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Abstract


The present work presents numerical research on the wake flows behind a propeller operating under three advance coefficients. Large eddy simulations are adopted to obtain the viscous flow information behind the propeller. In particular, the study highlights the comparison of the evolution characteristics and the flow physics within the propeller wakes with three advance coefficients. The predicted global force and moment coefficients and phase-average statistics of streamwise velocity agree well with the available experimental data. Compared to all other flow structures in the wake, the tip vortices are found to play the most significant role according to the results. During the pairing process of adjacent tip vortices, the tip vortices diffuse circumferentially, leading to enhanced mutual-induction effects. When the advance coefficient is low, the wake becomes distorted, and the pairing process takes place in the middle region of the flow field. As a result of their unstable motion, the four tip vortices generated by the propeller cannot be distinguished individually in the far field. Instead, they break down into smaller vortices and tend to distribute themselves uniformly in the azimuthal direction. The increase in the advance coefficient delays the pairing process. This study offers valuable insights for the design and optimization of marine propellers.






Keywords:


LES; numerical research; propeller wake; pairing process












1. Introduction


With the introduction and enforcement of maritime regulations by international and domestic associations, conventions, and major classification societies in recent years, the performance of large aquaculture workboats throughout their lifecycle, including design, construction, and operation, has been significantly impacted. The designers of large aquaculture workboats are increasingly focusing on ship performance design that meets regulatory standards, including ship speed related to energy efficiency guidelines, maneuverability and stability related to minimum safe power guidelines, and ship radiated noise related to underwater radiated noise guidelines [1,2,3,4,5,6]. As the requirements of regulatory standards continue to increase, ship refinement design technology based on sophisticated computational models and experimental evaluation methods becomes more important. In the context of the shipbuilding industry’s emphasis on green ship design concepts, there is a growing need to study the details and fundamental issues of fluid motion that cause macroscopic changes in ship hydrodynamic performance. Thus, the demand for ship refinement design and optimization concepts based on the motion of water particles around ships and the flow state of the viscous flow field around ships is becoming increasingly prominent [7,8,9,10,11].



The measurement and precise acquisition of flow field details can record in detail the phenomena that cannot be observed by the naked eye, and they present a large amount of physical field information. Through the repeated observation and analysis of scientific research and design personnel, effective improvement methods and design ideas for ship design and optimization can be formed. After breaking through the scale constraints of time and the physiological structure, the detailed flow information and characteristics that reflect the macroscopic integral quantity changes can be observed. This is the scientific significance of fine flow field measurement and one of the most important ways to understand the world and major scientific innovations. The study and analysis of ship navigation performance from the perspective of flow details and flow mechanics are increasingly valued by researchers in various countries. Researchers hope that the study of flow field mechanics can reveal the inherent reasons for changes in hydrodynamic integral macroscopic quantities related to force, displacement, angles of rotation, amplitude, response, sound levels and other aspects involved in ship navigation performance [12,13,14,15].



Propellers have been extensively used in vessels sailing in inland rivers and costal environments. Numerous studies focus on the hydrodynamic performance of propellers, and research on the mechanisms of wake instability has attracted the most attention [16,17,18]. This is because vibration, noise and structure are important problems related to propeller wake evolution.



Particle image velocimetry (PIV) is an optical-based flow visualization measurement method that is widely used in education, scientific research and other fields. PIV is a non-intrusive flow velocity measurement technique used to measure transient flow velocities and velocity-derived parameters. During the measurement process, tracer particles that are small enough and have good flow-following characteristics are seeded into the fluid for particle tracking. The flow field with tracer particles is recorded by an image acquisition module. Through computer image processing and velocity solving algorithms, the velocity and direction of the fluid being measured are finally obtained. PIV technology was originally based on the dual-image exposure of particle motion in the fluid using film photography techniques. The characteristics of propeller wake have been experimentally investigated using the PIV method. In order to analyze the viscous wake behind the propeller blade within a cavitation tunnel, Di Felice et al. [19] integrated the longitudinal progression of the wake using PIV equipment with a proposed image analysis algorithm. The hub and tip cortices were found to be unstable, and their breakdown mechanism was reported by the researchers. Through the application of detailed time-resolved visualizations and velocity estimations, the study investigated the influence of the separation distance between spirals on the transitional instability of both the hub vortices and propeller tip vortices within the evolving trajectories of the wake system [20]. In this study, the distance between tip vortex spirals was found to play important roles in mutual inductance effects. The mechanisms governing the development of the propeller vortices were excavated using time-resolved 2D-PIV for the first time by Felli and Falchi [21]. Their research offered a comprehensive understanding of the fundamental mechanisms that govern the initiation of wake instability, along with the intricate sequence of processes that facilitates the organization and interaction of various vortex formations; they found that the far-field evolution of the wake exhibits deterministic behavior at the macroscopic scale. The experimental outcomes captured by PIV were contrasted with the numerical findings from the wake produced by a propeller on a generic submarine functioning in close proximity to the surface, as reported by Wang et al. [22]. They found that the free surface significantly affects the inception of propeller wake instabilities, producing less coherent vortex structures on the top of the propeller wake. In the work by Friedhoff et al. [23], a novel hardware design was merged with the Shake-the-Box algorithm to create a volumetric particle tracking velocimetry method. The researchers validated the outcomes pertaining to the wake produced by a ducted propeller under bollard pull conditions, employing traditional 2D3C PIV. Additionally, they found that the newly implemented technique is suitable for phase-averaged evaluations, and it also offers advantages for the examination of three-dimensional flow dynamics.



