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Abstract: Flow field performance tests of submarine models with cross-rudder and X-rudder stern
control surfaces were conducted to study X-rudders’ performance in non-uniform flow fields. The
tests compared performance parameters such as resistance, lateral steering force, yaw moment, stern
velocity field, and flow field inhomogeneity coefficient under low- and high-speed conditions. The
test results show that, at low speed, the resistance of the X-rudder submarine is smaller than that
of the cross-rudder one at the same rudder angle. In contrast, at high speed, the resistance of the
cross-rudder submarine is smaller than that of the X-rudder submarine. Under low- and high-speed
conditions, the X-rudder’s lateral steering force and yaw moment are larger than those of the cross
rudder at the same rudder angle. The superiority of the maneuverability of the X-rudder becomes
more apparent with increasing rudder angle. At a rudder angle of 10°, the X-rudder’s lateral steering
force and yaw moment are about two times larger than the cross rudder’s. In the small-radius area
of the propeller plane, the inhomogeneity coefficient of the X-rudder is generally smaller than that
of the cross rudder. This is probably because the cross-rudder stern control surfaces have fixed
stabilizers with flaps, and the X-rudder stern control surfaces are all-moving, with a small fixed
part next to the submarine. This test provides a reference for designing the stern control surface of
low-noise submarines.

Keywords: X-rudder; cross rudder; yaw moment; inhomogeneity coefficient; submarine model test

1. Introduction

The stern control surface (SCS) of submarines is one of the main factors responsible
for the inhomogeneity of the wake flow field. It has been reported that improving the
homogeneity of the submarine wake field can reduce its radiated noise to a certain extent [1].
Therefore, improving the quality of the submarine wake field by optimizing the layout and
structure of the SCSs is an important research direction which is indispensably linked to
the design of submarine vibration and noise reduction strategies. Research on submarine
wake field characteristics concerns a comprehensive assessment of existing submarines and
new technical approaches for developing future submarine SCSs [2—4].

In the 1960s, the U.S. installed X-rudder control surfaces on the high-speed test subma-
rine “Albacore” [5]; these were arranged in a 45° cross-section with the longitudinal section
of the hull in the circumferential direction. The four individual rudders of the X-rudder
were designed as full-motion rudders. The test results revealed that the maneuverability
and emergency maneuverability of the X-rudder SCS far exceeded those of any previously
tested SCSs [6]. Due to the complexity of the X-rudder maneuvering system, the U.S. did
not implement it in practice at that time. Sweden was the first to apply the X-rudder to the
Hulmen class submarines, aiming to protect the integrity of the important stern appendages
during navigation in shallow water. In 2019, the U.S. reported that in the SSBN-826 class
ballistic missile submarine program, where the Columbia class nuclear submarine was a
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replacement for the Ohio class nuclear submarine, the X-rudder design would be used [7],
indicating the recognition of the excellent maneuvering performance of the X-rudder by
the U.S. Navy.

In recent decades, researchers from all around the world have focused on the hydro-
dynamics and maneuverability of the X-rudder SCSs. For example, between 1987 and 1988,
Mackay [8], of Defence Research and Development Canada, compiled wind tunnel model
test data on the cross-rudder and the X-rudder SCSs and demonstrated that the stall angle
in the horizontal plane of the X-rudder was higher compared with that of the cross rudder.
Furthermore, the rudder efficiency of the X-rudder comprising four rudders simultaneously
was better than that of the cross rudder. Broglia et al. [9,10] of Centro Nazionale delle
Ricerche, Italy, conducted a preliminary study on the maneuverability of the X-rudder
and the cross-rudder submarines through EFD and computational fluid dynamics (CFD)
methods. Zaghi et al. and Dubbioso et al. [11,12], of the Swedish Defense Research Agency,
performed preliminary studies on the maneuverability and hydrodynamic derivatives of
X-rudder and cross-rudder submarines based on the CFD method. Their results showed
that, due to its larger lateral projection area, the maneuverability of the X-rudder was
better than that of the cross rudder. In addition, their data revealed that the X-rudder
has significantly better yawing performance than the cross rudder because the X-rudder
is a fully moving rudder with an increased effective rudder area. Suastika et al. [13] of
Department of Naval Architecture, Indonesia, studied the gyration performance of the
cross rudder and the X-rudder based on the CFD method and found that the X-rudder has
a smaller gyration radius.

