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The numerical model of supercavitating flow field was established based on multiphase model, cavitation model, and turbulence
model. The model was employed to simulate the supercavitation flow for the supercavitating vehicle with two types of control
surfaces: bow rudder and stern rudder. The influence of both control surfaces on the supercavity shape and rudder
effectiveness is compared under the different rudder angles (0-12°), and the effectiveness and the influences on supercavities of
bow rudder and stern rudder were explored according to the numerical research results. From the research results, the
following conclusions can be drawn: (1) the bow rudders have stable rudder effectiveness and available rudder angle, and the
bow rudders also have significant influence on supercavities’ shape. (2) By contrast with the bow rudder, stern rudders’
effectiveness is difficult to predict accurately, and the phenomenon of stalling will occur when stern rudders’ rudder angle
exceeds 6°; however, there is almost no influence of stern rudders on supercavities. (3) The bow and stern rudders joint control
mode must take the influence on supercavities’ shape and the accuracy of control force’s forecasting into account at the same
time. The research is helpful to the optimizing of superhigh-speed vehicles and the design of control modes.

1. Introduction

With the aid of a powerful propulsion device, the ultrahigh-
speed underwater vehicle can achieve a superhigh speed of
more than 200 kn in underwater [1], because it relies on
the unique hydrodynamic layout mode to achieve a substan-
tial reduction in the drag of the vehicle by wrapping most of
the body in the supercavity. However, due to the existence of
supercavitation, the hydrodynamic characteristics and the
response characteristics of the control system displayed for
the ultrahigh-speed vehicle are very different from those of
the conventional underwater vehicle. Therefore, the optimi-
zation of the hydrodynamic layout and the navigation con-
trol mode are the research focus and difficulty and are also
current research hotspots [2, 3]. The supercavitating vehicle
mainly adopts the stern rudder control mode, the bow rud-
der control mode, and the joint control mode of the bow and
stern control mode, and the precise prediction of rudder
effect and supercavity shape is the key to the research of
supercavitation navigation control technology [3, 4].

The supercavitation vehicle obtains greater control
power by increasing the wetted area of the rudder blade,
which can change the rudder effect characteristics and the
cavitation shape because of the interaction between the rud-
der blade and the cavitation. Ignoring the deformation of
supercavity and representing the rudder effect with the wet-
ted area of the theoretical rudder blade, Wang et al. [5] used
a wedge-shaped stern rudder as the control surface and stud-
ied the dynamic modeling and control problems. Li et al. [6]
proposed a hydrodynamic layout mode using bow rudder
control and studied the strong manoeuver control technol-
ogy of supercavitating vehicles through ballistic simulation,
but this study did not consider the effect of the hydroplaning
of the body because of the main body cavitation deformation
caused by the bow rudder. Dzieiski and Kurdila [7] proposed
a hydrodynamic prediction method for wedge-shaped rud-
der blades coupled with cavitation and studied the control
technology of supercavitating vehicle with the proposed
method. Kuklinski [8] used experimental methods to study
the formation and development of cavitation in disc
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cavitator, conical cavitator, star-shaped cavitator, and cone-
shaped cavitator with bow rudder and also carried quantita-
tive analysis of the influence of multiple supercavitation
morphology.

According to publicly published documents, the control
force of ultrahigh-speed vehicle mainly comes from the
hydrodynamic force of the bow rudder or the stern rudder.
The navigation control is mainly based on theoretical cavita-
tion to estimate the rudder effect according to the wetted
area. Accurate prediction of the control force of supercavi-
tating vehicle is very important for the optimization of
hydrodynamic layout and navigation control research. To
the best of our knowledge, there is no report on the study
of the interaction between supercavitation and rudder. Both
the bow rudder and the stern rudder cause the deformation
of the main body cavitation, and the change of the cavitation
shape also affects the rudder efficiency. In this paper, numer-
ical simulation is used to study the rudder effect of the bow
and stern rudder and the corresponding influence on the
supercavitation shape of the main body. The prediction
method of the rudder effect and the cavitation shape of the
supercavitation vehicle is proposed to demonstrate the bow
and stern rudder, and the pros and cons of the control mode
are also discussed. The research results of this paper can
provide references for the optimization of supercavitation
hydrodynamic layout and the research of navigation control
technology.