Computational fluid dynamics (CFD) is an important numerical method for the study of the viscous flow field and hydrodynamic performance of ships. It can provide rapid, accurate and low-cost predictions of ship hydrodynamic performance and comprehensive and detailed flow field information, which complements the shortcomings of physical water tank experiments. Combining CFD with model experiments can greatly reduce the number of model experiments, reduce testing costs and shorten the research and development cycle. Therefore, the combination of model experiments and numerical calculations has always been considered a reliable and reasonable method for the study of ocean engineering problems.



CFD is a powerful engineering and scientific research tool that utilizes numerical methods and high-performance computers to model and analyze the fluid flow. The core of CFD is to simulate the behavior of fluids under various conditions. This enables researchers to study and predict fluid flow phenomena without conducting experiments. The utilization of CFD has become prevalent in the numerical analysis of the flow information behind rotating propellers. Kumar and Mahesh [24] examined the flow patterns in a five-bladed marine propeller based on large eddy simulation (LES). Their primary emphasis was on evaluating both phase-averaged and azimuthal-averaged wake properties. Their research uncovered a mechanism of instability based on mutual induction between the trailing edge vortices and tip vortices. The propeller wake dynamics were analyzed by Sun et al. [25] to examine the physics using detached eddy simulations (DES). They found that the azimuthal diffusion of vorticity plays a vital role in mutual inductance effects, and the alternating strong and weak vortex structures appearing downstream of the propeller signify the onset of instability. Large eddy simulation was employed to numerically investigate the loads exerted on the hydrofoil functioning behind the propeller, with consideration given to both the propeller wake and the collision of the hydrofoil [26]; they found that significant enhancements in stress levels can be achieved for rudders operating within the wake generated by upstream propellers. DES was employed to contrast the propeller vortex formation under different conditions, using numerical evaluation. Vortex topologies were exposed under different loading conditions, and they demonstrated that the pronounced interference effects led to the premature collapse of the vortex system, thereby preventing the tip vortex pairing process from occurring [27]. In their study, Posa [28] replicated the wake produced at distinct propulsive coefficients based on the LES method. The objective of the study was to investigate the impact of the propeller’s rotational velocity on the formation of the tip and hub vortices. The findings elucidated the correlation between pressure minima, instability and the initial decay of turbulence, all of which were influenced by the rotational velocity.



The preceding literature review demonstrates that the utilization of the CFD technique in the numerical modeling of propeller wakes is faced with the challenge of expensive computational resources resulting from the accurate capture of the fine vortex structure, because the numerical simulation of the propeller wakes needs a high-resolution turbulence model utilizing a minute time interval and high grid resolution to solve the numerical dissipation problem of downstream vortex structures and to accurately capture the vortex strength. Furthermore, the utilization of distinct CFD techniques is necessary to capture diverse wake features, leading to varying computational expenses. For example, if the wake field’s phase-averaged physical quantities are exclusively taken into account, the unsteady RANS method’s outcomes are frequently in agreement with the PIV tests. However, the complex nature of the process requires the use of DES or LES approaches to precisely represent the detailed vortex formations, which requires a high temporal and spatial resolution. The hybrid LES/RANS (like DES) method is very popular and most commonly used in the study of rotor wake instabilities. The available literature seldom studies the propeller wake dynamics (from the near to far field) in detail, pointing to the destabilization mechanisms using the LES method. This study conducted LES simulations of a marine propeller functioning in unrestricted water environments, utilizing an overset technique, at two distinct advance coefficients. A comprehensive analysis of the wake dynamics was conducted, comparing the topological features under varying working conditions.




2. Research Model


The form and physical evolution of propeller wake vortices are greatly related to the working conditions and propeller geometry. Propellers with different geometric parameters can generate wake systems with varying strengths of vortex components. Selecting specific standard models is beneficial in conducting both qualitative and quantitative numerical verification work. The test geometry was the E779A propeller, which was designed at CNR-INM. This propeller was designed to generate tip vortices with high strength, making it suitable for the examination of wake development traits. Furthermore, there are extensive numerical [29,30,31,32] and experimental studies of the selected propeller [19,20,21]. There are numerous available public experimental and numerical data for validation and verification. Figure 1 shows the geometric model and reference coordinate system. The geometry details of the E779A propeller are summarized in Table 1.




