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In this study, a cavitation model for propeller analysis was selected using computational fluid dynamics (CFD), and the model was
applied to the cavitating flow around the Potsdam Propeller Test Case (PPTC) propeller.)e cavitating flow around the NACA 66
hydrofoil was analyzed to select a cavitation model suitable for propeller analysis among various cavitation models. )e present
and the experimental results were compared to select a cavitation model that would be applied to propeller cavitation analysis.
Although the CFD results using the selected cavitation model showed limitations in estimating some of the foam cavitation and
bubble cavitation identified in the experimental results, it was identified that foam cavitation and sheet cavitation around the tip
were well simulated.

1. Introduction

Cavitation is a phenomenon for liquids to evaporate when
the pressure around hydrodynamic machinery becomes
lower than the vapor pressure. In particular, the thrust of the
marine propeller is generated by the pressure difference
between the pressure side and the suction side, and cavi-
tation mainly occurs at the suction side due to the low
pressure at the suction side. When the cavitation occurs
excessively, noise, vibration, erosion, and performance
degradation occur. )erefore, highly precisely predicting
propeller cavitation is very important when designing ma-
rine propellers.

From around 20 years ago, studies related to the de-
velopment of cavitation models for estimation of cavitation
using computational fluid dynamics (CFD) have been
conducted. Merkle [1] took notice of the macroscopic
movement of cavitation, modeled cavitation using dynamic
relations between the inside and outside of the cavity, and
verified the cavitation model by applying it to the prediction
of the cavitating flow around the NACA 66 hydrofoil. Kunz
et al. [2] created a cavitation model by simplifying the

Merkle [1] model using the potential theory and verified the
model with the surface pressure of the hemispheric head
cylindrical body where cavitation occurs. Schnerr and Sauer
[3] created a cavitation model by introducing the relation
between nuclei and volume fraction to the Rayleigh–Plesset
equation, an equation for a single bubble, and verified the
model by applying it to the analysis of the cavitation around
the nozzle neck. Zwart et al. [4] created a cavitation model
considering the space occupied by nucleation in the Ray-
leigh–Plesset equation and verified the model by applying it
to the cavitating flow around the NACA 66 hydrofoil.

Recently, studies on the cavitation phenomenon of
propellers have been conducted using various cavitation
models. Ahn and Kwon [5] analyzed the cavitating flow
around the P4381 propeller developed by the Naval Ship
Research and Development Center (NSRDC) using the
Merkle cavitation model. From the CFD results, it was
identified that the thrust, torque, and head changes matched
well when compared with the experimental results. Paik et al.
[6] performed cavitation analysis with a propeller mounted
behind the hull using the Schnerr and Sauer cavitation
model. It was identified that the results were similar to the

Hindawi
Mathematical Problems in Engineering
Volume 2021, Article ID 2423784, 8 pages
https://doi.org/10.1155/2021/2423784

mailto:shr@snu.ac.kr
https://orcid.org/0000-0002-0388-2198
https://orcid.org/0000-0002-2791-5812
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2423784


experimental results performed in the cavitation tunnel in
terms of the cavity shape and pressure fluctuations. Wang
et al. [7] used the Schnerr and Sauer cavitation model to
analyze the cavitating flow during the E779A propeller heave
motion. To verify the cavitation model, propeller cavitation
analysis was performed in the absence of the heave motion,
and the results of the analysis were compared with the
experimental results. Yilmaz et al. [8] applied the Schnerr
and Sauer cavitation model and adaptive mesh refinement to
analyze the cavitating flow around the hull, rudder, and
propeller. In the cavitation tunnel experiment, the CFD
results similar to the results of the cavitation observation test
were derived.

