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Abstract: This study presents the predicted hydrodynamic characteristics of different rudder plane
configurations on the stern of a full-scale submarine in deep water, which are obtained using the
Reynolds-Averaged Navier–Stokes method in Ansys Fluent Solver. First, the results obtained for
the X-rudder plane configuration are verified according to previous numerical and experimental
results in order to assess the accuracy of the simulation procedure. The X-rudder plane, Y-rudder
plane, and Cross-rudder plane configurations in deep water with deflection angles ranging from
−21 degrees to +21 degrees are then simulated. Next, the hydrodynamic forces and moments of the
Cross-plane, X-plane, and Y-plane rudder configurations obtained through simulation are analyzed
using Taylor’s expansion to estimate the hydrodynamic coefficients. The obtained results demonstrate
that the X-force of the X-plane rudder configuration is larger than the corresponding forces acting on
the Cross-plane rudder and Y-plane rudder configurations. Meanwhile, the Y-force and Z-force of
the X-plane rudder configuration are significantly greater than the corresponding forces of the left
configurations. The same tendency can be seen in the moment of the X-plane rudder about the y- and
z-axes. However, the roll moment induced by the Y-plane and Cross-plane rudder configurations is
significantly larger than that under the X-plane rudder configuration.

Keywords: submarine; stern rudder plane configuration; rudder force and moment; RANS-
based simulation

1. Introduction

The maneuvering characteristics are some of the most important performance in-
dicators of marine vehicles such as submarines. The rudder-plane configuration has a
significant impact on controlling a ship’s journey and, hence, the hydrodynamic forces and
moments under different rudder plane configurations are needed for relevant analyses.
Three types of rudder-plane configurations are often equipped on submarines; namely,
Cross-plane, X-plane, and Y-plane rudders. Experimental studies on submarines appended
with a control surface and/or marine propeller are frequently conducted, such as those
detailed in [1–5]. For example, research on the prediction of hydrodynamic coefficients of
rudders, stabilizers, and the submarine body has been presented by Park et al. [1]. The
obtained results showed that the control forces of stabilizers and rudders have a linear
variation in the range of deflection angle from −10 to +10 degrees. Experiments on both
rudders and stabilizers were carried out in a towing tank with the deflection angle rang-
ing from −30 degrees to +30 degrees. In addition, using an experimental method, Ke
et al. [2] predicted the lateral force and yaw moment under the Cross-skeg rudder and
X-rudder configurations. The axial velocities of fluid flow induced by the rudder plane
configurations were investigated. The stern of the SUBOFF-G submarine with a propeller
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and the Cross-rudder plane configuration was automatic maneuvered to carry out the
forward running and diving motions. Moreover, the hydrodynamic force and moment of
the cruciform stern configuration and the X-rudder plane configuration located at stern of
an AUV have been predicted by Kim et al. [3], using both an experimental method and a
CFD-based approach. It was shown that the hydrodynamic coefficients of the cruciform
stern configuration obtained from the numerical results are in good agreement with the
experimental results; however, the differences between the CFD results and experimental
results under the X-rudder plane configuration were 43.8% and 53.2% for the hydrodynamic
coefficients of the normal force and torque, respectively. An experiment considering a
submarine model in the Low-Speed Tunnel has been conducted to measure the cross-stream
and in-plane velocities [4], and the experimental results were used for comparison with
the CFD-based results for a submarine appended with rudders and stabilizers. On the
other hand, measurement of the velocity in the stern wake of a SUBOFF submarine at a
high angle of attack has been performed [5], and the axial velocity, tangential velocity, and
vorticity were measured and presented in a rectangular domain to analyze the variation
of fluid flow induced by the submarine body and the Cross-rudder plane configuration.
Although the experimental methods are accurate for determining the hydrodynamic forces
and moments of submarines with the stern rudder plane configuration, they also have
disadvantages such as the limitations imposed by the water tank, measurement devices,
and noise.

