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Abstract: Propeller wake fields in an open-water configuration were compared between two loading
circumstances using large-eddy simulation (LES) with a computational domain of 48 million grids and
an overset mesh technique. To validate the results of the numerical simulation, available experimental
data are compared, which indicates that the grid systems are suitable for the present study. The results
indicate that the present LES simulations describe the inertial frequency range well for both high and
low-loading conditions. Under high-loading conditions, the interlaced spirals and secondary vortices
that connect adjacent tip vortices amplify the effects of mutual inductance, ultimately triggering the
breakdown of the propeller wake systems. At a great distance from the propeller, the vortex system
loses all coherence and turns into a collection of smaller vortices that are equally scattered across the
wake. In contrast, under light-loading conditions, the wake vortex system exhibits strong coherence
and has a relatively simple topology. The elliptic instability and pairing processes are only observed
at a far distance from the propeller. The convection velocity transferring tip vortices downstream
is larger under the light-loading condition, which leads to the larger pitch of the helicoidal vortices.
The larger pitch weakens the mutual inductance or interaction effects among tip vortices, which
delays the instability behaviors of the whole vortex system. The results and implications of this study
serve as a guide for the development and improvement of next-generation propellers that function
optimally when operating behind aquaculture vessels.

Keywords: marine propeller; numerical simulations; vortex system; LES

1. Introduction

Traditional force and moment analyses have generally provided only a macroscopic
perspective of a ship or marine structure performance, offering limited insight into the
fundamental interactions and mechanisms between the vessel and its surrounding water
particles in complex sea states. This approach has been proven inadequate in helping
researchers identify novel directions for performance optimization [1]. Consequently, many
researchers now focus on the physical mechanisms and minutiae of fluids to analyze and
predict the dynamic and kinematic characteristics of marine structures, fostering innovative
design and optimization strategies [2,3]. In response to varying real sea conditions, the
propellers of large aquaculture workboats must operate in complex and ever-changing
maritime conditions. Environmental factors such as wind, waves, and currents cause
significant changes in propeller performance during operation. This necessitates higher
performance standards across all aspects of the propeller. An inherent connection ex-
ists between the propeller wake and its overall performance. Traditional optimization
techniques based on macroscopic data, such as force and moment, struggle to achieve
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breakthroughs in hydrodynamic performance and cavitation noise reduction, primarily
due to an incomplete understanding of the interaction mechanisms between the propeller
and fluids [4,5]. The key to designing high-performance propellers lies within the highly
complex fluid dynamics of propeller wakes. To develop propellers with superior compre-
hensive performance—particularly in terms of noise reduction and greater efficiency—it is
essential to analyze the characteristics of propeller wakes. Furthermore, as energy conser-
vation, emissions reduction, and green shipping attract more and more attention, various
energy-saving devices are being designed and installed around propellers. The successful
implementation of energy-saving appendages can yield considerable economic benefits,
with the investigation of propeller wake mechanisms proving critical to the design, de-
velopment, and application of these devices. The complexity of the propeller wake field
determines the difficulty of conducting experimental measurements on it, and the inherent
challenges of testing rotating machinery flow fields render traditional methods, such as
Pitot tubes, inadequate for capturing effective flow field information. Techniques based on
flow visualization have been applied to propeller wake measurements, including methods
employing laser-illuminated fluorescent dyes and pressure reduction in a cavitation tunnel
to induce vortex cavitation. However, these devices and methods only offer qualitative
recordings and observations for the three-dimensional spatial evolution of wake topology
and fail to provide quantitative information, thereby imposing certain limitations [6]. Con-
currently, dwindling energy resources and new demands for sustainable development in
the shipbuilding industry have transformed the mission of ship designers and researchers
to design and construct vessels with continuously improving performance. However,
evaluating and further optimizing traditional performance attributes of modern marine
structures in complex sea conditions, such as maneuverability, and cavitation noise, still
face numerous challenges and bottlenecks [7]. As concepts of energy conservation, vibra-
tion, noise reduction, and environmental protection in the shipbuilding industry continue
to gain traction and become increasingly emphasized, a range of maritime regulations,
such as the energy efficiency design index (EEDI), minimum safe power guidelines, and
underwater radiated noise guidelines, have been enacted and enforced by the International
Maritime Organization (IMO), major classification societies, and other relevant regulatory
bodies. Studying propeller wakes from the perspective of flow physics is beneficial for
designing and optimizing high-performance propellers to achieve the goals of saving
fuel consumption, emission reduction, and green environmental protection, thus meeting
modern industry needs and increasingly stringent maritime regulations.