As with previous studies, various propeller geometries
were used to estimate the cavitating flow around the pro-
peller. Since the propeller geometry and experimental data
for the Potsdam Propeller Test Case (PPTC) propeller
among the propellers have been open to the public, many
studies using the PPTC propeller have been conducted.
Heinke [9] conducted cavitation tests for a PPTC propeller
in a cavitation tunnel. She explained the cavity shape around
the propeller according to the advance ratio and cavitation
number and shared the propeller geometry and experi-
mental results. Lübke [10] carried out cavitation tests for
PPTC propellers in oblique flow conditions and summarized
the experimental results and CFD results. Gaggero and Villa
[11] analyzed the cavitating flow around a PPTC propeller
using the boundary element method (BEM). )ey used the
k-ω SSTmodel as a turbulence model and applied the model
to the NACA66 hydrofoil to verify the numerical model.
)ey applied the verified numerical model to the PPTC
propeller and identified that the experimental results and the
CFD results were consistent. Usta and Korkut [12] analyzed
the cavitating flow analysis around hydrofoil and PPTC
propellers using the Detached Eddy Simulation (DES)
model. For turbulence termination, they used the k-ω SST
model and identified that the cavity shape in the analysis
result simulated the cavitation observation tests well.

In this study, CFD simulations on the cavitating flow
around a PPTC propeller was carried out. Before propeller
cavitation analysis, CFD simulations were carried out to
select a cavitation model for highly precise cavitation
analysis. To select the cavitation model, the Merkle model
and the Schnerr and Sauer model, which were mainly used
in previous studies, were used. )e NACA 66 hydrofoil,
which is mainly used as the propeller section, was selected as
a target model, and the present results of the cavitation flow
analysis around the NACA 66 hydrofoil were compared
with the model test results to select a cavitation model for
marine propeller cavitation analysis. )e selected cavitation
model was applied to the target propeller to carry out CFD
simulations, and the results were also compared with the
model test results. In this study, OpenFOAM, an open
source CFD toolkit, was used to simulate the cavitating flows
around the NACA 66 hydrofoil and marine propeller. )e
simulation for cavitating flows around the NACA 66 hy-
drofoil was performed using interPhaseChangeFoam, a
cavitating flow solver of OpenFOAM. )e simulation for
cavitating flows around the marine propeller was performed

using modified interPhaseChangeFoam in a moving ref-
erence frame. )is paper is composed as follows. First, the
computational fluid analysis method is mentioned and the
analysis target, analysis conditions, and analysis grid are
presented. )ereafter, the results of the NACA 66 hydrofoil
analysis performed to select a cavitation model are analyzed,
and a cavitation model is selected. )e selected model is
applied to propeller cavitation analysis, and the present
results are discussed. Finally, a summary and conclusions
are provided.

2. Computational Method

2.1. Governing Equations. )e continuity equation for in-
compressible flow and the Reynolds-averaged Navier–
Stokes (RANS) equation were used as governing equations
to simulate the cavitating flow around the NACA66 hy-
drofoil, and the equations are expressed, as shown in the
following equations:
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where ρ is the fluid density, p is the static pressure, ui and ui
′

represent the mean and fluctuating components of fluid
velocity, respectively, μ is the dynamic viscosity, τij

′ � ρui
′uj
′

is the Reynolds’ stress tensor, SM,i is the source term, and Sα
is the source term of the volume fraction transport equation.

)e moving reference frame (MRF) method was used to
efficiently simulate the propeller under the condition that
the inlet is uniform flow.)e relation between the velocity in
the moving reference frame urel,i and the velocity in the
absolute frame ui is shown in the following equation:

urel,i � ui − εijkΩjrk, (3)

whereΩi is the rotational velocity of the reference frame and
ri is the position vector. By substituting equation (3) into
equations (1) and (2), which are the governing equations of
the absolute frame, and organizing it, the governing equa-
tions of the reference frame can be obtained. )e governing
equations used for the simulation of a propeller with a
constant rotational velocity in this study are shown in the
following equations:
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For the turbulence closure, the k − ω shear stress
transport (SST) model, which is a turbulence model mainly
used in propeller simulation in previous studies, was applied.
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For the time derivative terms, the first-order accurate
implicit scheme was used. For the spatial difference terms,
the second-order accurate scheme using linear interpolation
was used. For the pressure-velocity coupling, the PIMPLE
algorithm, which combines the semi-implicit method for
pressure linked equations’ (SIMPLE) algorithm and the
pressure implicit with the splitting of the operator (PISO)
algorithm, was adopted.

2.2. Cavitation SimulationMethod. )e volume fraction was
introduced to simulate cavitation. )e volume fraction is
expressed as 1 for the liquid phase and 0 for the vapor phase
and exists between 0 and 1 in the free surface. )e transport
equation of the volume fraction is shown in the following
equation:

zα
zt

+
zα ui

zxi

�
Sα

ρ
. (6)

Here, α is the volume fraction and Sα is the source term
for simulation of cavitation.