Chinese scholars have also conducted basic research on the theory of the X-rudder.
In 1991, Feng [14] analysed the Swedish submarine X-rudder device and its application.
In 1995, Shi [15] investigated the development, layout, steering mode, and maneuvering
characteristics of the X-rudder SCS. In 2004, Zhang et al. [16] compared X-rudders and
the cross rudders with unequal rudder angles and studied the effect of the flow field on
the hydrodynamic forces. In 2007, Luan and Lin [17] determined the equivalence between
the maneuvering force of the X-rudders and the cross rudders from the perspective of
submarine X-rudder design and analysed the relationship between submarine motion and
maneuvering performance. In 2008, Zhao et al. [18] elaborated on the structural form of
the submersible stabilizer wing and determined the main factors that should be taken
into consideration when designing the stabilizer wing. In the period of 2003-2008, in
order to maximize the rudder effect and improve the maneuvering performance of the
X-rudder, Hu et al. [19-22] established a mathematical model for the equivalent rudder
angle conversion between the X-rudder and the cross rudder, proposed the design concept
of an equivalent rudder angle conversion device of the X-rudder and the cross rudder,
and conducted simulations for an example submarine to verify the concept. In 2017,
Zhang et al. [23] studied a Darpa Suboff submarine with either a cross rudder or an X-
rudder installed and simulated two submarine motion states (straight incident flow in the
horizontal plane and variable angle of attack in the vertical plane) using the CFD method.
Their results showed that the hydrodynamic performance of the X-rudder was better than
that of the cross rudder. In 2018, Jiao et al. [24] investigated the arrangement of X-shaped
rudders in the circumferential direction using angles of 20°, 30°, 45°, and 60° by analyzing
the hydrodynamic performance of four different submarines; it was concluded that the
hydrodynamic performance of the 45° X-rudder submarine was superior. In 2020, Chen
et al. [25] compared the hydrodynamic characteristics of cross-rudder and the X-rudder
submarines by taking the pumping effect of the propeller into consideration.

The above literature review suggests that most of the research on X-rudders has been
primarily focused on theoretical and numerical simulation methods. Regarding experi-
mental research on the X-rudder, relevant published information is relatively scarce. On
the one hand, the manipulation of the X-rudders poses higher requirements on the control
system [26-29]; on the other hand, when using Particle Image Velocity measurements,
the diffuse reflection on the rudder surface causes interference with the incident laser
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sheet [30,31], leading to a difficulty in measuring the flow field on the submarine SCS. The
current lack of sufficient experimental measurement data for the validation of theoretical
and simulation results of the X-rudder flow field restricts the further development of such
theoretical and numerical methods. To this end, this paper conducts a comparative study
on the flow field characteristics of different SCSs, i.e., the cross rudder and the X-rudder, by
means of experiments, focusing on key parameters such as submarine resistance, lateral
steering force, yaw moment, propeller plane velocity field, and heterogeneity. Finally, the
differences between the experimental results of the cross-rudder and the X-rudder flow
fields are compared.

2. Cross-Rudder and X-Rudder Submarine Flow Field Test Verification
2.1. Test Object

In this case, the test object is a certain type of submarine model equipped with either a
cross rudder or a matching X-rudder, which are presented in Figures 1 and 2, respectively.

Figure 1. Cross rudder.

Figure 2. X-rudder.

The design idea of the X-rudder is to transform the cross rudder with a stabilizer wing
into a full-motion X-rudder without changing the rudder area, i.e., by ensuring that the
area of the X-rudder SCS is almost equal to that of the original cross-rudder SCS. At the
same time, the rudder stock position is kept the same as that of the original vertical rotation
cross rudder; that is, the distance between the rudder and the hydrodynamic center is
kept approximately the same. In the case of the X-empennage, the same SCSs serve as
both hydroplanes and rudders depending on the control mode. The two types of SCSs are
exhibited in Figures 3 and 4.