Computational Fluid Dynamics (CFD) methods have been widely used for the pre-
diction of hydrodynamics acting on marine vehicles, due to their various advantages.
Each type of the rudder-plane configuration had been applied to predict the maneuvering
characteristics of the submerged body as shown in [4,6–10]. The straight ahead motion
and side-slip motion at 10 degrees of a model of the DSTO generic submarine with full
appendages have been investigated using the RANS (Reynolds-averaged Navier–stokes)
and LES (Large Eddy Simulation) methods [4]. The fluid flow characteristics obtained from
the numerical simulation, such as axial velocity profiles, displacement of vortex core, and
turbulent intensity, were compared with the experimental results. Nguyen [6] performed
numerical analysis of a full-scale submarine with Cross-rudder plane configuration based
on Ansys Fluent code. The hydrodynamic forces and moment of the hull and asymmetric
rudders and stabilizers were predicted. In addition, CFD-based simulation of the BB2
submarine has been performed by Cho et al. [7], in order to predict the hydrodynamic
forces and moments acting on the hull and X-rudder plane configuration. Hydrodynamic
forces, moments, and added masses of the submarine hull were obtained to evaluate the
maneuvering characteristics of the submarine with six degrees of freedom; the thrust and
moment of the propeller were estimated in open water conditions; and the turning ability
of the submarine was verified according to the results obtained from free-running model
tests. The normal force and yaw moment caused by rudders and stabilizers in the X-rudder
plane configuration varied linearly over the deflection angle range from −15 degrees to
+15 degrees. Additionally, a free-running test of an underwater vehicle with six degrees of
freedom based on a CFD method has been implemented by Kim et al. [10]. Straight line and
steady turn maneuvering of the vehicle was also performed. The results showed that the
maneuvering characteristics of the vehicle were in good agreement with the experimental
results. An Autonomous Underwater Vehicle (AUV) with X-rudder plane configuration has
been presented by Zhang et al. [11]. They predicted the hydrodynamic forces and moments
of the X-rudder plane, and compared them with the results under the Cross-rudder plane
configuration. An X-rudder configuration for an autonomous underwater vehicle has been
tested by Zang et al. [12], and the hydrodynamic characteristics of the body and rudders
were then introduced into the equation of motion and control of the vehicle. The maneuver-
ing behaviors of a model of the CRN-INSEAN 2475 submarine with X-rudder or C-rudder
configurations were predicted by Broglia et al. [13]. The trajectory parameters of turning
motion for the submarine were predicted under angle of attacks of 5, 10, and 15 degrees.
It was shown that the turning characteristics under the flapped X-rudder configuration
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were better than the turning behavior of the submarine when using conventional X-plane
rudder configurations. Captive model tests of the DARPA, SWE, and SMG submarines
have been carried out by Piaggio et al. [14], in order to predict hull and rudder forces for
the prediction of maneuvering characteristics. The failure of stern steering of the submarine
with X-rudder plane or Cross-rudder plane configurations was also investigated. Hydrody-
namic forces and moments of an underwater vehicle with Cross-rudder plane configuration
were obtained through CFD-based simulation of rotating arm test, drift test, rudder test,
and combination tests (between rotating arm and rudder deflection or drift–rudder) [15].
The obtained hydrodynamic coefficients were then introduced into the equations of turning
motion to evaluate the turning behavior of the vehicle. The propeller thrust and resistance
of the submarine obtained from the virtual self-propulsion test were compared to determine
the rotational speed of the propeller [16]. Furthermore, visualization of the unsteady fluid
flow surrounding the submarine with the propeller and Cross-rudder plane configuration
was investigated. The turning ability of a submarine with the X-rudder plane configuration
and virtual propeller has been predicted through numerical simulation of turning circles
with different deflection of the rudders in Star-CMM+ code in [17]. The complex fluid flow
around the DARPA SUBOFF submarine with rudder deflection has been analyzed based
on OpenFOAM [18], where the hydrodynamic forces and moments of the rudder with a
wide range of deflection angles were calculated and compared with experimental data. The
forward running of a submarine near the free water surface has been simulated using Ansys
Fluent code to predict the resistance of the hull under the Cross-rudder plane configuration,
as well as the thrust and torque of the propeller [19]. The obtained results showed that the
resistance of the hull and rudder plane near the free surface were increased by 129–174%,
in comparison with the resistance of the submarine under deep water conditions.