3. Numerical Simulation


3.1. Numerical Method


CFD technology is based on the fundamental laws of physics, which include the conservation of mass, momentum and energy. In this study, the medium water is treated as an incompressible Newtonian fluid with negligible heat exchange, so the energy conservation equation can be ignored when constructing the basic equations. The filtered N-S equations under incompressible-flow conditions are numerically solved based on the LES method to carry out the simulations.


  ∇ ⋅   u ˜   = 0  



(1)






    ∂   u ˜     ∂ t   + ∇ ⋅   u ˜   u ˜   = − ∇  p ˜  − ∇ ⋅  τ  +  1  Re    ∇ 2    u ˜    



(2)




where    u ˜    and   p ˜   are the filtered velocity vector and filtered pressure scalar, respectively. The first term in Equation (2) is the time derivative of    u ˜   . Re is the Reynolds number. The subgrid-scale (SGS) stress tensor   τ   is defined as    τ  =    u u   ˜  −   u ˜   u ˜    . It should be noted that only large-scale flow structures are solved. In the present work, the WALE model is selected to model the flow structures on a small scale. The WALE model can provide accurate scaling at solid wall boundaries automatically. The precision and stability of the WALE model have been validated for the computation of complex flows across a variety of scenarios [33,34], including propeller wake instabilities [24,35].



The numerical solution of partial differential equations in the computational domain can be classified into three different discretization methods based on the distribution of the assumed dependent variable among the nodes and the expression form of the discretized equations. The finite volume method (FVM) has been employed in recent years due to its excellent computational efficiency. OpenFOAM, a freely available CFD C++ code repository, is used in this study to solve the partial differential equations governing the propeller wake flows. OpenFOAM solves the three-dimensional Navier–Stokes equation on unstructured grids using FVM. The PISO algorithm is employed to address the pressure–velocity coupling issue. The propeller motion is achieved by the dynamic overset grid method [36,37,38]. To cause the propeller to advance 1° degree per step, an unsteady simulation time step is chosen.




3.2. Computational Details


The rotating domain, which spins with the propeller, is a cylinder possessing a diameter of 1.5D and extending 0.35D in both the upstream and downstream directions. The computational domain’s dimensions are selected to avert blockage effects. The size of the computational domain is selected according to references [25,39,40].



The spatial discretization of the computational domain is achieved through unstructured grid techniques. In order to achieve a higher resolution in the propeller wake and emphasize turbulence details, a refined mesh is created. Figure 2 depicts the mesh details, such as the hub and tip vortex refinements. The wall y+ < 1 is satisfied on the propeller blades and the hub, and there are 48 million cells in total. Within the grid refinement area of the tip vortex, the smallest grid size constitutes approximately 1.5% of the characteristic length at 0.7R of the propeller blade, translating to 1.3125 mm. Conversely, the largest grid size equates to the entire chord at the same location, or 86 mm. The Reynolds numbers are 4.3 × 105 for the condition of J = 0.38 and 7.4 × 105 for J = 0.65, respectively. A grid with the same number of grid points as those in References [39,40,41,42,43,44] is used, and it is finer than the grid used in Reference [45]. For the current calculations, simulations are carried out for 30 propeller rotations, with the last 20 being used for time-averaged statistics. Since the time step is selected to allow the propeller to advance 1° per step, the results of 7200 time steps are taken into consideration for the time-averaged analysis.



The RANS simulation is utilized to decipher the initial flow fields, after which the transient LES simulation is initiated using the corresponding RANS results.




3.3. Numerical Validation


Three distinct working conditions are taken into account during this evaluation. The definition of the advance coefficient is shown below:


  J =  U  n D    



(3)




where U is the free stream velocity and n is the propeller rotating speed in revolutions per second. Thrust and torque coefficients can be readily calculated from the numerical findings. The definitions are shown below:


   K t  =  T  ρ  n 2   D 4     



(4)






   K q  =  Q  ρ  n 2   D 5     



(5)




where T and Q are the propeller thrust and torque, respectively. Figure 3a compares the experimental results and CFD of open-water curves. The mean thrust and torque coefficients of the numerical simulation results and experimental results [46] fit well in general, with a mild overestimation of the torque coefficient for CFD under the heavy loading condition.



The phase average for a general quantity f, which depends on both space and time, is defined as follows:


  < f > =  1 m    ∑  i = 1  m   f   x , y , z ,  t 0  +   i − 1   ϵ n        



(6)







The total number of snapshots captured when the propeller blades pass the same azimuthal position is denoted by m. The sampling starting time, t0, occurs after the propeller wake has fully developed. As demonstrated in Figure 3b, the experimental outcomes [19] align well with the numerical findings.