In the test design, a benchmark was deployed: when the rudder angle was 0°, the
sum of the areas of the rudder and the stabilizer wing of the two SCSs were equal, so as
to ensure that the hydrodynamic performance of the two SCSs were equivalent when the
rudder angle was 0°. Some dimensional details of the SCSs are shown in Table 1.
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Figure 3. Cross rudder schematic.

-

Figure 4. X-rudder schematic.

Table 1. The dimensional details of the SCSs.

Parameters Value
Height of the SCSs 0.065L
The average span of the SCSs 0.071L
The average span of the cross rudder stabilizer 0.037 L
The average span of the cross rudder flap 0.034 L
The diameter at the longitudinal location of the SCSs 0.059 L
The diameter of the submarine at the propeller hub 0.048 L
The distance of the X-rudder from the bow to its axis of rotation 091L

The submarine has enclosures and forward hydrofoils at the front. The average chord
length of the forward hydrofoil is 0.08 L, and the average span of the forward hydrofoil
is 0.16 L. The distance between the leading edge of the forward hydrofoil and the bow is
0.21 L, and the distance between the trailing edge and the forward hydrofoil from the SCSs
is 0.62 L. The L in this paper represents the length of the submarine.

The test is mainly concerned with motions within the horizontal plane under straight
incident flow, and consequently only yawing forces and moments are investigated. Re-
garding a cross rudder, only the vertical rudders can perform a steering action, however,
in the case of an X-rudder all four rudders must be activated simultaneously. To facilitate
the description of the two steering methods for the SCS, the steering directions of the cross
rudder and the X-rudder are illustrated in Figure 5. If the two upper rudders of an X-rudder
rotate in counterclockwise direction and the two lower rudders in clockwise direction with
respect to an axis pointing downstream, the submarine turns right. In this test, the rudder
angle of the X-rudder was defined as the same angle in all planes.
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(b)
Figure 5. SCS rudder movement to make the submarine turn right. (a) Cross rudder. (b) X-rudder.

2.2. Coordinate System

In order to accurately describe the test conditions, the coordinate system shown in
Figure 6 was established, with the x-axis coinciding with the center axis of the submarine
and pointing downstream, i.e., towards the stern, the positive direction of the y-axis points
to the starboard side of the submarine, and the positive direction of the z-axis pointing
upward based on the right-hand rule.

Figure 6. Coordinate system definition.

2.3. Test Description

This test was conducted in a ship model pool laboratory. In order to minimise the
effects of any currents caused by the submarine’s movements, sufficient time was allowed
between the two tests. The main tests carried out were as follows:
(1) Resistance measurement

The submarine was operated at low speed (Vi) and high speed (Vygn), and the type

of SCS (cross rudder and X-rudder) and the rudder angle (0°, 2°, 5°, 10°) were changed al-
ternately to determine the resistance of the submarine under different operating conditions.

(2) Lateral steering force and yaw moment measurement

Under the conditions of Vioy and Vygp, the type of SCS (cross rudder and X-rudder)
and the rudder angle (0°, 2°, 5°, 10°) were changed to determine the lateral steering force
and yaw moment under different conditions.

(3) Velocity field measurement in the propeller plane

Under the conditions of Vi, and Vpgp, the type of SCS (cross rudder and X-rudder)
and the rudder angle (0°, 2°, 5°, 10°) were changed to determine the axial velocity distribu-
tion at different radii of the propeller plane and quantify the inhomogeneity coefficient.

The tests in this paper were all done at 0° attack angle and 0° drift angle.
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2.4. Test Environment

The tests were conducted in a model towing tank (Figure 7), which was 108 m long, 7
m wide, and 3.5 m deep. The water depth could be arbitrarily selected according to the
test requirements, and the trailer work frame could be lifted vertically to facilitate different
deep and shallow water test requirements (Figure 8). In general, the pool is a large deep-
and-shallow dual-use model test pool, its water surface area is large, and experimental
research on large ship modelling tests can be performed.

Figure 8. Trailer work frame.