)e source term Sα varies according to cavitation
models. In this study, the Merkle model and Schnerr and

Sauer model, which are cavitation models mainly used for
the simulation of the cavitating flow around propellers, are
used. Taking notice of the macroscopic behavior of the
cavity, Merkle [1] created a cavitation model that considers
the dynamic equilibrium between the inside and outside of
the cavity. In the cavitation model proposed by Merkle [1],
the source term is shown in the following equation:
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where CC is the condensation coefficient, Cv is the evapo-
ration coefficient, p is the pressure, pv is the vapor pressure,
ρl is the density of the liquid, U∞ is the velocity of the inflow,
and t∞ is the time scale of the cavitation.

Schnerr and Sauer [3] proposed a cavitationmodel based
on the Rayleigh–Plesset equation, which is an equation for a
single bubble. )e following equation is the source term in
the cavitation model proposed by Schnerr and Sauer [3]:
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where R is the bubble radius and n0 is the number of nuclei
per unit volume.

2.3. Numerical Setup for Selection of Cavitation Models.
Before propeller cavitation simulation, the NACA 66 hy-
drofoil was used to select a cavitation model. )is geometry
is often used as a blade section of a propeller and is mainly
used for verification of cavitation models. For comparison
with the experimental results of Shen and Dimotakis [13],
the NACA 66 hydrofoil proposed by Brockett [14] was used,
and values of f/C� 0.020 and t/C� 0.09 were used, where f is
the maximum camber, t is the maximum thickness, and C is
the chord length. )e working conditions for simulation
were the same as the experimental conditions of Shen and
Dimotakis [13] and are shown in Table 1, where U∞ is the
freestream velocity and pref is the reference pressure. σ �

(pref − pv)/(0.5ρU2
∞) is the cavitation number, and Re �

(ρCU∞/μ) is the chord length-based Reynolds number. To
select the cavitation model, the simulation was performed
using the Merkle model and Schnerr and Sauer model.

)e computational domain and boundary conditions for
selection of a cavitation model are shown in Figure 1. )e
size of the computational domain is 5C in the direction
toward the inlet, 8C in the direction toward the outlet in the

hydrofoil, and 5C in normal directions to freestream ve-
locity. In the hydrofoil shown in Figure 1, 2D simulation was
performed by selecting the outlet in the hydrofoil as the x-
axis and the vertical upward direction as the z-axis. At the
inlet, the Dirichlet boundary condition was applied to the
velocity and the Neumann boundary condition was applied
to the pressure. At the outlet, the Neumann boundary
condition was applied to the velocity and the Dirichlet
boundary condition was applied to the pressure. In the
hydrofoil, the no-slip boundary condition was applied to the
velocity and the Neumann boundary condition was applied
to the pressure. At the side, the slip boundary condition was
applied to the velocity and the Neumann boundary con-
dition was applied to the pressure.

As shown in Figure 2, the entire grids for NACA 66
hydrofoil simulation and the grids around the hydrofoil
were enlarged. A total of 27,000 grids of C-type grids were
used with 170 girds on the hydrofoil and 50 girds on the
normal direction of the hydrofoil.

2.4. Numerical Setup of Propeller Simulation. As the object
propeller for propeller cavitation simulation, VP1304, which
is the PPTC propeller geometry, was selected. )e main
dimensions of VP 1304 are summarized in Table 2, and the
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geometry of the propeller is shown in Figure 3. )e test
conditions used were the same as the experimental condition
in the report of Heinke [9] and are shown in Table 3. KT �

(T/(ρn2D4)) is the thrust coefficients, and
σn � (pref − pv)/(0.5ρ(n D)2) and
σv � (pref − pv)/(0.5ρV2

A) are the rate of the revolution-
based cavitation number and the inflow velocity-based
cavitation number, respectively, where T is the thrust of the
propeller, n is the rate of revolution of the propeller, and D is
the diameter of the propeller.

