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Figure 5. Hybrid grid of CFD calculation domain



When simulating the flow problems in some motion systems, ANSYS Fluent software provides calculation models including Multiple Reference Frame (MRF), Sliding Mesh (SM) and Dynamic Mesh (DM) (Hu et al., 2017). The MRF model is used in most literature (Fu, 2012; Zhu, 2013), and its calculation results are verified to be credible. In the literature by Zhang et al. (2019), the SM model is used, but MRF model is also used for calculation first, and it is regarded as the initial value of unsteady calculation. The calculation results are in good agreement with the experimental data, but considering that the calculation process is too complicated, which consumes computing resources and takes too long, so is the DM model. Based on this, the MRF model has been selected to calculate the hydrodynamic forces on the propeller. For the selection of turbulence models, RNG (Renormalization Group) k-ε, Realizable k-ε, and SST (Shear Stress Transport) k-ω turbulence models are available in the literature, and the results are closer to each other after analysis (Sun & Zhao, 2019). Here, RNG k-ε turbulence model and SIMPLE solver may be used for calculation.

For the boundary conditions, the velocity inlet and pressure outlet are selected, and the interior surface is established to exchange simulation data in the two calculation domains, so as to realize the flow field connectivity. The cylindrical wall of the external flow field is defined as a static wall, and the propeller wall rotates with the rotating domain.

3.2GRID INDEPENDENCE VERIFICATION

According to the CFD calculation model initially established in Section 3.1, grid independence verification (Malmir, 2019; Du et al., 2018) and simulation analysis of common turbulence models are required before a series of propeller hydrodynamic performance analyses are carried out.

For the boundary layer meshing, the y+ value on the propeller wall should meet the requirements of the wall function. y+ is a dimensionless quantity, which is defined as

[image: image]

Where, u* is near wall friction velocity (m s–1), and [image: image] is wall shear stress (Pa), ρ is fluid density (kg m–3); y is the distance between the first layer grid node and the wall (m); υ is the kinematic viscosity of the fluid (m2 s–1).

For Enhanced Wall Treatment, the mesh near the wall is required to be dense, and the number of cells is large when dividing the boundary layer, which increases the burden of simulation, and the grid quality obtained is not necessarily good. However, Scalable Wall Functions are a CFX default turbulent wall function added after Fluent 14.0. When y+ > 11, the solution of this wall function is consistent with the Standard Wall Functions, and y+ is close to 30 optimally. Therefore, the Scalable Wall Functions are adopted in this paper. The grid is divided after the first layer grid height is preliminarily estimated according to Equation (1). After Fluent analysis, it is observed whether the y+ value distribution on the wall is close to 30. If the difference is large, the height of the first layer grid is adjusted continuously, and the simulation analysis is repeated to obtain a better y+ distribution.

In this case, the propeller speed is 630rpm and the inflow velocity is 1.575 m/s for simulation analysis, and the calculation formulas of the propeller’s advance ratio J, thrust coefficient KT, torque coefficient KQ and propulsion efficiency η0 are as follows:

[image: image]

Where, V is propeller advance speed (m s–1); n is propeller speed (r s–1); T is propeller thrust (N); Q is propeller torque (N m–1).

In this paper, four mesh resolution levels with different thicknesses, including coarse, medium, fine and excellent, are used to verify the grid independence. The four different grids are obtained by adjusting the maximum mesh size and the number of mesh nodes in the propeller rotating domain. The numerical results of propeller hydrodynamic performance are shown in Table 2 after analysis at an advance ratio of J = 0.6. It is found that the differences of hydrodynamic coefficients obtained in the four cases are very small, among which the maximum difference of thrust coefficient is 1.6236%, the maximum difference of torque coefficient is 1.9965%, and the maximum difference of propulsion efficiency is 0.6918%. The results are relatively reliable. Moreover, the y+ value distribution of the propeller wall obtained by simulation under the Scalable Wall Functions is shown in Figure 6, and its range is mostly maintained between 11.4 and 32.2, which meets the calculation requirements of the Scalable Wall Functions y+ value. Taking into account the requirements of grid quality and computational economy, and in order to get closer to the test data, the fine mesh level about 11.15 million grids are selected for the following series of simulation analyses.