2.5. Test Equipment

The maximum speed of the trailer was 4.5 m/s and the steady speed range was
0.1~4 m/s; the maximum average acceleration a+ was 0.09 g; the maximum average decel-
eration a— was 0.15 g. In order to keep the model test in a turbulent state, a stimulation
wire was installed 5%L from the bow of the submarine, where the diameter of the stimu-
lation wire was 1 mm. A computer-assisted closed-loop system automatically controlled
its speed with a steady speed accuracy of 1%.. The water temperature measuring device
was a high-precision thermometer with a range of 0~100 °C and an accuracy of 0.1 °C. A
six-component force sensor was used to measure the resistance, lateral steering force, and
yaw moment of the submarine and the SCS, and a DH-5922 signal test and analysis system
was utilized for signal analysis and data acquisition (range of £20 mV to £20 V; 8 channels;
accuracy of 16 bit D/A). A Stereo Particle Image Velocimetry (PIV) test system was used to
measure the propeller plane speed of the submarine with different SCSs (Figures 9 and 10).
The Stereo-PIV test system can capture the three-dimensional (3D) non-constant flow field
within a measurement area of 200 mm x 200 mm and with a spatial resolution of one mil-
limeter. The specific parameters of the PIV measurement system equipment are a maximum
CCD resolution of 2048 x 2048 pixels, maximum laser pulse energy of 1200 m]J, laser beam
duration of 4 ns, laser wavelength range of 532 nm~1064 nm, and sheet light thickness of
0.6 mm, and polyamide particles were used as PIV tracer particles.
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Figure 9. Underwater PIV equipment accompanying the vehicle.

Figure 10. PIV system testing process.

The lateral steering force and lateral moment of the submarine were measured by a
strain gauge balance and a six-component force sensor, as shown in Figures 11 and 12. The
balance and sensor were made of stainless steel, the range of the sensor’s three-direction
force was 0-500 N, the range of the three-direction moment was 0-20 Nm, and the accuracy
was £0.2%.

Figure 11. Strain gauge balance.
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Figure 12. Six-component force sensor.

PIV Speed Measurement Principle

The 2D3C Stereo-PIV measurement system utilized in this experiment consisted of
a modular combination of a fully submersible mine-body, a streamlined wing mount, a
laser system, a control and acquisition system, and a particle dispersal system. The specific
mine-body arrangement is displayed in Figure 13.

l Watertight compartment
[T Water-filled compartment

Figure 13. PIV system underwater mine-body arrangement scheme.

In Figure 13, A is the laser sheet light formed by the line laser passing through the
column mirror, B is the laser total reflector compartment, C is the laser column mirror
compartment, D is the laser guide arm, E is the hydrodynamic streamline support arm, F
is the flow field measurement range area, G is the camera reflector compartment, H is the
water environment opening window, I is a 50 mm /1.8 Canon lens, ] is a platform with a
rotation function to achieve the Scheimpflug state, K is the camera connection cable, L is
the camera cable guide arm, M is an 85 mm f/1.8 Canon lens, and N is the FlowSense 4M
Mk II 12-bit precision CCD camera. The reflector angles of the reflector compartment of
Cameras 1 and 2 are 56° and 19°, respectively, the angle between the axis of Camera 1 and
the image line of sight is 68°, and that between the axis of Camera 2 and the image line of
sight is 38°.

The Stereo-PIV analysis process is mainly as follows: over one entire test run, Cameras
1 and 2 capture 200 pairs of particle images, and the following operations are performed on
the images obtained by the two cameras: (1) the environmental background of the particle
images is extracted, i.e., the minimum pixel value of the 200 pairs of images is obtained to
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form the background image; (2) the calculation area is divided according to the background
image, and a masking process is performed on the area without tracer particles; (3) the
background image is subtracted from the initial 200 pairs of particle images to obtain pure
particle images; (4) an adaptive mutual correlation calculation is performed on the particle
images: the images are divided into small query windows, mutual correlation calculations
for the corresponding query windows are performed, the velocity vector direction and
magnitude of the flow field in the query region are obtained, and mutual correlation
calculation for all the query windows is performed in turn to obtain the velocity vector
field of all particle images; (5) the wrong vectors are eliminated, the light is smoothly
processed, and the information for 200 velocity fields is obtained separately for each of the
two camera viewpoints. At this point, based on the spatial position of the two cameras in
the measurement plane, the velocity vectors of the corresponding two velocity fields are
geometrically reconstructed to obtain the velocity vector information of the 200 2D3C data
sets. Finally, these 200 2D3C data sets’ velocity information is arithmetically averaged to
obtain the average velocity field in the measured plane for a certain test run.