The aforementioned analysis of the propeller wake validates the numerical approach utilized in the present work, indicating that the modeling and mesh generation are suitable for research on propeller wake instability.



Building on the work of References [47,48], the two-grid assessment procedure is employed to conduct the uncertainty analysis. This method has been widely utilized to evaluate grid convergence and numerical uncertainty in DES and LES simulations. The total numbers of grids for the two grid sets are 25 million and 48 million, respectively. The grid refinement ratio between the two grid sets is expressed as


  r =        N fine     N coarse        1 / d    



(7)







In this equation, N represents the total grid count, while d corresponds to the simulation dimension. The error of the results calculated by the fine grid is computed as


  E =    f 2  −  f 1    1 −  r p     



(8)




where f1 and f2 denote the results computed through the fine and medium grid sets, respectively, and the formal order of accuracy is denoted as p (p = 3). The numerical uncertainty can be obtained by


   U N  =  F S  | E |  



(9)




where    F S    denotes the safety factor, which is equal to 3.



The numerical uncertainties for the numerical simulation at different conditions are presented in Table 2. The numerical uncertainties for the two loading conditions are all less than 2%.





4. Results and Analysis


To examine the development of the wake features, several probes Pi (i = 1–6) are set at z/R = 0.95 vertically and x/R = 0.4, 0.8, 1.6, 2.4, 3.2 and 4.4 axially, with R signifying the propeller radius. The time series of the streamwise velocity under two advance coefficients are presented in Figure 4, where the streamwise velocity at probes P1, P3 and P6 is recorded after the computation is stable. In general, it can be observed that the most significant fluctuations in the streamwise velocities occur over time on the probes near the propeller plane. This is accompanied by the appearance of the simplest fluctuation frequency components, which means that the wake vortex is strong and coherent. Away from the rotating center, the frequency components of the fluctuations become more complex. This suggests that the wake vortex loses stability gradually with the increasing distance from the propeller center. Compared to the condition with a high advance coefficient, the streamwise velocity fluctuation amplitude on the same probe is larger at J = 0.38, and the frequency components of the fluctuations are more complex. This implies that the tip vortex is more susceptible to destabilization during downstream evolution under the low advance coefficient. The streamwise velocity fluctuations on probe P6 exhibit complete irregularity, along with intricate frequency components, which suggests the discretization of the vortex system behind the rotating propeller.



Figure 5 presents the pressure distribution on the blades under two advance coefficients. The difference in the pressure with a low advance coefficient is larger, indicating that the propeller takes a larger axial thrust force at the heavy loading condition. Figure 3a also shows consistent results. For J = 0.38, relatively lower pressure is observed at the leading edge. The region at the blade root marks the higher pressure distribution, indicating the shedding of the different vortices, such as the tip vortices, root vortices and trailing edge vortices. The same pressure distribution can be observed on the pressure side for the condition of J = 0.65, but the amplitude of the pressure is smaller, suggesting the production of a weaker vortex system. Some strips appear on the pressure side, which suggests that strong trailing vortices are generated. The pressure distribution is relatively concentrated on the pressure side. Higher and lower pressure is identified and is contrary to the results of the pressure side, which is the source of axial propulsion forces.



For various operational states, Figure 6 displays the time-averaged vortical patterns of the propeller. To depict the vortex structure, the Q-criterion iso-surface is utilized.


  Q = −  1 2          ∂ u   ∂ x      2  +       ∂ v   ∂ y      2  +       ∂ w   ∂ z      2    −     ∂ u   ∂ y     ∂ v   ∂ x   +   ∂ u   ∂ z     ∂ w   ∂ x   +   ∂ v   ∂ z     ∂ w   ∂ y      



(10)







The three-dimensional vortical structure in time-averaged terms is obtained through the temporal averaging of the physical quantity Q, following the full development of the wake. It must be noted that the rotating domain is unable to provide stable time-averaged statistics; hence, the time-averaged vortical structure only represents the flow state within the stationary background domain. The three-dimensional vortical structure, when time-averaged, can reflect the trajectory and envelope of the propeller’s wake vortex evolution, which holds significant importance for the study of wake instability. For the condition of J = 0.38, a regular tube-like vortical structure is produced; this suggests that the vortex remains relatively stable within the immediate wake region. In addition, the wake tube contracts noticeably due to flow acceleration. As the wake continues to evolve downstream, the shape of the wake tube becomes distorted with significant protuberance because the middle region experiences significant instability in the vortex motion. The mean structure of the tip vortices is unable to form a wake tube in the far field and presents small-scale vortices; this implies that the flow coherence becomes weak. In the case of J = 0.65, for a considerable distance downstream, the propeller wake maintains a consistent tube-like profile and the protuberance only occurs in the far field, suggesting that the flow exhibits stability in the near and middle fields and starts to show elliptic instability only in the far field. Additionally, it is important to note that the time-averaged trailing edge vortex, as well as the root vortex structure, are not shown in Figure 6. This absence is attributed to the weak trailing edge vortex structure generated by the current propeller geometry, which quickly becomes unstable in the near field. The folds on the vortex tube mark the onset of elliptical instability, serving as an indicator of the initiation of instability within the tip vortex system. From the figure, it can be observed that the elliptical instability is noticeable in the near field when J = 0.38, whereas it is only observable in the mid to far field when J = 0.65. This also signifies that the delay in the occurrence of vortex system instability under light load conditions is related to the deferred onset of elliptical instability.