Aquaculture working boats are commonly utilized in deep-sea farming, and although
propellers are the vessels’ primary propulsion systems, their wake evolution characteristics
are of significant interest owing to their link to vibration, noise, and structural issues [8,9].
The flow mechanisms of propeller wakes are extremely complicated and have not been fully
understood yet. More knowledge about the flows around propulsors can help people design
better propellers used for aquaculture working boats [10,11]. The working conditions
of propellers are determined by the non-dimensional parameter J, which is an advance
coefficient and computed as J = U

nD , where U is the free-stream velocity and n and D are
the rotational speed and the diameter of the propeller, respectively. The advance coefficient
is related to the propeller loads, and the higher value of J represents the lower loading
condition of the propeller.

Common flow problems can generally be studied using theoretical, numerical, and
experimental methods. However, it is difficult to obtain analytical solutions for viscous
fluid mechanics from a theoretical perspective. Therefore, numerical and experimental
studies have many applications in propeller wake studies. Particle image velocimetry (PIV)
is often used in the experimental investigation of propeller wakes, since it concurrently
measures the detailed flow field information, particularly the velocity field of the whole
area, using an optical method. Particle Image Velocimetry (PIV) is a flow field mapping
technique that offers a quantitative method for gaining insight into the physical properties
of fluid flows. A reference propeller-wing configuration operating with great thickness was
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experimentally excavated by Felli [12], where detailed PIV, along with a time-resolved func-
tion, was employed for the acquisition of the flow information. The physics or mechanisms
behind the propeller flows are not well understood, and flow measures were utilized to
investigate the wake–wall interaction within propeller-rudder configurations. The rejoining
of vortex lines between the wing border layer and wake vortex cores was influential in
maintaining the connection of vortices during the penetration phase. In addition, Capone
et al. [13] used PIV to conduct experimental research on wake fields produced by propellers
with counter-rotating configurations under varied working circumstances. They found
that the aft propeller was more successful at balancing the distribution of the tangential
component of certain physical qualities under particular loading situations. In contrast,
Wang et al. [14] designed a modified phase-average approach that delivered more realistic
vorticity fields than typical phase-average methods using phase-locked analysis. The con-
ventional method of evaluating tip vortex behaviors proved misleading. Their contribution
resulted in a potent post-processing tool for analyzing the streamwise development of the
flow field. Using a series of flow field measurement equipment, de Vires et al. [15] exam-
ined the interaction effects between the flow fields of different propellers. They discovered
that active modulation has a pronounced influence on the relative blade motion in the
viscous flows.

Technological advancements in computer hardware and software have facilitated the
widespread use of numerical approaches in the exploration of propeller wake instabili-
ties. Currently, CFD remains the primary method for calculating viscous propeller wake
fields [16], although it faces considerable challenges when studying unsteady characteristics
of propeller wakes. Posa et al. [17] analyzed the submarine propeller wakes with varying
working conditions. The researchers observed that loading conditions have a significant
impact on wake vortices. Posa et al. [18] compared the simulation and PIV test results
of a marine propeller, and both Eulerian and Lagrangian approaches functioned as the
theoretical basis. Their investigation revealed that the surrounding blades’ shear is the
primary source of tip vortices’ instability. Posa and Broglia [19] investigated the interfer-
ence between propeller wake vortices evolving upstream of an incidence-oriented rudder.
Their studies suggested that the direction of the hydrofoil had a significant influence on
propeller flows. Shi et al. [20] studied the duct effects on wake characteristics and instability
motions. Transforming high-dimensional complex flow fields into low-dimensional simple
flow structures through modal decomposition made it possible to deeply understand the
wake fields behind the two different propeller configurations. By comparing different
decomposition results, they reported the reasons for the instability of the flow fields of
two propellers.