2.6. Technical Scheme of the Test

The experiments were repeated in order to take into account the uncertainty of the
experimental results. The interval between the two tests was 40 min, in order to to minimise
the effects of any currents induced by the movement of the submarine.

2.6.1. Resistance Test Method
The technical programme for the resistance test in the towing tank is as follows:

(1) In order to obtain resistance and lateral steering force data with a high degree of
accuracy, it is necessary to ensure that the water surface is sufficiently calm for each
test to prevent waves, etc., from affecting the balance measurements. At the same
time, there should be sufficient time between the two tests to ensure that the bottom
of the pool was not disturbed.

(2) Before each test, a low-speed sailing measurement is carried out first, which is used
to save the time while waiting for the water to be calm after changing the working
conditions.

(38) During each test, the data collected by the balance are transmitted to the computer,
and the corresponding force, moment, and other measured parameters are processed
by the corresponding software, and the data are recorded.

2.6.2. Wake Field Test Method

The technical scheme for the wake field measurement test in the ship model towing
tank is as follows:

(1) To obtain a high-quality 3D flow field vector distribution, the water quality in the
towing tank must be tested beforehand to avoid the presence of impurities in the
water that may affect the PIV measurement results.

(2) Calibration of the PIV system is performed before the test to determine the coordinates
of the spatial position of the measured cross-section. Two CCD cameras are used to
capture images of the calibration plate at different angles, and a spatial coordinate
system is established according to the location of the dots on the acquired images.

(3) To ensure that the particle motion represents the actual flow in the flow field, there are
certain requirements on the diameter size, density, shape, light scattering performance,
seeding uniformity, and concentration of the tracer particles. The particles must follow
the water flow well to obtain high-quality particle images; thus, the selection and
seeding of the tracer particles are key to capturing high-quality flow field images. It
is not possible to obtain a tracer particle suspension which meets the experimental
requirements by relying only on gravity. To this end, a custom-made particle spreading
device was developed in the ship model pool laboratory. In the tank, the tracer



J. Mar. Sci. Eng. 2023, 11, 2091

10 of 20

particles are suspended under high pressure and released into the pool using eight
spray nozzles to achieve a highly uniform particle distribution.

(4) After the particle distribution images have been recorded, the PIV essentially becomes
an image processing technique. After camera calibration, filtering, and other pre-
processing, the particle displacement on the image plane is determined via a particle
matching algorithm, and then the velocity vector distribution of particle motion is
obtained. After rejecting any mismatching vectors, the final data are obtained and
displayed, and, if necessary, interpolation algorithms can be employed to generate a
denser velocity vector distribution.

3. Test Results
3.1. Resistance Test

The resistance of the two types of SCS submarines, with the cross rudder and the
X-rudder, was measured at low- and high-speed working conditions; the results are listed
in Table 2.

Table 2. Resistance of two types of SCS submarines at low and high speeds.

Resistance (Non-Dimensional)

Reynolds
Speed Nl)llmber Rudder Angle Cross Rudder X-Rudder Relative Increment
(RCI‘OSS) (RX) (RX - RCI’OSS )/RCI’OSS
0° 108.69% 91.4% —15.90%
View 134 % 106 2° 116.72% 96.0% —17.76%
. 5° 134.61% 107.45% —20.18%
10° 146.1% 111.62% —23.6%
0° 91.9% 97.9% 6.53%
Vhigh 3.6 x 10° 2° 87.5% 93.84% 7.24%
: 5° 91.05% 100.31% 10.17%
10° 91.3% 100.87% 10.49%

In Table 2, non-dimensional processing (divided by velocity squared) was performed
on the resistance values of two types of SCS submarines at different speeds and different
rudder angles. According to Table 2, the non-dimensional force (divided by velocity
squared) decreases with increasing velocity for both the cross rudder and the X-rudder. At
the same rudder angle, the resistance of the X-rudder submarine was lower than that of
the cross-rudder submarine at low speed; at high speed, the resistance of the cross-rudder
submarine was lower than that of the X-rudder submarine.