Figure 7 shows the vortical structures colored by the velocity magnitude. Compared with J = 0.65, the topology of the propeller wake structure under J = 0.38 is more complex, exhibiting a rich range of turbulent scales and vortex instability behaviors. The behavior of the vortex during high loading conditions is noticeable, with four helical tip vortices emerging from the propeller blade tips. These vortices interact to form an exceptionally stable and uniform vortex pattern within the immediate vicinity field. Elliptical instabilities become apparent as the wake progresses downstream. Additionally, the adjacent tip vortices exhibit pairing behavior resulting from the mutual induction effects between them. As the wake travels further downstream, the elliptical instabilities within the tip vortices rapidly intensify. This process leads to eventual disintegration. The ultimate result is the formation of a vortex with a consistent distribution pattern. When operating under a light loading condition, the wake system exhibits a regular helical structure that remains coherent even at great distances downstream. However, the far-field region presents the emergence of elliptical instabilities and tip vortex pairing. Irrespective of the loading conditions, the hub vortex structure of the propeller displays greater stability than the tip vortex structure.



To better investigate the mechanism behind instantaneous propeller wakes, the turbulent kinetic energy (TKE) and the non-dimensional pressure are depicted in Figure 8. The intensity of the tip vortex cores can be inferred from the gradients of the pressure and turbulent kinetic energy. The tip vortex evolution can be identified from these physical quantities. For J = 0.38, the tip vortices represented by these two physical quantities experience contraction in the near field, which is consistent with what is described in Figure 6. Within the middle region of the wake, the mutual induction is pronounced, leading to pairing behavior. Interestingly, the vortex pair near x/D = 1 shows that the paring behavior characterizes one weak and one strong vortex and is accompanied by the diffusion process, which is more pronounced in the pressure field. Negative pressure in the propeller wake refers to pressure that is lower than the surrounding atmospheric pressure. This occurs due to the movement of the propeller blades, which displace water and create a flow pattern, resulting in areas of high pressure and low pressure (negative pressure). This is a key element in how propellers (and wings) generate lift, due to Bernoulli’s principle. In the wake of the propeller, this negative pressure can cause vortices. The negative pressure can draw surrounding water into these vortices, contributing to the overall wake turbulence experienced behind a propeller.



The TKE fields demonstrate that the energy within the wake decreases as it progresses. The instability emerges within the far-field region subsequent to the breakdown. When compared with heavy loading conditions, the case of J = 0.38 experiences a delayed pairing process. Despite this, the wake remains relatively stable and regular within both the near- and far-field regions. As two vortex pairs are formed within the far field, the pitch between adjacent vortices increases accordingly. It can be inferred that the tip vortices will not merge into one vortex because the increased pitch weakens the mutual inductance effect.



Figure 9 offers a comprehensive visual depiction of the wake. This representation is achieved by contouring the magnitude of the Lamb vector, providing a detailed insight into the intricate patterns formed. The near field exhibits local maxima indicating the signatures of vortices, with the latter being the most dominant feature throughout the wake. The wake distortion occurs at x/D = 0.8. In the far field, at x/D = 1.6 and 2.2, the four tip vortices become indistinguishable due to their instability motion, and they completely break down into small-scale vortices that tend to be evenly distributed circumferentially.



The magnitude of the Lamb vector decays faster downstream for J = 0.65. The vortex system displays a stable and simple topology in the downstream region, with the pairing of adjacent tip vortices causing circumferential diffusion and enhancing mutual induction effects.