It can be seen that the previous studies have focused on the maneuvering of sub-
marines under a single stern rudder plane configuration, while few studies have analyzed
the hydrodynamic characteristics of multiple types of rudder plane configuration. There-
fore, three types of rudder configuration for the stern of a submarine are analyzed using
Ansys Fluent code in this study in order to predict the hydrodynamic characteristics. The
advantages of each stern rudder plane configuration in terms of submarine control will be
evaluated. The geometry of the submarine with different stern rudder configurations in
the fluid domain is generated using the Ansys Design Modeler. The fluid domain and the
submarine’s surface are then introduced for Ansys meshing, in order to discretize them
into finite volume elements. Numerical simulation in Ansys Fluent using the generated
meshes is then carried out to obtain the hydrodynamic forces and moments acting on the
X-plane, Y-plane, and Cross-plane rudder configurations. Hydrodynamic coefficients of the
stern rudder plane configurations are estimated through Taylor expansion of the deflection
of the control surface. Finally, the best stern-plane rudder configuration, from the point of
view of the submarine’s maneuvering characteristics, will be analyzed.

2. Methodology
2.1. Coordinate Systems and Symbols

To predict the behaviors of the submarine, body-fixed (Oxyz) and earth-fixed (O1x0y0z0)
coordinate systems are used to represent the dynamic behavior of the vehicle and its
trajectory. The origin of the body-fixed coordinate system is located at the center of the mid-
section of the submarine. Figure 1 illustrates the two coordinate systems and definitions
of the kinematics, forces, and moments of the submarine, in which u, v, and w stand for
linear velocities along the x-, y-, and z-axes, while p, q, and r are angular velocities about
these axes, respectively. Furthermore, X, Y, and Z indicate external forces of the submarine
along the x-, y-, and z-axes and K, M, and N are the moments of the body about x-, y-, and
z-axes, correspondingly.



Appl. Sci. 2024, 14, 4292 4 of 15

Appl. Sci. 2024, 14, x FOR PEER REVIEW 4 of 15 
 

submarine along the x-, y-, and z-axes and K, M, and N are the moments of the body about 
x-, y-, and z-axes, correspondingly. 

 
Figure 1. Coordinate systems and symbols. 

2.2. Equation of Motion of the Submarine 
Considering the motion of the submarine with six degrees of freedom, the equations 

for the submarine’s motion in calm water in the body-fixed coordinate system have been 
described by Fossen [20], as follows: 

ݑ̇]݉ − ݎݒ + ݍݓ − ଶݍ)ீݔ + (ଶݎ + ݍ݌)ீݕ − (ݎ̇ + ݎ݌)ீݖ + [(ݍ̇ = ܺ (1)

ݒ̇]݉ − ݌ݓ + ݎݑ − ଶݎ)ீݕ + (ଶ݌ + ீݖ ݎݍ) − (̇݌ + ݌ݍ)ீݔ + [(ݎ̇ = ܻ (2)

ݓ̇]݉ − ݍݑ + ݌ݒ − ଶ݌)ீݖ + (ଶݍ + ݌ݎ)ீݔ − (ݍ̇ + ݍݎ)ீݕ − [(̇݌ = ܼ  (3)

̇݌௫ܫ + ൫ܫ௭ − ݎݍ௬൯ܫ − ݎ̇)௫௭ܫ + (ݍ݌ + ଶݎ)௬௭ܫ − (ଶݍ + ݌ݍ)௫௬ܫ −  (ݍ̇

ݓ̇)ீݕ]݉+ − ݍݑ + (݌ݒ − ீݖ ݒ̇) − ݌ݓ + [(ݎݑ =  ܭ
(4)

ݍ௬̇ܫ  + ௫ܫ) − ݌ݎ(௭ܫ − ̇݌)௫௬ܫ + (ݎݍ + ଶݍ)௭௫ܫ − (ଶ݌ + ݌ݍ)௬௭ܫ −  (ݎ̇

ݑ̇)ீݖ]݉+ − ݎݒ + (ݍݓ − ݓ̇)ீݔ − ݍݑ + [(݌ݒ =  ܯ
(5)

ݎ௭̇ܫ + ൫ܫ௬ − ݍ݌௫൯ܫ − ݍ̇)௬௭ܫ + (݌ݎ + ଶݍ)௫௬ܫ − (ଶ݌ + ݍݎ)௭௫ܫ −  (̇݌

ݒ̇)ீݔ]݉+ − ݌ݓ + (ݎݑ − ݑ̇)ீݕ − ݎݒ + [(ݍݓ = ܰ 
(6)

where xG, yG, and zG indicate the coordinate of center of gravity along the x-, y-, and z-axes, 
respectively; Ix, Iy, and Iz are mass moments of inertia of the ship about the x-, y-, and z-
axes, respectively; Ixy, Iyz, and Izx are the products of inertia about the xy-, yz- and zx-axes, 
respectively; and m is the mass of the ship. 