Table 2. Propeller hydrodynamic performance under different mesh resolution levels at J = 0.6
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Figure 6. Distribution of y+ values under Scalable Wall Functions



3.3TURBULENCE MODEL ANALYSIS

Different turbulence models also affect the CFD analysis results. For such problems, the commonly used turbulence models provided by Fluent include RNG k-ε model, Realizable k-ε model and SST k-ω model.

(1) RNG k-ε model

There are a number of ways to write the transport equations for k and ε (Yakhot & Orszag, 1986; Yakhot et al., 1992), a simple interpretation where buoyancy is neglected is

[image: image]

Where

[image: image]

With the turbulent viscosity being calculated in the same manner as with the Standard k-ε model. The values of all of the constants (except β) are derived explicitly in the RNG procedure. They are given below with the commonly used values in the Standard k-ε equation in brackets for comparison:. [image: image]

The RNG k-ε model is proposed to overcome some errors in the calculation accuracy of the Standard k-ε model in the non-uniform turbulent flow, such as swirling flow. This model adds an additional term in the ε equation, and considers the rotation effect, so that the calculation accuracy of the flow field with large velocity gradient and the strong rotation flow problem is higher.

(2) Realizable k-ε model

Transport equations (Shih et al., 1995)

[image: image]

Where

[image: image]

In these equations, Pk represents the generation of turbulence kinetic energy due to the mean velocity gradients, calculated in same manner as Standard k-ε model. Pb is the generation of turbulence kinetic energy due to buoyancy, calculated in same way as Standard k-ε model. Where [image: image] is the mean rate-of-rotation tensor viewed in a rotating reference frame with the angular velocity ωk. The model A0 constants As and are given by:

[image: image]

The model constants are C1ε=1.44, C2 = 1.9, σk = 1.0, σε=1.2.

The ε equation of the Realizable k-ε model is derived from the exact transport equation of the vorticity disturbance root mean square, which satisfies the Reynolds stress constraint condition and can keep the same with the real turbulence in the Reynolds stress. However, in the calculation of the flow field with both rotating and stationary regions, there will be non-physical turbulent viscosity, so it is necessary to choose carefully.

(3) SST k-ω model

The transport equations for turbulence kinetic energy k and specific dissipation rate ω are defined as (Menter, 1993; 1994; Menter et al., 2003)

[image: image]

Where kinematic eddy viscosity νT, closure coefficients and auxiliary relations are defined as

[image: image]

The model constants are α1 = 5⁄9, α2 = 0.44, β1 = 3⁄40, β2 = 0.0828, β* = 9⁄100, σk1 = 0.85, σk2 = 1, σω1 = 0.5, σω2 = 0.856.

SST k-ω model combines the advantages of k-ω model in the near wall area and k-ε model in the far field. It is a hybrid model, which is equivalent to k-ω model calculation in the near wall area and Standard k-ε model calculation in the far field. It is a hybrid model, which is equivalent to k-ω model in the near wall area and Standard k-ε model in the far field. Compared with k-ε model, the reciprocal term of transverse dissipation is added, and the transport process of turbulent shear stress is considered in the definition of turbulent viscosity. So that it can be used in the fluid analysis with reverse pressure gradient, the calculation of airfoil and the calculation of transonic shock wave.

Furthermore, it is pointed out that the y+ value is in the range of 30 - 300 which is acceptable for the high-Reynolds-number SST k-ω model (Malmir, 2019; Zhu, 21013; Ren et al., 2019). RNG k-ε turbulence model can better simulate complex flows such as jet impingement and secondary flow and can take into account the requirements of accuracy and computational economy (Fu, 2012; An et al., 2017). Shirazi et al. (2019) pointed out that the Realizable k-ε turbulence model is recommended for S < 0.5. The swirl number for their study was in the range of S = 0.15 - 0.2, therefore the Realizable k-ε model was chosen.