3.2. Lateral Steering Force and Yaw Moment

The lateral steering forces of the two types of SCS submarines were measured at low-
and high-speed operating conditions; the reference system was consistent with Figure 7
and the results are listed in Table 3.

Table 3. Lateral steering forces for the two types of SCS submarines at low and high speeds.

Lateral Steering Forces (Non-Dimensional)

Reynolds
Speed Number Rudder Angle Cross Rudder X-Rudder Relative Increment
(FCI'OSS) (FX) (FX - Fcross )/FCI‘OSS
0° 0 0 0
v L3 106 2° 100% 197.98% 97.98%
low 34 x 10 5° 131.97% 354.56% 168.66%
10° 179.85% 601.72% 234.58%
0° 0 0 0
- 106 2° 93.97% 147.55% 57.03%
high 3.6 x 10 50 126.18% 207.07% 64.10%

10° 206.55% 593.3% 187.25%
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In Table 3, non-dimensional processing (divided by velocity squared) was performed
on the lateral steering force values of two types of SCS submarines at different speeds and
different rudder angles. According to Table 3, it can be seen that (1) As speed increases, the
non-dimensional lateral steering force decreased for the cross rudder and the X-rudder. (2)
The lateral steering force of the X-rudder was larger than that of the cross rudder under
the same rudder angle in both the low- and high-speed conditions; (3) When the rudder
angle was 10°, the advantage of the navigation maneuverability of the X-rudder submarine
became more apparent, and the lateral steering force was about two times larger than that
of the cross-rudder submarine.

The yaw moment of the two types of SCS submarines was measured under low- and
high-speed operating conditions, and the results are listed in Table 4.

Table 4. Yaw moment for the two types of SCSs submarines at low and high speeds.

Yaw Moment

Speed Rudder Angle Cross Rudder X-Rudder Relative Increment
(Mcross) (Mx) (Mx - Mcross)/Mcross
0° 0 0 0
v 2° 100% 202.74% 102.74%
low 5° 132% 363.08% 175.06%
10° 179.87% 616.19% 242.57%
0° 0 0 0
Vi 2° 654.29% 1051.91% 60.77%
5 5° 878.61% 1476.28% 68.02%
10° 1438.16% 4229.75% 194.11%

Table 4 takes the yaw moment value at 2° rudder angle of the cross rudder as the
reference base. In Table 4, it can be observed that (1) the yaw moment of the X-rudder
was larger than that of the cross rudder under the same rudder angle in both the low- and
high-speed conditions; (2) the superiority of the X-rudder maneuverability became more
apparent with increasing rudder angle; at a rudder angle of 10°, the yaw moment of the
X-rudder submarine was about 2 times larger than that of the cross-rudder submarine.

3.3. Stern Flow Field Distribution

In order to study the effect of the X-rudder on the submarine’s wake field, the velocities
in three directions were extracted at the submarine’s propeller plane, which is located
0.048 L downstream of the trailing edge of the X- or cross rudder, respectively. Here, L
represents the length of the submarine. The angle definition figure is shown in Figure 14:

180°

90°

0°
Figure 14. Circumferential angle schematic.

The vertical downward direction of the submarine represents 0 degrees, and the
vertical upward direction of the submarine represents 180 degrees. The origin is in the
position of the central axis of the propeller plane. There are 72 measuring points on each full
circumference. Due to the symmetry of the flow field and the comparison of the two kinds
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u/u

U/U

U/U

of SCS under this index, the inhomogeneity coefficients in this paper use a quarter-circle

circumference.

The results for the nondimensionalized axial velocity are presented in Figures 15-18.
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Figure 16. The dimensionless axial velocity distribution at a rudder angle of 2°. (a) Low-speed (Vigy)

condition. (b) High-speed (Vhjgn) condition.
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Figure 17. The dimensionless axial velocity distribution at a rudder angle of 5°. (a) Low-speed (Vigy)