Regarding the submarine’s motion in calm water, the external force and moment in 
the right side of the equations can be divided into hull forces (FH), propeller forces (FP), 
and control forces (FC). To steer the submarine with six degrees of freedom, the control 
force and moment of the rudders and stabilizers should be determined. These are then 
converted to a corresponding dimensionless form through dividing by (½V2L2) and 
(½V2L3), where L and V are the overall length and speed of the submarine, respectively, 
and  is the density of water. The hydrodynamic coefficients of the control plane are then 
obtained from the Taylor expansion, as shown in following equations. 

,ܺ)ܨ ܻ, ܼ, ,ܭ ,ܯ ܰ) = ுܨ + ௉ܨ + ஼ܨ  (7)

Figure 1. Coordinate systems and symbols.

2.2. Equation of Motion of the Submarine

Considering the motion of the submarine with six degrees of freedom, the equations
for the submarine’s motion in calm water in the body-fixed coordinate system have been
described by Fossen [20], as follows:
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where xG, yG, and zG indicate the coordinate of center of gravity along the x-, y-, and z-axes,
respectively; Ix, Iy, and Iz are mass moments of inertia of the ship about the x-, y-, and
z-axes, respectively; Ixy, Iyz, and Izx are the products of inertia about the xy-, yz- and zx-axes,
respectively; and m is the mass of the ship.

Regarding the submarine’s motion in calm water, the external force and moment in
the right side of the equations can be divided into hull forces (FH), propeller forces (FP), and
control forces (FC). To steer the submarine with six degrees of freedom, the control force
and moment of the rudders and stabilizers should be determined. These are then converted
to a corresponding dimensionless form through dividing by (½ρV2L2) and (½ρV2L3), where
L and V are the overall length and speed of the submarine, respectively, and ρ is the density
of water. The hydrodynamic coefficients of the control plane are then obtained from the
Taylor expansion, as shown in following equations.

F(X, Y, Z, K, M, N) = FH + FP + FC (7)
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N′
C = N′

δr
δr + N′

δr|δr |
δr|δr| (13)

where the symbols on the right side of the equations are the hydrodynamic coefficients of
the stern rudder plane configurations.

2.3. Simulation Method

The Reynolds-Averaged Navier–Stokes (RANS) method is used to analyze the fluid
flow over the submarine in this study. Following this method, the instantaneous velocity
is decomposed into its time-averaged velocity (u) and fluctuating velocity, in which the
fluctuating velocity is modeled as a function of the turbulence eddy viscosity and turbulence
kinetic energy. The governing equations of the RANS method for incompressible flow have
been introduced by Menter [21] and Wilcox [22], as follows:

∂ui
∂xi

= 0 (14)

∂ui
∂t

+ uj
∂ui
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= − ∂p
∂xi

+ ν
∂2ui
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(15)

The Reynolds stress, τij = u′
iu

′
j, is modeled as the function of the eddy viscosity

and kinetic energy based on the Boussinesq hypothesis. The turbulent model, k-w SST
(Shear Stress Transport) [21], for solving turbulent flow around the submarine is presented
as follows:
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where Pk is the production rate of turbulent kinetic energy by the mean flow. The variables
are defined as follows.
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arg2 = max

(
2

√
k

0.09ωy
;

500ν

y2ω

)

CDkω = max
(

2ρσω,2
1
ω

∂k
∂xi

∂ω

∂xi
, 10−20

)
with the model constants σk,1 = 1.176, σω ,1 = 2.0, σk,2 = 1.0, σω ,2 = 1.168, a1 = 0.31,
βi,1 = 0.075, and βi,2 = 0.0828 [23].