In this paper, three turbulence models are respectively used to conduct hydrodynamic analysis of the AU5-80 propeller under the advance ratio of J = 0.6, and the open water performance of the propeller is shown in Table 3. In the meantime, Yazaki et al. (1967) conducted a systematic open water test with AU5-80 propeller in the Mejiro No. 2 Experiment Tank of Ship Type Testing Department, Japan Ship Technology Research Institute. It can be seen that the thrust coefficient of the AU5-80 propeller is 0.1365, the torque coefficient is 0.0213, and the propulsion efficiency is 0.6120 when the advance ratio of J = 0.6. It can be seen from Table 3 that the difference of open water performance between the three turbulence models is very small. Among them, the propulsion efficiency error obtained under the Realizable k-ε model is the smallest, in which the thrust coefficient error is 2.1417%, the torque coefficient error is 6.3835%, and the propulsion efficiency error is −3.9932%, which is in good agreement with the experimental data. Moreover, the Realizable k-ε model is more suitable for solving the swirl problem with higher accuracy. In summary, the Realizable k-ε turbulence model is used to solve the problem later in this paper.


Table 3. Propeller hydrodynamic performance with different turbulence models under fine meshes at J = 0.6

[image: image]



In conclusion, through the establishment of a computational domain, grid independence verification and turbulence model analysis, a complete CFD calculation model is established, and the accuracy is ensured. It is prepared for further analysis of open water performance under multiple working conditions.

4.HYDRODYNAMIC ANALYSIS VERIFICATION

The CFD calculation model established in Section 3 is used to conduct hydrodynamic analysis of AU5-80 propeller under different advance ratios of J = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.65, 0.7 and 0.8. The thrust and torque of the propeller are obtained by simulation analysis, and the thrust coefficient, torque coefficient and propulsion efficiency are calculated according to the Equations. (3-5). The error percentages between the hydrodynamic coefficients and the open water test data (Yazaki et al., 1967) are listed in Table 4. From this, the hydrodynamic performance curve of AU5-80 propeller is drawn as shown in Figure 7. It is found that the simulation results are in good agreement with the experimental data, and the curve trend is consistent. Among them, the minimum and maximum errors of propulsion efficiency are −1.4356% and −4.4546%, and most of the errors are controlled above −4%. Therefore, the CFD calculation method used in this paper is accurate and reliable. It is also proved that it is feasible for propeller modelling based on PropCad.


Table 4. The error percentages between CFD simulation results and experiment data
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[image: image]

Figure 7. Open water characteristic curve of AU5-80 propeller



It can be seen from Figure 7 that the propulsion efficiency of AU5-80 propeller is the highest when the advance ratio of J = 0.65. At this time, the pressure nephogram of propeller blade surface and blade back are shown in Figures 8 (a) and (b) respectively. The forward flow near the leading edge of the blade causes the pressure to reach a peak due to the velocity stagnation, and then rapidly accelerates into the passage between the blades, and the pressure drops accordingly. As the water flows along the surface of the blade from the leading edge to the following edge, the pressure on the blade back is further reduced, so that the entire blade back forms a low pressure area, which is the suction surface, as shown in Figure 8 (b). The blade surface continuously pushes the flow, and the pressure continues to rise, which is the pressure surface, as shown in Figure 8 (a). Propeller thrust is produced precisely because of the pressure difference between the two sides. Moreover, the pressure at the tip of the blade surface is the smallest, and the pressure on the blade back has been slowly decreasing, so that there is a pressure difference on both sides of the blade tip, forming a tip vortex, as shown in Figure 9.


[image: image]

Figure 8. Pressure nephogram of AU5-80 propeller



In addition, the pressure nephogram at section x = 0 of flow field is shown in Figure 9. The existence of pressure difference on both sides of the circumferential blade section makes the propeller subjected to a certain torque when rotating. And the speed nephogram at section y = 0 of flow field is shown in Figure. 10. It can be seen that the high-speed rotation of the propeller produces non-uniform acceleration on the flow field behind the propeller.


[image: image]

Figure 9. Pressure nephogram at section x = 0 of flow field



The pathlines diagram of propeller wake flow field is shown in Figure 11 when the advance ratio of J = 0.65. It can be observed from Figure 11 that the speed and direction of the water flowing through the propeller changes. With the distance from the blade, the change and influence of the blade rotation on the external flow field decreases rapidly, and the water area of the external flow field gradually returns to the original state. The flow condition of the flow field accords with the actual flow when the propeller is running.