It should be noted that these probes are set in the trajectory of the wake to accurately capture the wake dynamics [49,50,51,52]. The pressure box plots recorded by typical probes for both advance coefficients are shown in Figure 10, which displays the fluctuations and mean values of the pressure signals. It can be observed that the mean values of pressure remain almost constant with the increasing downstream distance under both loading conditions, suggesting the persistence of the pressure during wake evolution. The probes in the downstream region record different fluctuations in pressure, which indicate different flow features. For J = 0.38, the fluctuation pressure is most significant in the near field at P1 and P2, where the tip vortices are of strong coherence and intensity. The largest pressure fluctuation occurs at P2, where the vortex pairing phenomenon is significant. However, the same location with the most remarkable pressure fluctuation is P3 for the light loading condition, where the pairing behavior takes place in Figure 9. The pressure fluctuations decrease with increasing downstream distance, which can be attributed to the loss of coherence in the vortex system.



Figure 11 presents the power spectral densities (PSDs) of the pressure signals recorded at various probes downstream. The PSD analysis of the pressure signals provides valuable insights into the instabilities of the tip vortices [53,54,55,56]. Remarkably, the calculations accurately reproduce this slope, affirming the numerical methods’ reliability and the grid resolution’s ability. Notably, the amplitudes of the PSDs of the pressure signals gradually decrease with increasing downstream distance, irrespective of the loading conditions. In the near field, the PSD analysis reveals prominent peaks, indicating the higher coherence of the tip vortex system. However, as the downstream distance increases, the amplitudes of the PSDs gradually diminish, and the coherence diminishes as well. Under heavy loading conditions, the PSDs exhibit weaker and higher-order peaks compared to the light loading condition, suggesting an earlier loss of coherence in the tip vortex system. Moreover, as the vortex system evolves downstream, the dominant frequency transitions from the blade frequency to 0.5 fbp, signifying the occurrence of tip vortex pairing. This transition is observed at P2, which aligns with the conclusion presented in Figure 10.



The velocity fluctuations’ statistics are analyzed. Figure 12 presents the joint probability density functions (PDFs) of the streamwise and vertical velocity fluctuations under different loading conditions. To examine the wake’s near and middle fields, velocity fluctuations at probes P1 and P6 are recorded. The velocity’s standard deviation is represented by σ. In the near field, the joint PDF distributions exhibit an ellipse-like pattern, with the major semiaxis oriented in the first and third quadrants. This pattern is due to the stable topology. Notably, the joint PDF distributions at P1 are highly concentrated due to the coherent structure. For the lower advance coefficient, the joint PDF distribution at P6 shows a broad range of scatter distribution, indicating the homogeneous distribution of the tip vortex after breakdown in the far field. However, the joint PDF distribution at P6 is still concentrated at some specific trajectories under the light loading condition, suggesting the tip vortices’ coherence.



A numerical simulation of the propeller wake under J = 0.88 is carried out. The grid system is refined within a 9D range downstream of the propeller, with a total grid count reaching 82.5 million, with the aim of further exploring the instability mechanisms of the full-field propeller wake.



Figure 13 depicts the instantaneous propeller wake vortex system at J = 0.88 as captured by the large eddy simulation. This visualization reveals the evolution of the propeller wake vortex structures from their genesis in the near field to their dispersion in the far field. The wake vortex system is primarily composed of four robust tip vortices along with a central hub vortex [57,58,59,60,61,62]. In the near field, the tip vortex exhibits a well-ordered topological structure marked by strong coherence. However, as the tip vortex advances downstream, it begins to show signs of short-wave instability within its structure. This instability, compounded by the growth of elliptic instability and secondary vortex structures, leads to the breakdown of the tip vortex system into smaller-scale vortices in the mid-field. This breakdown results in a rapid loss of coherence. In the far field, the tip vortex system becomes entirely discretized, with a tendency towards a homogeneous distribution. Meanwhile, the coherence of the hub vortex remains more consistent compared to the tip vortex. Following the disintegration of the tip vortex system, the hub vortex begins to exhibit significant instability motions, which are discernible as circumferential oscillating motions.



Figure 14 presents the contours of the instantaneous out-of-plane vorticity, axial velocity and pressure fields. The vorticity contours in Figure 14a illustrate the evolution trajectory of both the tip vortex and hub vortex. In the near field, where x/D is less than 2, the tip vortex is evenly distributed and maintains a relatively regular shape. Progressing to the region between 2 and 3.8 of x/D, the tip vortex becomes unstable, with its topology becoming distorted and deformed. The emergence of small-scale vortices around the tip vortex signifies the generation of secondary vortices, aligning with the phenomena observed in Figure 13. When x/D exceeds 4, the tip vortex has entirely broken down into small-scale vortex structures. Substantial destabilization of the hub vortex structure only occurs once x/D surpasses 5.4. The axial velocity contour in Figure 14b depicts a wake significantly accelerated by the propeller’s rotation. This acceleration of the flow induces a degree of contraction in the wake. It is worth noting that the axial velocity contour exhibits some radial diffusion in the far field, attributable to the destabilization of the downstream wake and energy dissipation. Lastly, Figure 14c provides data on the pressure field within the propeller wake, further highlighting the evolution of the tip and hub vortices. The pressure field also reveals the instability motion of the hub vortex following downstream destabilization, mirroring the phenomenon portrayed in Figure 13.