3. Numerical Modeling
3.1. Case Study

A full-scale submarine was chosen as a target body in this study. Three stern-rudder
plane configurations, including Cross-plane rudders, X-plane rudders, and Y-plane rudders,
with the same span of 7.4 m were considered. The stern-rudder plane configurations were
created from the NACA0020 profile. Figure 2 presents the geometry and main dimensions
of the rudder plane configurations and the submarine. The definitions of hydrodynamic
forces and moments acting on the Cross-rudder plane, X-rudder plane, and Y-rudder plane
configurations are shown in Figure 3. The two opposite blades in the X-rudder plane and
Cross-rudder plane configurations are all deflected about the same rotational axis, and are
parallel and 0.578 m from the leading edge. Meanwhile, a pair of blades in the Y-rudder
plane configuration are rotated about the rotational axes with the same distance from the
leading edge but in different directions. The rudder deflection, δr, is defined for each type of
the rudder plane configuration, as shown in Equations (19)–(21). Furthermore, the angle of
deflection of each stabilizer, δs, is described in the left-hand equations. The hydrodynamic
forces acting on each rudder plane configuration are defined in Figure 3.
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δr_X =
(δ1 + δ2 + δ3 + δ4)

4
(20)

δr_Y =
δ1 + δ2 + δ3

3
(21)

δs_Cross =
(−δ1 − δ3)

2
(22)

δs_X =
(−δ1 + δ2 − δ3 + δ4)

4
(23)

δs_Y =
(δ2 − δ3)

2
(24)
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3.2. CFD-Based Modeling

A rectangular shape was selected as a fluid domain for simulating fluid flow over the
submarine without the effect of reverse flow. Following the ITTC Recommendation [24], a
rectangular domain of 7L in length, 4L in breadth, and 3L in height was created, where L
stands for the whole length of the submarine. The distance from the bow of the submarine
to the front surface of the fluid domain was set as 2L, and the submarine was located
in the middle of the fluid domain. In addition, physical conditions should be applied
to the outer surfaces of the fluid domain. The submarine speed was assigned for the
front surface as the velocity inlet, while the pressure-outlet condition was applied for the
back surface. Symmetric conditions were set for the side, top, and bottom surfaces. The
no-slip wall condition was set on the surfaces of the submarine hull and control surfaces.
Figure 4 presents the fluid domain and the boundary conditions on the submarine and
outer surfaces.
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To prepare for the simulation, the fluid domain was discretized using tetrahedral ele-
ments, as shown in Figure 5. The boundary layer of fluid flow surrounding the submarine
was modeled using layers of prism elements. The first layer thickness was determined
from the dimensionless wall distance (y+ value). With a submarine speed of 20 knots,
the Reynolds number was 1.0 × 109 and the regime of fluid flow over the submarine and
control surfaces was full turbulence. According to Oh et al. [25], the value of y+ is given
about 3000–5000 for Re = 1.0 × 109. Therefore, the value of y+ was chosen as 3000, and the
height of the first layer thicknesses on the hull and the stern rudder plane configuration
was then calculated as 9.0 mm.
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The incompressible RANS solver in Ansys Fluent was used to simulate fluid flow
through the submarine with the three rudder plane configurations. According to the ITTC
recommendation [24], the two-equation models of turbulence model, turbulence model of
k-ε realizable, or turbulence model of k-ω SST (Shear Stress Transport) are recommended
for simulating turbulent flow around a submarine in motion. Thus, the k-ω SST turbulence
model was selected for modeling turbulent fluid flow around the submarine. The pressure
field was obtained by solving the momentum equation using the SIMPLE (Semi-Implicit
Pressure Link Equation) algorithm. The second-order upwind method was employed to
estimate the face values through interpolation of cell center values and pressure values.