[image: image]

Figure 10. Speed nephogram at section y = 0 of flow field




[image: image]

Figure 11. The pathlines diagram of propeller wake flow field



When the advance ratios of J = 0.2, 0.4, 0.65 and 0.8, the pathlines shape of water flowing through the propeller surface and the discharge vortex shape formed by their confluence at the following edge are taken successively, as shown in Figure 12. As can be seen from Figure 12, with the increase of the advance ratio, the pitch of the propeller wake also increases, so does the external diameter of the propeller wake, and the external diameter of the propeller wake is smaller than the diameter of the propeller. When J = 0.2, the diameter of the propeller is obviously larger than the external diameter of the wake, which reflects the strong suction effect of the propeller on the fluid under heavy load.


[image: image]

Figure 12. The pathlines diagrams of propeller wake flow field under different advance ratios



5.FLUID-SOLID COUPLING ANALYSIS OF THE PROPELLER

In fact, the operation case of propeller in water is a fluid-solid coupling problem, which needs to be analysed by combining fluid mechanics and solid mechanics. So that it can be found whether the stress and strain of the propeller meet the design requirements. The commonly used aluminium bronze QAl10-4-4 with good corrosion resistance and high strength is selected as the propeller material, and its physical parameters are shown in Table 5.


Table 5. Physical parameters of QAl10-4-4 aluminum bronze

[image: image]



According to Figure 7, for the whole advance range, the AU5-80 propeller generates the maximum thrust and consumes the maximum torque at the advance speed of 0.2625 m/s; that is, the propeller suffers the maximum stress at this time. Therefore, in order to reduce unnecessary analysis, only the stress and deformation of the propeller under the advance speed of 0.2625 m/s can be studied.

Considering that the propeller deformation is weak in reality and does not affect the fluid distribution, the unidirectional fluid-solid coupling is adopted. In other words, the flow field distribution is calculated first, and afterwards the pressure field parameters of the propeller wall are loaded on the solid structure of the propeller as a load to analyse the stress field. Specifically, in the collaborative simulation environment of ANSYS Workbench, the Fluent module is used to carry out the computational fluid dynamics analysis of the propeller, and the data obtained from the CFD analysis are transferred to the Static Structural module to load the fluid pressure field parameters corresponding to the propeller wall. Among them, the interpolation type of imported load is Mechanical-Based Mapping, and the interpolation method of imported pressure is Tabular Interpolation. Accordingly, the fluid-solid coupling analysis of the AU5-80 propeller is carried out, and the stress nephograms of the propeller’s blade back and blade surface are obtained as shown in Figures 13 (a) and (b), respectively, and the deformation of the blade surface are shown in Figure 14.
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Figure 13. Stress nephogram of AU5-80 propeller blades
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Figure 14. Deformation nephogram of blade surface



It can be seen from Figure 13 (a) that for a single blade back, the stress at the leading edge and trailing edge is small. In the middle area of the blade back, from the tip to the root, the stress at the blade back gradually increases, and the stress at the root reaches the maximum. It can also be seen from Figure 13 (b) that the stress at the trailing edge of the blade surface is small, and the stress on the blade surface increases gradually from the tip to the root, and the maximum stress at the root is 8.897MPa, which is far less than the yield strength limit of 343MPa of aluminum bronze QAl10-4-4 in Table 5, so the propeller meets the design requirements. This also shows that the stress at the blade root is more concentrated when the propeller is working, and the stress relief treatment at the blade root should be considered when designing the propeller structure to ensure that it has sufficient structural strength. According to Figure 14, the deformation of the propeller blade gradually increases from the blade root to the blade tip. The maximum deformation at the blade tip is 0.0614 mm, which is very small. The deformation at the tip is the largest because the thickness of the tip area is thinner, and small pressure will also produce certain deformation.