condition. (b) High-speed (Vp;g) condition.
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Figure 18. The dimensionless axial velocity distribution at a rudder angle of 10°. (a) Low-speed
(Viow) condition. (b) High-speed (Vy;gh) condition.
The results for the nondimensionalized lateral velocity are presented in Figures 19-22.
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Figure 20. The dimensionless lateral velocity distribution at a rudder angle of 2°. (a) Low-speed
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Figure 21. The dimensionless lateral velocity distribution at a rudder angle of 5°. (a) Low-speed
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The results for the nondimensionalized vertical velocity are presented in Figures 23-26.
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Figure 24. The dimensionless vertical velocity distribution at a rudder angle of 2°. (a) Low-speed
(Viow) condition. (b) High-speed (Vhigh) condition.
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Figure 25. The dimensionless vertical velocity distribution at a rudder angle of 5°. (a) Low-speed
(Viow) condition. (b) High-speed (Vy;gh) condition.
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Figure 26. The dimensionless vertical velocity distribution at a rudder angle of 10°.
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In Figures 15-26, U is the incoming velocity, i.e., Vioy O Vpgh, respectively. The axial
velocity, lateral velocity, and vertical velocity of each spatial position in the flow field are
Uy, Uy, and U, respectively, and the dimensionless axial velocity, lateral velocity, and
vertical velocity are defined as U, /U, U, /U, and U, /U, respectively.

Since the axial velocity has the strongest effect on the wake field, it was selected for
further analysis. To quantify the inhomogeneity of the axial velocity distribution at the
propeller plane, the root mean square (RMS) was used as a coefficient of inhomogeneity to
characterize different regions/sections of the flow field. The RMS can reflect the variation
of the sample, and it is expressed as Vs = g

i=1
velocity at a specific sample point i, N is the number of sample points equally distributed
over the circumference of an evaluation circle of radius 1, and U represents the average
velocity evaluated from all sample points of the evaluation circle. The magnitude of Vs
reflects the spread of variation of the velocity; the larger its value, the larger the variation
of the velocity over the circumference of the evaluation circle of a certain radius. The
distribution of the variation coefficients of the cross rudder and the X-rudder at different
radii for different rudder angles is given in Tables 5-8 and Figures 26-29. R in Tables 5-8
and Figures 27-30 represents the diameter of the propeller; r in Tables 5-8 and Figures 27-30
represents the position of the circumferential radius of the measurement point.

(u—u)* o is the di ionl
=5~ Here, U, is the dimensionless

Table 5. Comparison of the inhomogeneity coefficients of the cross rudder and X-rudder at a rudder
angle of 0°.

ng‘}:r Speed HR  Cross Rudder (Vi) X-Rudder (Vi) (Vimsz—Vimst) Vimst
02 0.044086 0.137829 212.64%
View 03 0.03387 0121575 258.94%
) 05 0.02447 0.067234 174.77%
0 02 0.049227 0.072478 47.23%
Vhigh 03 0.066838 0.035276 —47.22%
05 0026342 0.080717 206.42%

Table 6. Comparison of the inhomogeneity coefficients of the cross rudder and X-rudder at a rudder
angle of 2°.

Ilegc}:r Speed /R Cross Rudder (V,;51) X-Rudder (V,52) Vims2— Vimsi) Vems1
0.2 0.100687 0.039124 —61.14%
View 0.3 0.101815 0.066569 ~34.62%
o 0.5 0.021518 0.05532 157.09%
2 0.2 0.052986 0.029434 —44.45%
Vhigh 0.3 0.067865 0.07263 7.02%
0.5 0.043217 0.07306 69.06%

Table 7. Comparison of the inhomogeneity coefficients of the cross rudder and X-rudder at a rudder

angle of 5°.
Rudder
Angle Speed r/R Cross Rudder (V,51) X-Rudder (Vins2)  (Viusa— Vins1) Vst
0.2 0.045356 0.015313 —66.24%
Viow 0.3 0.083141 0.088512 6.46%
50 0.5 0.030079 0.094571 214.41%
0.2 0.052224 0.022227 —57.44%
Vhigh 0.3 0.070555 0.038828 —44.97%

0.5 0.039622 0.059555 50.31%
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Table 8. Comparison of the inhomogeneity coefficients of the cross rudder and X-rudder at a rudder

angle of 10°.
Rudder
Angle Speed /R Cross Rudder (V,,,,51) X-Rudder (V,,;,52) (Vims2 — Vimst) Vimst
0.2 0.113919 0.042532 —62.66%
Viow 0.3 0.050626 0.080097 58.21%
10° 0.5 0.038847 0.096596 148.66%
0.2 0.084526 0.018341 —78.30%
Vhigh 0.3 0.085513 0.097001 13.43%
0.5 0.063663 0.174736 174.47%