4. Results

To verify the simulation results, the force along the y-axis and moment about the z-axis
under the X-rudder plane configuration obtained from the CFD-based simulation in Ansys
Fluent were compared with the corresponding force and moment of a similar model (SWE
submarine), which was previously estimated by Piaggio et al. [14], as shown in Figure 6.
It can be seen that the obtained results were consistent with the experimental results [9].
The difference between the hydrodynamic coefficients of the X-rudder plane configuration
and the previous results may have resulted from the ignorance of strong turbulent flow
induced by the rudders, stabilizers, and the submarine’s body, as the fluid flow through
the stern rudder plane configuration on the submarine is simulated in steady state. The
comparison between the current and previous results is detailed in Table 1. Next, the
numerical simulation setup was applied to estimate the hydrodynamic forces and moments
of the rudder plane configuration.
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Figure 6. Comparison between current results and the previous results for rudders and stabilizers on
am SWE submarine in Piaggio et al., 2022 [14]. (a) Y−force of rudders versus angle of attack of the
rudder, (b) Y−force of rudders versus angle of attack of the rudders, (c) Y−force of stabilizers versus
angle of attack of the stabilizers, (d) Y−force of stabilizers versus angle of attack of the stabilizers.

Table 1. Comparison of the linear coefficients of the X-rudder plane configuration between current
study and the experimental study of Piaggio [14].

Symbol Current Study Experiment
(Piaggio et al. [14]) Difference (%)

Y′
δr

1.17 × 10−2 1.38 × 10−2 15.22
Z′

δs
1.12 × 10−2 1.41 × 10−2 20.57

M′
δs

4.84 × 10−3 6.10 × 10−3 20.66
N′

δr
−5.05 × 10−3 −5.70 × 10−3 11.4

To predict the hydrodynamic forces and moments acting on the rudders and stabilizers,
the submarine was forced to run steadily at a speed of 20 knots with different angles of the
rudder and stabilizer. Both the rudder and stabilizer were rotated from 0 to 21 degrees about
the z-axis and y-axis, respectively. The interval of the deflected angle for the simulation
was 3 degrees for each of the cases. As the submarine has a symmetrical body, the rudders
were rotated in one direction and the obtained results are presented in both rotating
directions. However, it was necessary to rotate the stabilizers in both directions about
the axis of rotation. The hydrodynamic forces and moments acting on each rudder-plane
were estimated in the numerical simulation. Figure 7 presents the results of hydrodynamic
forces and moments acting on the X-rudder plane, Y-rudder plane, and Cross-rudder plane
configurations obtained from the CFD-based simulation. It can be seen that the forces
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and moments increased as the deflection angle of the rudder and stabilizer increased.
The hydrodynamic forces along the x- and y-axes of the X-rudder plane were larger than
the corresponding forces acting on the Cross-rudder plane and Y-rudder plane. The roll
moment of the X-rudder plane was rather small, in comparison with the moment acting on
the left rudder plane configurations. This can be explained by the symmetric arrangement
of the X-rudder configuration, which induces the small value in hydrodynamic force along
the z-axis as well as the roll moment. A similar trend can be found in the hydrodynamic
force along the z-axis and the moment about the y-axis of the stabilizers, as shown in
Figure 8. The force along the x-axis and the moment about the y-axis of the stabilizers
in the X-rudder plane configuration were significantly larger than the force and moment
of stabilizers in the Cross-rudder plane or Y-rudder plane configurations. On the other
hand, the hydrodynamic force along the z-axis and the moment about the y-axis in the
Cross-rudder plane configuration were slightly smaller than the corresponding force and
moment of the Y-rudder plane configuration when the stabilizers were turned down, while
a discrepancy between the hydrodynamic forces of these two rudder plane configurations
was found in the positive deflection angle range.
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The variation of hydrodynamic forces and moments under the stern rudder plane
configurations were then fitted using the least squares method, in order to estimate the
hydrodynamic coefficients of the rudders and stabilizers. Table 2 depicts the hydrodynamic
coefficients under the three stern-rudder plane configurations. The first-order derivative of
the force along the y-axis of the X-rudder plane configuration was about 1.36 times and
1.45 times greater than that of the corresponding force acting on the Cross-rudder plane and
Y-rudder plane configurations, respectively. The first-order derivative of the force along
the z-axis of the X-rudder plane configuration was about 1.18 and 1.41 times greater than
those of the Cross-rudder plane and Y-rudder plane, respectively. Furthermore, the second-
order derivative of the rudder’s force along the x-axis of the X-rudder plane configuration
was about 1.67 times larger than that of the Cross-rudder plane configuration, but was
approximately the same as that along the x-axis of the Y-rudder plane configuration. On
the other hand, the first-order coefficients of the roll moment of the X-rudder plane were
very small in comparison with the roll moment of the left rudder plane configurations.