6.PROPELLER BOSS CAP FIN DESIGN

The Boss Cap Fin can improve the vibration performance and propulsion efficiency of the propeller. Several design parameters of Boss Cap Fins have been analysed before. The Boss Cap Fin diameter shall not exceed 33% of the propeller diameter. Generally, 0.25 - 0.3 times the propeller diameter is the best (Gaggero & Martinelli, 2021). The best axial installation position of the Boss Cap Fin is that the distance between the leading edge of the Boss Cap Fin and the trailing edge of the propeller blade is about 0.04 times the propeller diameter (Mizza et al., 2017). The best circumferential installation position is the midpoint of the extension lines of two adjacent front and rear blade roots, and its axial installation angle is close to the pitch angle of blade root ε (Majumder, et al., 2021). For the Boss Cap Fin section, many studies have used the NACA 66 airfoil (Mizza et al., 2017; Majumder et al., 2021; Xiong, et al., 2013). Although the NACA 66 airfoil can give better consideration to the performance of low drag and high lift limit, it cannot be ruled out that there are other favourable airfoil sections.

Eight different airfoils are selected to design Boss Cap Fins, including NACA 0012, NACA 0015, NACA 16-012, NACA 23012, NACA 4412, NACA 66-209, NACA 66(2)-215, and the new hydrofoil profile E836, as shown in Figure 15. The NACA airfoil is a series of airfoils developed by the National Advisory Committee for Aeronautics (NACA) and already widely used. The NACA four-digit airfoil is one of the earliest series airfoils developed by NACA for low speeds. This airfoil has a higher maximum lift coefficient and a lower drag coefficient than other earlier airfoils. The NACA five-digit airfoil is a series of low speed airfoil introduced after four-digit airfoil. The thickness distribution of this airfoil series is the same as that of the four-digit series, but there is a greater choice of parameters in the middle arc. The maximum camber position can be brought forward to improve the maximum lift coefficient and reduce the minimum drag coefficient, but the stall performance is poor. Among them, NACA 1 and 6 series airfoils have crescent shaped profiles and are low drag airfoils, which have better characteristics of delaying cavitation for hydrofoils and are more suitable for hydrofoils and propellers. NACA six-digit digital airfoil is a kind of laminar flow airfoil, which has low resistance characteristics within a certain lift coefficient range, and the effect is relatively good under non-design conditions. It also has a relatively high maximum lift coefficient and a relatively high critical Mach number. The E Series airfoil is a new hydrofoil profile airfoil and has better cavitation resistance than the NACA 16 and NACA 66 (mod) airfoil.

The initial geometric parameters of Boss Cap Fins based on AU5-80 propeller are shown in Table 6. The arrangement of Boss Cap Fins is shown in Figure 16. According to the two-dimensional cross-section data of eight airfoil types in Figure 16, it is processed by MATLAB to obtain the spatial data form that can be input into SolidWorks, and the corresponding Propeller Boss Cap Fins (PBCF) are designed accordingly.


Table 6. Design parameters of Boss Cap Fins
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Figure 15. Eight airfoil sections
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Figure 16. Boss Cap Fin arrangement



7.HYDRODYNAMIC ANALYSIS OF PROPELLER BOSS CAP FINS

The hydrodynamic analysis of the PBCF of these eight different airfoils is carried out by taking the same speed of 630rpm and the incoming flow speed of 1.575 m/s as the AU5-80 propeller, and the hydrodynamic performance of the AU5-80 propeller with PBCF and the original AU5-80 propeller without PBCF are shown in Table 7.


Table 7. Comparison of hydrodynamic performance of AU5-80 PBCF propeller and original AU5-80 propeller under different airfoil types
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According to Table 7, only the PBCF with NACA 4412 airfoil reduced the propeller propulsion efficiency by 1.7988%. This is because while the PBCF can increase the thrust generated by the propeller blades, the PBCF will also generate some reverse thrust. PBCF is advantageous only if the gain of the propeller by the PBCF is greater than the debuff. It is precisely because the reverse thrust generated by PBCF with NACA 4412 airfoil is greater than the thrust increment of propeller blade, which reduces the overall propeller efficiency. However, other airfoils all improve propeller efficiency, among which the increment of propulsion efficiency in descending order is as follows: NACA 0012 > NACA 23012 > NACA 66-209 > NACA 16-012 > E836 > NACA 66(2)-215 > NACA 0015. The PBCF with NACA 0012 airfoil has increased the thrust generated by the propeller by 3.2669%, and the resulting torque has also increased by 2.6588%, but the propulsion efficiency of the overall propeller has increased by 0.5923%. For the PBCF propeller of NACA 0012 airfoil, the flow field flow streamlines near the propeller hub wall at 0.6 advance coefficient is shown in Figure 17. At 0.6 advance coefficient, the flow streamlines near the hub wall of the original AU5-80 propeller is shown in Figure 18.
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Figure 17. Streamline diagram of PBCF propeller near the hub wall
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Figure 18. Streamline diagram of original AU5-80 propeller near the hub wall