)e computational domain and boundary conditions for
propeller cavitation simulation are shown in Figure 4. In
order to efficiently simulate the propeller under uniform
inflow conditions, the calculation area was set as large as 1/5

of the tunnel. )e size of the computational domain is 6D in
the direction toward the inlet and 8D in the direction toward
the outlet in the blade. )e radius in the direction per-
pendicular to the inflow was set to 1.34D so that the cross-
sectional area would be the same as that of the cavitation
tunnel in the experiment. )e x-axis was in the direction
toward the outlet in the inlet, and the z-axis was in the
direction of the propeller reference line. At the inlet, the
Dirichlet boundary condition was applied to the velocity and
the Neumann boundary condition was applied to the
pressure. At the outlet, the Neumann boundary condition
was applied to the velocity and the Dirichlet boundary
condition was applied to the pressure. In the blade, the no-
slip boundary condition was applied to the velocity and the
Neumann boundary condition was applied to the pressure.
In the tunnel and shaft, the Dirichlet boundary condition
was applied to the velocity and the Neumann boundary
condition to the pressure. At the side, the periodic boundary
condition was applied to both the velocity and pressure.

)e propeller simulation grids were created as un-
structured grids using Star-CCM+, and the surface grids of
the propeller are shown in Figure 5. In order to perform
efficient propeller simulation with a small number of grids,
the areas around the blade were filled with polyhedral grids,
and the inside of the domain was filled with trimmer grids.
)ere are a total of 407,657 grids with 100,964 grids around
the blade and 306,693 grids inside of the domain.

3. Cavitation Model Selection

In order to select a cavitation model that would be applied to
the simulation of the cavitating flow around the propeller,

Table 1: NACA 66 hydrofoil working conditions.

AoA (deg.) U∞ (m/s) Pref (Pa) Pv (Pa) σ C (m) Re Remark

4 2.01 4035 2340 0.84 1.0 2.0 × 106 Leading edge cavitation
5892 1.76 Noncavitating condition

5C

5C

8C5C

<Side>
Velocity: slip

pressure: neumann

<Outlet>
Velocity: neumann
pressure: dirichlet

<Inlet>
Velocity: dirichlet

pressure: neumann

<Hydrofoil>
Velocity: No-slip

pressure: neumann

C = 1.0m

Figure 1: Computational domain for the NACA 66 hydrofoil.

Figure 2: Computational grid for the NACA 66 hydrofoil.

Table 2: Main dimensions of VP1304.

VP 1304
Diameter (m) 0.250
Pitch at r/R� 0.7 (m) 0.409
Pitch ratio at r/R� 0.7 1.635
Skew (°) 18.837
Number of blades 5
Direction of rotation Right-handed

Figure 3: VP1304 propeller geometry.

Table 3: VP1304 cavitation test conditions.

J n (rps) σn σv KT (Noncavitating)

1.019
25

2.024 1.949 0.387
1.269 1.424 0.885 0.245
1.408 2.000 1.008 0.167
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the cavitating flow around the NACA 66 hydrofoil was
simulated. Merkle and Schnerr and Sauer cavitation models
were used for the cavitating flow simulation. )e time-av-
eraged surface pressure distribution under σ � 1.76 condi-
tion where cavitation was not identified in the experiment
conducted by Shen and Dimotakis [13] is shown in Figure 6.
)e surface pressure was nondimensionalized, as shown in
equation (9). In the analysis results, cavitation was not
identified in neither of the cavitation models and the models
showed the same surface pressure distribution. )e present
results were in good agreement with the results of the surface
pressure distribution experiment conducted by Shen and
Dimotakis [13], indicating that the computational method
and grids used were appropriate:

Cp �
p − pref( 

0.5ρU
2
∞

. (9)

Figure 7 shows the time-averaged volume fraction results
under the σ � 0.84 condition where leading edge cavitation
was identified in the experiment. In the present results,
cavitation inception appeared around the leading edge and
cavitation closure was identified around the midchord in
both cavitation models.

Z

Y

X

<Inlet>
Velocity: dirichlet

Pressure: neumann

<Sha�>
Velocity: dirichlet

Pressure: neumann

<Blade>
Velocity: No-slip

Pressure: neumann

<Side>
Velocity: periodic
Pressure: periodic

<Tunnel>
Velocity: dirichlet

Pressure: neumann

<Outlet>
Velocity: neumann
Pressure: dirichlet

72°

6D

8D

1.34D

Figure 4: Computational domain and boundary conditions for propeller cavitation simulation.