The choice of the CFD method and the associated computational load vary depending
on the specific wake characteristics being investigated. For example, when researchers are
only concerned with phase-averaged results of the wake field, transient Reynolds-Averaged
Navier–Stokes (RANS) methods often yield results that align with PIV experiments. How-
ever, when the instability of propeller wakes during their evolution from near-field to
far-field becomes the focus, the RANS method proves to be too dissipative and smooths
out most of the finest flow features. The intricate vortex structures within this physical
process typically necessitate the use of Detached Eddy Simulation (DES) or Large Eddy Sim-
ulation (LES) turbulence models to better capture the essential vortex structures, thereby
imposing higher requirements on the spatiotemporal resolution of numerical simulations.
For instance, accurate simulation of vortex structures with intensities comparable to those
observed in experiments becomes difficult when spatial resolution is insufficient in the
presence of substantial velocity gradients within vortex cores. Furthermore, CFD meth-
ods inevitably entail numerical dissipation, which introduces non-physical factors into
the results. Recently, hybrid LES/RANS models such as DES, delayed DES (DDES), and
improved DDES (IDDES) have been very popular in propeller wake studies [21–31]. Based
on the literature survey presented above, it is evident that there are limited LES studies
on propeller wakes under various loading conditions. The main challenge associated with
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this research is the high computational cost required to accurately resolve the wake of
marine propellers.

This work tries to alleviate this constraint by presenting the LES findings for pro-
pellers operating under two loading scenarios. Moreover, this work intends to analyze
the flow mechanics that drive the destabilizing processes in the wake under varied load-
ing conditions. Specifically, the wake evolution characteristics are excavated from the
three-dimensional vortical structures, the contours of velocity components, the contours
of out-of-plane vorticity, and time-averaged quantities under different loading conditions.
The inception mechanisms of propeller wake from the stable state to the unstable state are
also detailed.

2. Research Model

A four-bladed, right-handed, low-skew, fixed-pitch E779A propeller was used for the
numerical approaches. This propeller was first conceived at the CNR-INM for analyzing
the performance and wake evolution features of propellers working behind aquaculture
working boats. The E779A propeller was selected for two reasons. First, this standard
propeller model has been frequently employed in wake instability research due to the
availability of abundant reference data from CFD models and PIV testing [32–38], which
is convenient for numerical validation. Second, the E779A propeller can generate strong
tip vortices in the wake field. Figure 1 depicts the propeller geometry of E779A, including
the hub, blades, and rotational orientation. Table 1 lists the key propeller parameters. The
geometry model of the propeller can be obtained from GrabCAD at https://grabcad.com/
library/e779-marine-propeller-1, accessed on 16 May 2022.
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Figure 1. Propeller geometry in the simulated isolated configuration and the coordinate system:
(a) Oblique view and (b) front view. The direction of propeller rotation and blades and hub are labeled.

Table 1. E779A propeller’s main parameters.

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
Chord at 0.7R mm 86

3. Numerical Simulation
3.1. Numerical Method

It may be challenging to ensure the accuracy and trustworthiness of the Reynolds-
averaged technique when analyzing the complicated turbulent structures of propeller
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wakes. This issue was solved using the LES method, in which flow variables are separated
into directly calculable solution scales and sub-grid scales that need modeling through fil-
tering procedures. While LES solves large-scale flow patterns, sub-grid-scale (SGS) models
simulate small-scale vortices. Specifically, the WALE SGS model, without any type of near-
wall damping, can automatically scale appropriately at solid wall borders. The WALE SGS
model is also less susceptible to model coefficients than other current SGS models. The vali-
dation of the model in turbulent flow numerical simulations is shown in [39,40]. Notably,
the LES approach has been used extensively to examine propeller wake instabilities [17,41],
by numerically solving the Navier–Stokes equations with filtered functions:

∇ · ũ = 0 (1)

∂
~
u

∂t
+∇ · ~

u
~
u = −∇ p̃−∇ · τ+

1
Re
∇2 ~

u (2)

where u is the velocity vector, p is the pressure, and Re is the Reynolds number. τ indicates
the subgrid stress tensor:

τ = ũu− ~
u

~
u (3)

which is modeled using the following equation:

τ = −2νtS̃ (4)

where νt is the eddy viscosity and S̃ is the velocity deformation tensor.
Partial differential equations describing fluid dynamics can be generally solved us-

ing commercial software, self-developed programs, or open-source code based on given
boundaries and initial conditions. Open-source code is particularly preferred due to its
accessibility and versatile functionality. In this study, the OpenFOAM [42,43] was used for
calculations. The Navier–Stokes equation was numerically solved using unstructured grids.
The overset grid technology has significant advantages in simulating the large-amplitude
motion of objects, it achieves data exchange through interpolation of flow field information
in different flow regions and has widespread applications in propeller flow field simulation.
Utilizing the dynamic overset grid approach [44–47], the propeller of the E779A was made
to rotate. The time step was 1.1111 × 104 s, which is small enough to model the motion
details and capture the flow structures in the propeller wake. The Reynolds numbers based
on the propeller diameter and the free-stream velocities are 4.29 × 105 for the condition of
J = 0.38 and 7.35 × 105 for the condition of J = 0.65, respectively.

3.2. Computational Domain and Mesh Details

For CFD simulations of the propeller model rotating in the uniform inflow, the com-
putational domain was set up to include the static background region and the overset
region, which included the propeller’s rotation. In this study, the simulation domain was a
10D-diameter cylinder. The region size was determined to avoid block effects. On the four
blade surfaces and the hub surface, a no-slip wall requirement was adopted.

Spatial discretization, an essential prerequisite for accurate numerical simulations,
directly determines the quality of computational results. Unstructured grids exhibit a
remarkable advantage in discretizing complex geometries. An unstructured grid was used
to spatially discretize the computing domain. Special grid refinements were added to
the whole computation discretization to improve the spatial resolution and better capture
turbulence features in the propeller wake. Downstream, the axial length of the refining
increased to 2.8D. Figure 2 depicts the propeller’s mesh distribution with wake refinements.
The LES approach needs y+ < 1 on the wall boundary and was fulfilled on the blades and
hub. The computational domain consists of 48 million cells in total. The flow chart showing
the modeling process of the CFD code is presented in Figure 3.
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3.3. Numerical Validation

The first step in numerical simulation is to validate the calculation results to make the
research convincing. The most direct method is to compare it with relevant experimental
results or previous calculations. To evaluate the correctness of the turbulence model and
grid system utilized in this work, a comparison was performed between forces and mo-
ments and the wake field information produced by CFD simulations and the experimental
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data available in the literature [32,33]. Three working conditions (J = 0.38, 0.748, and 0.88)
were considered for numerical validation. Thrust and torque coefficients are defined as

Kt =
T

ρn2D4 (5)

Kq =
Q

ρn2D5 (6)

where T and Q are the propeller thrust and torque, respectively. ρ is the fluid density, n is
the rotational speed of the propeller, and D is the propeller diameter. Figure 4a displays a
comparison between the results obtained from experiments and CFD. The mean thrust and
torque coefficients from numerical computations have small errors. However, it should
be noted that under the heavy-loading condition, the CFD simulations tend to slightly
overestimate the torque coefficient.
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The statistics of the phase average of the rotating machinery are computed as

f̂ =
1
m

m

∑
i=1

f
(

x, y, z, t0 +
i− 1
εn

)
(7)

Time-averaged statistics are computed as

< f >=
1
m

m

∑
i=1

f (x, y, z, ti) (8)

where m is the total number of instantaneous snapshots, ε is the number of propeller blades,
n represents the propeller rotating speed, and t0 indicates the moment when the sampling
starts. The phase-averaged axial velocity profile was retrieved at x/D = 0.1 along the line.
The agreement between the calculation and experiment is likewise excellent, as shown
in Figure 4b.

The current numerical validation analysis shows that the mesh and numerical calcula-
tion method are good for the following exploration of propeller flows.

The two-grid evaluation approach [48,49] was used to evaluate grid convergence, with
an emphasis on the thrust coefficients of the propeller. With a grid refinement ratio of 2,
the researchers analyzed both fine and medium grids. The study’s findings are reported in
Table 2. Notably, the obtained UN (numerical uncertainty) values were less than 1.4% for
the two loading situations analyzed. This result implies that the numerical approach and
grid strategy used in this investigation are dependable.
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Table 2. Grid convergence results.