It can be seen from Figures 17 and 18 that the streamline wake on the hub wall of the propeller with the PBCF is relatively stable, while the streamline wake passing the hub is relatively divergent at the hub of the original propeller without the PBCF due to the existence of the hub vortex. Therefore, the PBCF guides the water flow behind the hub cap, making the hub vortex diffuse and weaken. In this way, the resistance of the hub vortex to the blades will be reduced, which increases the thrust of the propeller. In addition, the water flowing from the hub generates torque in the same direction as the propeller’s rotation, so that the torque required by the entire PBCF propeller is reduced, thereby improving the propeller’s propulsion efficiency.

At the same time, the velocity nephogram of flow field section of PBCF propeller and the original AU5-80 propeller at 0.6 advance coefficient are shown in Figures 19 and 20 respectively. It is observed that the speed of the water flow through the PBCF will be weakened quickly in Figure 19. For the propeller without the PBCF in Figure 20, the hub vortex will be formed after the water flow through the hub, and the whirl will be formed behind the hub. Therefore, this fin is also called a rectifier fin, which is used mainly to weaken the hub vortex.
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Figure 19. Velocity nephogram of PBCF propeller at the section y = 0 of flow field
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Figure 20. Velocity nephogram of original AU5-80 propeller at the section y = 0 of flow field



Then, the AU5-80 PBCF propeller based on NACA 0012 airfoil is selected as the research object to analyse the influence of PBCF chord length on the hydrodynamic performance of the propeller. Different PBCF propeller models are established by taking the PBCF chord lengths as 20 mm, 22.5 mm, 25 mm, 27.5 mm and 30 mm respectively. CFD analysis is carried out on them at 0.6 advance coefficient. The comparison between their hydrodynamic performance and that of the original AU5-80 propeller is shown in Table 8.


Table 8. Influence of chord lengths on hydrodynamic performance of PBCF propellers
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It can be seen from Table 8 that when the chord length is less than 27.5 mm, the propeller efficiency decreases, but the decrease is weak. And as the chord length increases, the decrease in efficiency becomes weaker. When the chord length is 30 mm, that is, the chord length is 0.12 times the diameter of the propeller, its efficiency is improved. That is to say, the PBCF with too short chord length will weaken its weakening effect on the hub vortex, and even reduce the propeller efficiency.

Therefore, the NACA 0012 airfoil section and the chord length of 30 mm are taken as the basic parameters, and different PBCF propeller models are established by taking different longitudinal angles to analyse the influence of the longitudinal angle of the PBCF on the hydrodynamic performance of the propeller. The longitudinal angle is taken as 0°, 2.5°, 5°, 7.5°, 10°, 12.5° and 15°. The hydrodynamic performance of PBCF propellers with different longitudinal angles is compared with that of the original AU5-80 propellers by CFD analysis, as shown in Table 9.


Table 9. Influence of longitudinal angles on hydrodynamic performance of PBCF propellers
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It can be seen from Table 2.11 that these kinds of longitudinal angles have improved the propeller efficiency to varying degrees, and the propeller efficiency is the highest when the longitudinal angle is 0°. There are other longitudinal angles that are more beneficial to improve the efficiency, such as 12.5°, 10° and 7.5°.