Figure 5: Surface grids for propeller simulation.
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Figure 6: NACA 66 hydrofoil surface pressure distribution under
σ � 1.76.
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In order to compare the results of simulation in the two
models to figure out the differences, the time-averaged
surface pressure distributions under the σ � 0.84 condition
were nondimensionalized by equation (9) and shown in
Figure 8. In the pressure distribution results, cavities were
identified in the areas where Cp � −σ in both cavitation
models. From the present results with both cavitation
models, it was identified that the experimental results were
well simulated in the areas of x/C� 0∼5.5 and 0.7∼1.0.
However, it was identified that the Schnerr and Sauer model
estimated the experimental results more similarly than the
Merkle model in the surface pressure distribution in the area
of x/C� 5.5∼0.7, which is around the cavitation closure.

To analyze the difference in the surface pressure dis-
tributions, the velocity distributions in the freestream di-
rection were compared. Figure 9 shows the velocity
distributions in the freestream direction at the time when the
re-entrant jet appeared most strongly under the σ � 0.84
condition. )e velocity is shown after nondimensionalizing
with freestream velocity, and the α≤ 0.5 area is shown in
gray. In the results of velocity distribution around the hy-
drofoil, the area around the cavitation closure is shown after
being enlarged. Figure 9(a) shows the results of the Schnerr
and Sauer model, and Figure 9(b) shows the results of the
Merkle model. From the present results, the overall velocity
distributions of the two models were estimated to be similar.
In the velocity distributions around the cavitation closure, it
can be identified that the re-entrant jet is generated more
strongly in the results of the Schnerr and Sauer model than
in the results of the Merkle model. )is seems to be the
reason why the point where the cavitation closure is located
upstream in the results of the Schnerr and Sauer model than
in the results of the Merkle model. )rough the results of
surface pressure distributions and the flow velocity distri-
butions of hydrofoil, it was judged appropriate to use the
Schnerr & Sauer cavitation model in propeller simulations.

4. Application

To accurately estimate propeller cavitation phenomena,
propeller loading under noncavitating conditions must be
accurately estimated. To that end, propeller analysis was
performed under noncavitating conditions and the results
were compared with the results of model tests. )e propeller
loading in this case means thrust. )e rate of revolution and
advance ratio of the propeller are shown in Tables 3, and 4
shows the experimental result of Heinke [9] and the present
results. )e difference between the experimental and present

results was divided by the experimental result, and it was
indicated as Diff. (%). When the present and experimental
results were compared for thrust coefficients, errors of
−0.60∼2.07% were shown. )rough the foregoing, it was
identified that the computational methods and grids are
reasonable for the estimation of propeller loading.

Cavitation analysis was performed using the same
computational methods and grids as those of the analysis
under noncavitating conditions. )e Schnerr and Sauer
model selected using the results of NACA 66 hydrofoil
cavitation analysis was used as a cavitation model, and Cc �

Cv � 1 was used. Figure 10 shows the comparison between
the cavitation sketch in the experiment and the cavitation
development in the numerical prediction. Figure 10(a)
shows the cavitation sketches of Heinke [9]; and,
Figure 10(b) shows the numerical prediction. In the present
results, the iso-surface of α � 0.5 is shown in gray to indicate
the cavity. )e cavity shape at the suction side under the
condition of J � 1.019 and 1.269 was shown, and the cavity
shape at the pressure side under the condition of J � 1.408
was shown. )e transition from the sheet to the foam
cavitation around the hub in the sketch under the condition
of J� 1.019 could not be estimated from the present results.
However, the foam cavitation that appeared in the r/R >0.95
in the sketch and the sheet cavitation around the hub were
well estimated from the present results. )e transition of the
sheet around the hub to the foam cavitation in the sketch was

α: 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

(a)

α: 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

(b)

Figure 7: Results of analysis of the volume fraction of the NACA 66 hydrofoil under σ � 0.84. (a) Shnerr and Sauer model. (b) Merkle
model.
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x/C

σ = 0.84 (cavitating condition)

Shen and dimotakis (1985)
Present results (schnerr and sauer model)
Present results (merkle model)