In Tables 5-8, it can be seen that (1) the velocity inhomogeneity coefficient of the
X-rudder SCS submarine propeller plane exhibited a trend of decreasing first and then
increasing with increasing rudder angle; (2) in the small radius region of the propeller
plane (i.e., r/R = 0.2), the inhomogeneity coefficient of the X-rudder was generally smaller
than that of the cross rudder. Moreover, the inhomogeneity of the flow field in the small
radius region of the X-rudder propeller plane was significantly better than that of the cross
rudder when operating at rudder angles of 2° and 5°. This difference may be caused by the
difference between the all-moving and fixed stabilizers.
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Figure 27. The inhomogeneity coefficients of the cross rudder and X-rudder at a rudder angle of 0°.
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Figure 28. The inhomogeneity coefficients of the cross rudder and X-rudder at a rudder angle of 2°.
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Figure 29. The inhomogeneity coefficients of the cross rudder and X-rudder at a rudder angle of 5°.
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Figure 30. The inhomogeneity coefficients of the cross rudder and X-rudder at a rudder angle of 10°.

According to reference [24], a submarine with the 45° X-rudder has better hydrody-
namic performance. The X-rudder designed in this paper was based on this conclusion.
In terms of resistance testing, the conclusions in this paper were consistent with those
in reference [8]. In terms of the measurement of lateral steering force and yaw moment,
the conclusions of this paper were consistent with those in reference [6], and it was quan-
titatively proposed that “when the rudder angle was 10°, the lateral steering force and
yaw moment of the X-rudder are about 2 times larger than that of the cross rudder”. The
velocity contours of the flow field in reference [23] showed the degree of non-uniformity of
the flow field of the two SCSs. In this paper, the parameter of non-uniformity of the flow
field was proposed and calculated, the magnitude of the two was quantitatively compared,
and provided the prerequisites for the conclusions in reference [23].

4. Conclusions

Tests were conducted in a ship model towing tank, and the submarine resistance, the
lateral steering force, and the yaw moment were measured for different rudder angles of
the cross rudder and the X-rudder, respectively. Furthermore, the velocity at the propeller
plane of the two SCS submarines was also measured, and the following conclusions can
be drawn:

(1) Under the same rudder angle, the resistance of the X-rudder submarine was smaller
than that of the cross rudder one at low speed, while at high speed, the resistance of
the cross-rudder submarine was smaller than that of the X-rudder submarine.
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(2) Whether under low or high speed, the lateral steering force and yaw moment of the
X-rudder were larger than those of the cross rudder under the same rudder angle.
With increasing rudder angle, the improvement in maneuverability provided by the
X-rudder became more apparent. At a rudder angle of 10°, the lateral steering force
and yaw moment of the X-rudder were larger than those of the cross rudder, and the
yaw moment of the X-rudder was about two times larger than that of the cross rudder.

(3) With increasing rudder angle, the velocity inhomogeneity coefficient at the submarine
propeller plane of the X-rudder SCS exhibited a trend of first decreasing and then
increasing. In the small-radius region of the propeller plane (i.e.,, r/R = 0.2), the
inhomogeneity coefficient of the X-rudder was generally smaller than that of the cross
rudder. Finally, the inhomogeneity of the flow field in the small-radius region of the
X-rudder propeller plane was significantly better than that of the cross rudder when
operating at rudder angles of 2° and 5°.

The above differences, on the one hand, may be due to the different arrangement of
the two rudders, that is, the X-rudders are the full-motion rudder, and the cross rudders
are the flap rudder. On the other hand, this may be related to the different projection angles
between the two types of SCSs and the enclosures and hydrofoils in front of the submarine.

As there will be quite a non-uniform wake in the upper part of the submarine, this
makes it even more important to have a “base line” for the non-uniform flow, without
the SCSs. With this “base line”, the influence of the SCSs on the uniformity of the flow
becomes clearer. This can be considered in new or repeated experiments on this subject in
the future work.
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