2. Numerical Model and Empirical Formula

For the study of supercavitation flow, the model test of low-
speed variation has many limitations, and the process of
high-speed cavitation test is difficult to control, and the
results are difficult to observe. A large number of verification
tests show that the numerical method simulates supercavita-
tion flow with good performance [9, 10]. Based on the
numerical methods and meshing strategies introduced in
the literature, numerical models were established for the
ultrahigh-speed aircraft with bow rudder and stern rudder
control modes, respectively, and the rudder effect of the con-
trol surface and its influence on the supercavitation shape
were also studied.

2.1. Description of the Problem. The control force of the bow
and tail rudders is derived from the fluid power of the rud-
der blades for a supercavitating vehicle, and the puncture
of the rudder blades will inevitably affect the cavitation
shape nearby and afterwards. The cavitation deformation
near the rudder blade will change the wetted area of the rud-
der blade, which in turn changes the rudder effect.

According to the position of the control surface, the
supercavitating vehicle mainly adopts three control modes:
the bow rudder mode, the stern rudder mode, and the joint
control mode of the bow and stern rudder. The stern rudder
mode relies on the rudder blade to pierce the cavitation to
generate control force, which is difficult to accurately predict
the rudder effect; the bow rudder mode uses the rudder
blades installed on the cavitator to control navigation, and
the rudder effect is stable, and the working distance is large,

which has a greater impact on the main body cavitation; the
joint control mode of the bow and stern rudder is a new type
of hydrodynamic layout mode, with the rudder piece of a
smaller size, which combines the characteristics of the bow
rudder mode and the stern rudder mode.

In this paper, numerical models were established for
supercavitating vehicle with different hydrodynamic layout
modes, and the rudder efficiency of the bow rudder and
stern rudder and their influence on the supercavitation
shape were studied, respectively. The bow and stern rudders
adopt the classic “cross” layout pattern. The tail rudder is
installed at the end of the cylindrical section of the vehicle,
and the bow rudder is arranged on the conical cavitator.
The layout of the bow and stern rudder is shown in Figure 1.

Both the bow rudder and the stern rudder use 24° wedge-
shaped rudder blades. The rudder blades and the dimensions
of the stern rudder model refer to a supercavitating under-
water vehicle that adopts the stern rudder control mode.
The diameter of the disc cavitator is 24mm, the chord length
is 20.18mm, and the spread length is 44mm. According to
the principle of approximate equal resistance, the cavitation
and tail rudder dimensions of the bow and rudder control
mode are designed, which uses a 90° cone-shaped cavitation
with a bottom diameter of 84mm, a bow rudder chord
length of 13.6mm, and a bow rudder maximum elongation
of 26.1mm, and rudder area is 301mm2. Considering that
the actual rudder effect of the stern rudder is related to the
high speed of cavitation puncture, the effective area of the
rudder blade is small, and the action distance of the rudder
force of the stern rudder is longer, so the area of the bow
rudder is only 20% of the area of the stern rudder.

2.2. Governing Equation. The governing equations involved
in the numerical simulation of supercavitation flow include
gas-liquid two-phase continuity equations, momentum
equations, and turbulence equations. According to literature
[11], the research content of this paper belongs to the homo-
geneous flow problem, and the mixture multiphase flow
model can be used. The cavitation problem can be consid-
ered by the mass transfer between the phases described by
the Schnerr and Sauer model. The turbulence simulation
adopts realizable k-e turbulence model, which is robust and
suitable for solving complex flow problems. The near-wall
processing method in turbulence simulation can use scaled
wall functions.

2.3. Model Processing and Meshing. This paper mainly stud-
ies the hydrodynamic characteristics of rudder blades under
supercavitation conditions when rudder blades exist. In
order to simplify the calculation process, the bow rudder
model establishes the geometric model of the conical cavita-
tion and the wedge-shaped rudder blades, without consider-
ing the rear body of the aircraft. The stern rudder model
needs to consider the puncture of the stern rudder to the
cavitation; therefore, a complete geometric model of the
supercavitating vehicle is established, including the disc
cavitator, the nose cone section, the cylindrical section, the
stern rudder, and the tail nozzle. On the basis of the bow
rudder and tail rudder models, the rudder blades are
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removed, and the model without appendage is established.
By comparing the numerical simulation results with or
without rudder blades, the influences of the bow rudder
and stern rudder on the cavitation shape are studied,
respectively.