Figure 15 presents the instantaneous axial, azimuthal and radial velocities at various downstream locations, which contribute to a more profound understanding of the wake evolution’s flow dynamics. In the near field at x/D = 1, the wake displays a fairly regular topology, reflecting the local physical quantity distribution of the four tip vortices. These are uniformly distributed in the circumferential direction, signifying a coherent and relatively stable tip vortex topology. However, the trailing edge vortex is noticeable for its destabilization and distortion, especially evident in the streamwise velocity field. At the cross-section of x/D = 3, substantial viscous dissipation is visible within the wake field, and the intensity of each physical field is diminished. The trailing edge vortex distortion becomes more pronounced, most prominently in the axial velocity field. The occurrence of elliptical instability and the emergence of secondary vortices lead to the formation of small-scale turbulent structures surrounding the tip vortex. The primary tip vortex topology, destabilized due to turbulent perturbations and tip vortex mutual inductance effects, shows a non-uniform circumferential distribution. Despite this, the instability motion of the four tip vortices is not significant, and thus their radial positions remain stable. At the x/D = 5 cross-section, the tip vortex loses coherence due to the influence of the secondary vortex and elliptical instability. The radial instability motion of the tip vortex results in an irregular shape of the vortex system. Finally, at the x/D = 7 cross-section, the tip vortex system disintegrates into small-scale vortex structures. The tip vortex structures associated with each physical quantity are virtually completely discretized, with small-scale turbulent structures rapidly intermixing. This leads to a tendency for the wake system to distribute homogeneously in the far field.



Figure 16 depicts contours demonstrating the magnitude of vorticity near the propeller blades under two distinct advance coefficient scenarios. These visual representations highlight the impact of the propeller geometry and its operational loading conditions on the distribution of vorticity within the wake. The vortex structures originating from the blade surface, evident in the contours, encompass tip vortices generated from the blade tips and trailing vortices produced from the blade trailing edges. These vortex formations demonstrate significant alignment with the geometric contours of the blade in the near-field region. Trailing vortices appear more pronounced at the blade root and less prominent at their intersection with the tip vortices. Under high-load scenarios, the vorticity magnitude and its distribution widen, consequently resulting in a more compressed pitch within the tip vortex system.




5. Discussions


The improvement of propeller wakes through propeller design, consequently enhancing various aspects of propeller performance, is an intricate and comprehensive issue. It requires the consideration of interrelated physical mechanisms, such as the evolution of the propeller wake and its association with propeller cavitation, noise, etc. The improvement of propeller wake behavior through propeller design may be contemplated from the following perspectives.



	(1)

	
The first step in improving the flow behavior is understanding the existing flow patterns and challenges.




	(2)

	
Improvements in propeller design can have a profound impact on flow behavior. Key considerations include the following.




	(a)

	
Blade Shape: Modifying the shape of the blades can alter the flow patterns to reduce turbulence and cavitation. Airfoil profiling and chord distribution can be adjusted to enhance the flow.




	(b)

	
Blade Number: Increasing or decreasing the number of blades can affect the flow pattern and efficiency, but this needs to be optimized for specific applications. Increasing the number of propeller blades can augment the pitch of the tip vortex system, thereby attenuating the mutual inductive effects between adjacent tip vortices and consequently delaying the breakdown of the wake vortex system behind the propeller.




	(c)

	
Pitch Control: Adjusting the pitch of the blades (either fixed or variable pitch) can give better control over the flow behavior across different operating conditions.




	(d)

	
Tip Design: Modifying the tips of the propellers, such as adding winglets, can reduce the tip vortices and energy loss, thus reducing drag and improving efficiency.




	(e)

	
Material Selection: Choosing materials that resist cavitation damage and provide the desired flexibility and strength.




	(f)

	
Surface Roughness: Polishing or applying coatings to reduce the surface roughness can minimize friction and turbulent flow.














6. Conclusions


In this study, the mechanisms that contribute to the destabilization of a propeller wake under two distinct loading conditions were studied. The hydrodynamic characteristics of the wake through the downstream pressure distribution, Lamb vector magnitude, pressure signals in the time and frequency domains and turbulence energy distribution were explored. The simulations provided accurate predictions of forces and moments, along with phase-averaged statistics of the streamwise velocity, which aligned well with the existing literature data. Additionally, the calculations exhibited a −5/3 slope, as predicted by Kolmogorov theory, indicating the faithful representation of the fluid behavior across a broad range of scales and frequencies. The key conclusions are summarized as follows.



	(1)

	
Tip vortices emerge as the dominant structures within the propeller wake, surpassing all others. The pairing of adjacent tip vortices coincides with the circumferential diffusion of vortices, leading to enhanced mutual induction effects.