In order to analyse the influence of PBCF parameters on propeller performance more comprehensively. Here, based on these optimal parameters, the NACA 0012 airfoil section, 30 mm chord length and 0° longitudinal angle. The influence of different PBCF radius on propeller performance is studied. Different PBCF propeller models are established by taking the ratio of PBCF radius to propeller radius as 0.2, 0.22, 0.24, 0.26, 0.28, 0.3, 0.32 and 0.34 respectively. CFD analysis is carried out on them at 0.6 advance coefficient. The comparison between their hydrodynamic performance and that of the original AU5-80 propeller is shown in Table 10.


Table 10. Influence of radius ratios on hydrodynamic performance of PBCF propellers
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As can be seen from Table 10, the propeller efficiency is improved when the ratio of PBCF radius to propeller radius is within the range of 0.2 - 0.3, and the propeller efficiency increases the most when the radius ratio is 0.3. However, when the radius ratio is 0.32 and 0.34, the propeller efficiency is reduced. This also confirms that the radius of the PBCF should not exceed 0.33 times the radius of the propeller.

According to the analysis of the influence of PBCF airfoil section, chord length, longitudinal angle and radius parameters on propeller performance, some optimal parameters can be obtained, that is, when NACA 0012 airfoil section is adopted, chord length is 30 mm, longitudinal angle is 0°, and PBCF radius is 0.3 times the propeller radius, PBCF propeller has the highest efficiency.

8.CONCLUSIONS

In order to characterise the blade profile characteristics, the atlas method uses nine blade profile profiles, and OpenProp modelling uses 21 blade profile profiles and seven blade guidelines. In this paper, propeller modelling using PropCad is proposed, and 56 blade surface curves extending from blade tip to blade root are used to describe the blade profile characteristics more completely. Taking AU5-80 propeller as an example, the whole process of propeller modelling is described.

So as to further verify the reliability of PropCad modelling, a hydrodynamic analysis of the AU5-80 propeller is carried out. First of all, the CFD computational domain is established, which includes a static domain divided by a hexahedral structure mesh and a rotating domain with propeller divided by a tetrahedral unstructured mesh. Secondly, the mesh independence is verified using an MRF model, the y+ value distribution of propeller wall is mostly maintained between 6.69 and 21.0, which meets the calculation requirements of y+ value under Scalable Wall Functions. A fine mesh level about 8.5 million grids is selected as CFD calculation grids. Afterwards, the simulation results using three turbulence models are compared with an advance ratio of J = 0.6, and the Realizable k-ε turbulence model with the best effect is selected. The propulsion efficiency error is 6.6137%, which is in good agreement with the experimental data. Finally, a complete CFD calculation model is established.

The hydrodynamic analysis results of the AU5-80 propeller under different advance ratios are compared with the open water test data. It is found that the simulation results are in good agreement with the experimental data, and the trend of hydrodynamic performance curve is consistent. The distribution of the pressure difference between the pressure surface on the blade surface and the suction surface on the blade back is observed vividly. It is pointed out that the pressure difference produces the propeller thrust and torque. The high-speed rotation of the propeller produces non-uniform acceleration on the flow field behind the propeller. The pathlines variations of propeller wake field are observed. It is emphasized that the propeller has a strong suction effect on the fluid under heavy load. Then, Aluminum bronze QAl10-4-4 is used as propeller material to conduct the fluid-solid coupling analysis of the propeller. The results show that the stress field nephogram and deformation nephogram of propeller meet the requirements of material strength. Therefore, it is proved that the CFD calculation model is accurate and the PropCad modelling is reliable in this paper. It is the foundation for the optimization design of propeller structure in the future.

Through the design and analysis of the PBCF, some optimal PBCF parameters are obtained, namely NACA 0012 airfoil section, 30 mm chord length, 0° longitudinal angle, and 0.3 radius ratio of the PBCF. Under these optimum parameters, the propeller thrust can be increased by 3.2669%, and the corresponding torque will also be increased. In a word, the propulsion efficiency of the PBCF propeller is improved. This is mainly due to the diversion effect of the PBCF on the flow field behind the hub, so that the hub vortex is diffused and weakened, and the resistance generated by the hub vortex on the blade is reduced, thus increasing the propeller thrust. In addition, the direction of torque generated by the PBCF is the same as the turning direction of the propeller, which relatively reduces the torque of the propeller, thus improving the efficiency of the propeller.
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