Load Medium Fine E Extr. UN (%)

J = 0.38
Kt 0.4015 0.3969 4.6 × 10−3 0.3923 1.17

J = 0.65
Kt 0.273 0.2767 −3.7 × 10−3 0.2804 1.32

4. Results and Analysis

CFD models rely largely on the local cell fluid velocity, which determines the non-
dimensional distance between the wall and the first grid node. Figure 5 depicts the
distribution of instantaneous wall y+ on propeller surfaces under various loading situations.
The findings indicate that the value of y+ is always between 0 and 1, and that comparatively
high values of y+ are dispersed at the blade tip areas, where considerable flow separation
occurs, and tip vortices are prominently formed. Figure 5 also reveals that the y+ at the tip
area is minimal for the mild-loading condition with relatively weak tip vortices, showing
that the wall y+ grows as the loading condition increases. Generally speaking, the current
near-wall resolution is enough for LES simulations.
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showing near-wall resolution in the CFD simulation.

To elucidate the turbulence characteristics in the propeller wakes, probe P1 is placed in
the propeller wake to capture the time series of various velocity components. P1 is situated
along the wake vortex trajectory in order to describe its features more accurately. Figure 6
depicts the power spectral density (PSD) of velocity components for probe P1 under
various loading situations. The blade-passing frequency (f bp) is used to scale the horizontal
axis frequency. The dashed line represents the isotropic homogeneous turbulence of the
Kolmogorov theory with a −5/3 slope. It can be seen from the figure that the current LES
simulations capture the inertial range of frequencies well for both high and low-loading
circumstances, demonstrating the numerical model and distribution are precise enough
to capture the wake behaviors during the downstream evolution. Overall, the peaks
are prominent for all velocity components under both loading situations, with the blade
passage frequency being the dominating frequency, suggesting that the near-field wake
vortices are coherent.
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The three-dimensional vortex structure can intuitively reflect the dynamic characteris-
tics of the flow field. Figure 7 displays vortical structures of different loading conditions,
with the wake vortex located at y > 0 blocked for visual clarity, which is represented using
the iso-surface of Q-Criterion. Figure 7 shows that the wake vortex under high-loading cir-
cumstances is more complex than under light-loading conditions with the same Q-criterion
value. Regardless of advance coefficients, the propeller wake recognizes the vortices with
strong intensity. Vortices are very stable with coherence in the surrounding environment.
As seen in Figure 7a, a significant elliptic instability (short-wave instability) forms on the
helicoidal vortex in the middle field with the low advance coefficient, resulting in the
formation of interlaced spirals as the flow progresses downstream. The secondary vortices
and tangled spirals that link the neighboring tip vortices exacerbate the effects of mutual
inductance. The propeller wake system loses coherence and breaks down, while the vortex
is often evenly scattered. In contrast to the tip vortex, the hub vortex morphology is quite
consistent. As for the condition with higher J, the vortex topology is quite simple with
strong coherence, as presented in Figure 7b. Stable vortex structures can be observed in
the near and middle fields. Elliptic instability and the pairing process occur in the further
downstream wake. The convection velocity transferring tip vortices downstream is larger
under the light-loading condition, which leads to the larger pitch of the helicoidal vortices.
The larger pitch weakens the mutual inductance or interaction effects among tip vortices,
which delays the instability behaviors of the whole vortex system.
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Figure 7. Three-dimensional vortical structures for (a) J = 0.38 and (b) J = 0.65.