Figure 8: NACA 66 hydrofoil surface pressure distribution under
σ � 0.84.
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under the condition of J� 1.269, and the bubble cavitation
that appeared in the r/R� 0.5∼0.9 could not be estimated
from the present results. However, the cavitation around the
tip and the sheet cavitation around the hub were predicted
well from the present results.)e foam cavitation around the
hub that appeared in the sketch under the condition of
J� 1.408, and the transition of the cavitation detached from
the sheet cavitation in the r/R� 0.9∼0.95 to the streak
cavitation were not properly estimated in the analysis but the

sheet cavitation around the leading edge and hub was well
estimated. In summary, the transition from sheet cavitation
to foam cavitation or streak cavitation in the sketch and
bubble cavitation were not well estimated from the present
results. Gnanaskandan and Mahesh [15] argued that the
phenomenon of transition from sheet cavitation identified in
the large eddy simulation (LES) and experiment to other
types of cavitation was not properly captured in the RANS
simulation and the transition of cavitation was not properly

J = 1.019 J = 1.269 J = 1.408
Suction side Suction side Pressure side

0.95

0.9

0.8

0.7

0.5

0.95
0.9

0.8

0.7

0.5

0.95
0.9

0.8

0.7

0.5

(a)

J = 1.019 J = 1.269 J = 1.408

Z

Y X

Z

Y X

Z

YX

r/R = 0.95 r/R = 0.95 r/R = 0.95
0.9

0.8

0.7

0.5

0.9

0.8

0.7

0.5

0.9

0.8

0.7

0.5

(b)

Figure 10: Comparison of cavitation development around PPTC propellers. (a) Cavitation sketch [9]. (b) CFD analysis results (present
results).
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(a)

Z

Y X

Z

Y X

x/C = 0.4 0.5 0.6

–0.4 –0.3 –0.2 –0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1u/U:

(b)

Figure 9: Velocity distributions in the freestream direction. (a) Schnerr and Sauer model. (b) Merkle model.

Table 4: Result of analysis of thrust coefficients under noncavitating conditions.

J n (rps) KT, no cav. [9] KT, no cav. (Present results) Diff. (%)

1.019
25

0.387 0.395 2.07
1.269 0.245 0.249 1.63
1.408 0.167 0.166 −0.60
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captured in the results of the present results that used RANS.
)e reason why the bubble cavitation was not properly
estimated from the analysis results was judged to be the fact
that the grids were not dense enough to enable the com-
putational grids to capture the bubble cavitation. However,
in the simulation results, sheet cavitation and foam cavi-
tation in the r/R >0.95 were well estimated. It was identified
that the present computational model and grids showed
reasonable results in propeller cavitation analysis.

5. Summary and Conclusions

In this study, analyses of the cavitating flow around a PPTC
propeller were carried out. In order to select the cavitation
model, the cavitating flow around the NACA 66 hydrofoil was
analyzed. For the analysis of the NACA 66 hydrofoil, the
Schnerr and Sauer and Merkle cavitation models were used,
and the Schnerr and Sauer model, which better simulated the
experimental results around the cavitation closure, was selected
as a cavitationmodel for propeller cavitation simulation. Before
propeller cavitation analysis, PPTC propeller simulations were
carried out under noncavitating conditions.)e present results
showed differences of −0.60∼2.07% from the thrust coefficients
in the experimental results, indicating that the computational
method and grids in this study predict the propeller loading
well. PPTC propeller cavitation simulations were performed
using the same method and grids used under noncavitating
conditions and the cavitation model selected in the NACA 66
hydrofoil analysis. It was identified that the present results well
estimated the sheet cavitation identified in the sketch of the
experimental results and the foam cavitation around the tip.

From the propeller cavitation analysis results, it was
identified that the cavitation observed in the experimental
sketches was generally well estimated, but some foam cavitation
and bubble cavitation were not resolved. In the future, studies
on the computational methods, grids, and cavitation models
that can well estimate the phenomenon of transition from sheet
cavitation to streak cavitation, foam cavitation, and bubble
cavitation through studies of the cavitating flow around the
propeller are necessary. In addition, further studies on turbu-
lence models with advanced turbulence models, such as PANS
(partially averaged Navier–Stokes), are needed to simulate the
turbulence flows around themarine propeller with high fidelity.
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