	(2)

	
The instability, compounded by the growth of elliptic instability and secondary vortex structures, leads to the breakdown of the tip vortex system into smaller-scale vortices in the mid-field. This breakdown results in a rapid loss of coherence.




	(3)

	
In the far field, the tip vortex system becomes entirely discretized, with a tendency towards a homogeneous distribution. Meanwhile, the coherence of the hub vortex remains more consistent compared to the tip vortex.







This study significantly enhances the understanding of the complex processes involved. This newfound knowledge is valuable for the design and optimization of marine propellers, allowing for improved efficiency and performance in various operational scenarios. Future research should focus on the vortex–cavitation interaction in propeller cavitation wakes, which is commonly encountered in blunt body flow around hydraulic machinery and marine propellers. This two-phase flow problem involving the interaction of cavitation with turbulence is a cutting-edge fundamental issue in fluid mechanics.
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Figure 1. E779A propeller and the associated reference framework: (a) oblique view and (b) side view. 
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Figure 2. Meshes in the oblique view, showing the wake refinements alongside the boundary layer refinement. 
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Figure 3. Numerical validation against experiments: (a) thrust and torque coefficients and (b) axial velocity profile extracted at J = 0.88. 
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Figure 4. Time series of axial velocity under the high loading condition (a–c) and the low loading condition (d–f): the data were recorded at probes P1 (a,d), P3 (b,e) and P6 (c,f). 






Figure 4. Time series of axial velocity under the high loading condition (a–c) and the low loading condition (d–f): the data were recorded at probes P1 (a,d), P3 (b,e) and P6 (c,f).



[image: Jmse 11 01674 g004]







[image: Jmse 11 01674 g005] 





Figure 5. Contours of instantaneous pressure on (a,c) pressure sides and (b,d) suction sides for J = 0.38 (a,b) and J = 0.65 (c,d). Pressure is non-dimensionalized using ρU2. 
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Figure 6. Time-averaged vortices for (a) J = 0.38 and (b) J = 0.65. The vortex systems are represented by Q = 10,000. 
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Figure 7. Instantaneous vortices for (a) J = 0.38 and (b) J = 0.65. 






Figure 7. Instantaneous vortices for (a) J = 0.38 and (b) J = 0.65.



[image: Jmse 11 01674 g007]







[image: Jmse 11 01674 g008] 





Figure 8. Instantaneous contours of (a,b) pressure and (c,d) turbulent kinetic energy for J = 0.38 (a,c) and J = 0.65 (b,d). The pressure and TKE are non-dimensionalized using ρU2 and U2, respectively. 
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Figure 9. Instantaneous contours of the magnitude of the Lamb vector on the section at (a,e) x/D = 0.4, (b,f) x/D = 0.8, (c,g) x/D = 1.6 and (d,h) x/D = 2.2. The first row shows the results of J = 0.38 and the second row indicates the results of J = 0.65. 
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Figure 10. Pressure signals of different probes in box plots: (a) J = 0.38 and (b) J = 0.65. 
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Figure 11. PSDs of pressure signals at various probes: (a,b) J = 0.38 and (c,d) J = 0.65. 
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Figure 12. Joint PDFs of the axial and vertical velocity fluctuations for (a,b) J = 0.38 and (c,d) J = 0.65. 
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Figure 13. The propeller wake vortex system presented by Q-criterion under J = 0.88. 
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Figure 14. Instantaneous contours of (a) out-of-plane vorticity, (b) streamwise velocity and (c) pressure. 
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Figure 15. Instantaneous axial, azimuthal, and radial velocity contours (first, second, and third columns, respectively) on the cross-sections at x/D = 1.0 (a,e,i), 3.0 (b,f,j), 5.0 (c,g,k), and 7.0 (d,h,l). 
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Figure 16. Vorticity magnitude emanating near the blade surface for (a) J = 0.38 and (b) J = 0.65. 
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Table 1. Geometry details of the E779A propeller.
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	Quantity
	Units
	Value





	Propeller diameter
	mm
	227.27



	Number of blades
	-
	4



	Pitch ratio
	-
	1.11



	Hub diameter
	mm
	45.53



	Hub ratio
	-
	0.2



	Rake (forward)
	-
	4°35′



	Expanded area ratio
	-
	0.689



	Designed rotating speed
	rps
	25



	Designed advance coefficient
	-
	0.71



	Chord at 0.7R
	mm
	86










 





Table 2. Results from the grid convergence analysis.
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	Condition
	f2
	f1
	E
	Extr.
	UN (%)





	J = 0.38
	0.4016
	0.3978
	0.0038
	0.3941
	0.94



	J = 0.65
	0.2726
	0.2768
	−0.0042
	0.2810
	1.49
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