Figure 8 illustrates the development of the wake by showing the instantaneous stream-
wise, horizontal, and vertical velocities for various advanced factors. The fundamental
cause of the unstable wake fields is the velocity fields. Specifically, the propeller rotation
accelerates the flow field behind the rotating propeller, which causes the wake to diminish
in all fields of velocity components. Since convection velocity is greater in the former situa-
tion, it is possible to witness a more pronounced wake contraction under circumstances
of heavy loading than under conditions of low loading. Additionally, it is evident from
the horizontal velocity field that the propeller rotation has had a minor influence on the
incoming flow. Indicated in the horizontal velocity field are the flow rotation rates induced
by the propeller rotation. The interaction among neighboring tip vortices is reliant on
azimuthal velocity diffusion, as shown by the vertical velocity fields. The increase in the
axial velocity distribution with the inner radius position compared to the outer radius
provides kinetic energy for the tip vortex pairing process.
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Figure 9 displays vorticity fields in the longitudinal plane under a range of loading
conditions to study the flow physics associated with the wake instability further. Extreme
loading conditions accentuate the visibility of tip vortices. Under circumstances of intense
stress, when x/D is less than 0.5, tip vortices maintain a steady pitch, indicating that they are
generally stable in this range. The merging of vortex pairs occurs at x/D > 0. when mutual
induction between neighboring vortices intensifies. The upstream and downstream vortices
converge in the streamwise direction to produce vortex pairs. When x/D > 1.2, under
the impact of enhanced elliptic instability, the vortex pair disintegrates into smaller-scale
vortex forms. At x/D > 2, the wake system decomposes into homogeneous vortices, and at
the same time, the hub vortex begins to lose coherence concurrently. In the low-loading
condition with J = 0.65, the vortices are equally spaced, suggesting a stable topology of
the vortex system. The merging of vortices starts when x/D > 1.5, resulting in two vortex
pairs with an increased pitch. The evolution of tip vortices is very consistent with the law
of turbulence evolution, in which large vortices evolve into small vortices, accompanied by
turbulence mixing and energy dissipation, and this process is accelerated by the instability
motion of the vortex system.
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Some important flow field characteristics can also be obtained from the perspective of
time-averaged statistics. The time-averaged characteristics of physical quantities can reflect
the overall flow behaviors. Figure 10 depicts the time-averaged axial velocity and pressure
fields under different loading conditions. In places where the propeller blades generate
the maximum thrust, the highest velocities are also attained. In the mutual inductance-
generated pairing process, the envelope of the mean axial velocity depicts unstable motion.
The region of low velocity near the envelope’s edge exemplifies the mutual induction of
adjacent tip vortices. The expansion of the central low-velocity zone in the axial velocity
field indicates a more coherent hub vortex under light-loading circumstances.
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The mean pressure fields clearly depict the paths of the tip vortex evolution, as well
as the onset of vortex instability and pairing. The pairing behavior is delayed when the
advance coefficient is rather large.

Figure 11 depicts the spectra of the time-averaged streamwise velocity for different
propeller loads. The spectra of the streamwise velocity are recovered at positions x/D = 0.5
and 2 downstream. Normalization of velocities is performed using the inflow velocity.
As seen in Figure 10, the flow acceleration area can be characterized by the axial velocity,
which is responsible for the velocity peaks shown in the figure. The hub wake causes the
middle maximum of the velocity profiles. Consistent with the behavior seen in Figure 9, the
vortex strength decreases as the advance coefficient rises. In addition, the viscous diffusion
effects can be deduced from the streamwise velocity profiles, which are most significant
in the hub vortex region, where the peak values decrease as the vortex system evolves
downstream. The gradient of the mean velocity in the tip vortex region also decreases as
the vortex system moves downstream, indicating that the vortex strength weakens during
the evolution process.
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5. Conclusions

The macroscopic performances of a propeller are often determined by its interaction
with the surrounding fluid. Studying the macro performance of a propeller from the
perspective of fine flow fields can help people deeply understand the essential factors
that change propeller performance. Because of their relationship to noise, vibration, and
mechanical concerns, the propeller’s wake development characteristics are of great interest.
On inland rivers and in deep-sea waterways, propellers are the major propulsion devices
for boats. In this work, the fundamental mechanisms governing propeller wake formation
were investigated, with a focus on the events related to the start of instability. From several
perspectives, the development features of the vortex system topology were characterized.
According to the statistics, the greatest streamwise velocity is reached in places where the
propeller blades provide the highest thrust. With the increase in the advance coefficient,
due to the greater convection velocity in situations of high loading, the shrinkage of the
wake is more pronounced under these conditions than under conditions of low loading.
Under high stress levels, the vortex system has a complex shape, but under light-loading
conditions, the wake vortex system is simpler and more coherent.

This study contributes to our comprehension of propeller wake instability processes
under varied loads. The findings and conclusions of this study have the potential to inform
the optimization of aquaculture support vessel propellers in the future.

The current work only considers the case of uniform inflow; however, propellers
always work in more complex environments in engineering practice. More complex inflow
conditions need to be considered when studying the propeller wake instabilities in future
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work. In addition, to understand the complete evolution process of the propeller wake, the
vortex structures at a further distance downstream of the propeller should be captured in
numerical simulations.
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