Table 2. Hydrodynamic coefficients under the Cross-rudder plane, X-rudder plane, and Y-rudder
plane configurations.

Symbol Cross-Rudder Plane X-Rudder Plane Y-Rudder Plane

X′
δrδr

−5.27 × 10−3 −8.81 × 10−3 −9.06 × 10−3

X′
δsδs

−4.91 × 10−3 −9.66 × 10−3 −7. 40× 10−3

Y′
δr

8.62 × 10−3 1.17 × 10−2 8.07 × 10−3

Y′
δr |δr | −2.57 × 10−3 −2.74 × 10−3 −1.60 × 10−4
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Table 2. Cont.

Symbol Cross-Rudder Plane X-Rudder Plane Y-Rudder Plane

Z′
δs

9.48 × 10−3 1.12 × 10−2 7.95 × 10−3

Z′
δs |δs | −6.97 × 10−3 −4.28 × 10−3 −4.47 × 10−3

K′
δr

−4.48 × 10−5 −7.61 × 10−6 −8.11 × 10−5

K′
δr |δr | −1.43 × 10−4 −2.38 × 10−5 −2.11 × 10−5

M′
δs

3.76 × 10−3 4.84 × 10−3 3.54 × 10−3

M′
δs |δs | −1.54 × 10−3 −1.35 × 10−3 −2.11 × 10−3

N′
δr

−3.73 × 10−3 −5.05 × 10−3 −3.52 × 10−3

N′
δr |δr | 9.67 × 10−4 1.03 × 10−3 −1.71 × 10−4

Local views of the pressure distribution on the rudder plane configurations are shown
in Figures 9–11 for the static rudder test and static stabilizer test at a deflection angle of
15 degrees. It can be observed that the static pressure distributions were asymmetric on
the deflected blades under the Cross-rudder plane configuration. A stagnation region
surrounding the leading edge of the left blades of the rudder plane configuration can be
seen. However, the asymmetric pressure field on all blades in the X-rudder plane and
the two inclined blades in the Y-rudder plane configurations for any deflection angle can
be observed.
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Figure 11. Static pressure contour on the Y-rudder plane configurations at an angle of deflection of
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5. Conclusions

In this study, numerical studies focused on the stern rudder plane configurations of
a submarine submerged in deep water were performed using RANS-based simulation.
Deflection angles ranging from −21 degrees to +21 degrees were considered, allowing for
comparison of the hydrodynamic forces and moments of the rudders and stabilizers at
different deflection angles.

The variation in the hydrodynamic forces and moments about the x-, y-, and z-axes
under the Cross-rudder plane, X-rudder plane, and Y-rudder plane configurations with the
same span were predicted. The hydrodynamic coefficients of the rudders and stabilizers
were then obtained through Taylor expansion of the hydrodynamic forces and moments.
It was proved that the hydrodynamic forces of the X-rudder plane configuration are
the largest, in comparison with the forces acting on the left cases (excluding the roll
moment). The numerical analysis indicated that the first-order derivative of the Y-force
for the X-rudder plane configuration exhibited a significantly higher magnitude, being
approximately 1.36 and 1.45 times greater than those observed under the Cross-rudder
and Y-rudder plane configurations, respectively. Furthermore, the first-order derivative of
the Z-force associated with the X-rudder plane configuration also surpassed those of the
Cross-rudder and Y-rudder plane configurations, being approximately 1.18 and 1.41 greater,
respectively. The hydrodynamic force along the z-axis and the moment about the y-axis
of the stabilizers in the Cross-rudder plane configuration were considerably larger than
the corresponding force and moment under the Y-rudder plane configuration for positive
deflection angles.

The hydrodynamic forces and moments of the stern rudder plane configurations
were assessed according to RANS-based simulation in steady state. In addition, fluid
flow through the rudder and stabilizer at high deflection angles was not investigated.
Therefore, CFD-based estimation of the hydrodynamic coefficients of the stern rud-
der plane configuration under unsteady fluid flow conditions should be assessed in
further research.
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