For the numerical simulation of supercavitating flow
involving the capture of phase transition and two-phase
interface, a reasonable choice of the calculation domain scale
during modeling can reduce the influence of boundary con-
ditions on the calculation results. The diameter of the calcu-
lation domain is 35 times the maximum cross-sectional
diameter of the theoretical cavity. The distance between the
entrance of the calculation domain and the cavitator is 1
times the full length of the theoretical cavitation, and the
distance between the outlet of the calculation domain and
the cavitator is 2 times the full length of the theoretical
cavitation.

According to the established geometric models of the
bow and stern rudders, the GAMBIT software is used to
divide the structured grid, and a boundary layer to the near
wall is added, and the near wall grids are optimized to accu-
rately simulate turbulence based on the turbulence model’s
requirements for y + . The wake area around the rudder
blades and behind the rudder blades is divided into suffi-
ciently fine grids to accurately capture cavitation bubbles.
The grid independence test is carried to ensure that the
numerical simulation results of the cavitation shape and
fluid dynamics without the influence of the grid distribution.

According to the above-mentioned model simplification
method and grid division principle, the geometric model of
the rudder angle of 0°~12° is established, and the grid is

divided at 1° intervals, for the bow rudder and the stern rud-
der, respectively. The number of grid elements of the bow
rudder model is 1.8 million, while the number of grid units
in the stern rudder model is 2.2 million. The unattached
models for reference with the bow rudder and stern rudder
models are relatively simple, with a grid size of 0.9 million
and 1.2 million, respectively. Taking the 0° working condi-
tion as an example, the grid distribution of the bow rudder
and stern rudder models near the rudder blades is shown
in Figures 2(a) and 2(b), respectively.

2.4. Boundary Condition Setting. The calculation domain
uses a velocity inlet with free stream velocity of 100m/s.
The calculation domain uses a pressure outlet with an abso-
lute pressure of 118540Pa. The natural cavitation model is
used to simulate the generation and development of super-
cavitation with a cavitation pressure of 3540Pa. The calcula-
tion domain is surrounded by sliding walls, ignoring shear to
weaken the influence of the wall on the flow field.

3. Numerical Simulation Study of Bow and
Stern Rudder Models

According to the established bow rudder and stern rudder
models, numerical simulation studies were carried out,
respectively, and the hydrodynamic characteristics of the
rudder blades and the influence of the rudder blades on
the cavitation shape were obtained.

3.1. Layout of the Bow Rudder Mode. According to the
numerical results of the 0~12° rudder angle, the

(a) Installation of bow rudders (b) Installation of stern rudders

Figure 1: Local modes of the bow rudder and stern rudder: (a) the bow rudder; (b) the stern rudder.

(a) Grid of bow rudders (b) Grids of stern rudders

Figure 2: Grid distribution near the rudder blades. (a) The bow rudder model; (b) the stern rudder model.
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hydrodynamic characteristics of the bow rudder are
counted, and the rudder effect characteristics of the bow
rudder are obtained. Compared with the model excluding
the bow rudder, the influence of the bow rudder on the
major supercavity shape is obtained, by analyzing the defor-
mation of the supercavity.

3.1.1. The Influence of Bow Rudder on Supercavitation
Morphology. The bow rudder changes the inherent shape
of the rotating body of the cavitator, resulting in a change
in the shape of the supercavitation. Literature [12] pointed
out that during the motion of supercavitating vehicle, the
body would inevitably appear water skiing and be subjected
to greater “hydroplaning,” so the change of cavitation shape
will ultimately affect the motion characteristics of the vehi-
cle. In order to study the influence of the bow rudder on
the supercavitation, according to the numerical simulation
results of the bow rudder model, the supercavity shape is
characterized by the iso-surface of the 50% gas volume
fraction.

Considering that both the bow rudder and the rudder
angle will have a significant impact on the supercavitation
morphology, in order to highlight the focus of this research,
only the 0° rudder angle condition is taken as an example to
analyze the influence of the bow rudder on the supercavita-
tion morphology. The shape of the supercavitation, when
the bow rudder angle is 0°, is shown in Figure 3. The overall
cavitation morphology is shown in Figure 3(a), and the
initial cavitation morphology is shown in Figure 3(b). The
numerical simulation results shown in Figure 3 are similar
to the supercavity morphological characteristics obtained
by the water tunnel test of the star-shaped cavitation in the
literature [8].

Figure 3(a) shows that the supercavity generated by the
bow rudder model is ellipsoid-like overall, and the maxi-
mum cross-sectional diameter of the bubble is in the middle
position. The bow rudder cavitation has a great impact on
the previous part of the main cavity. Figure 3(b) shows that
four tail cavities are pulled out by the bow rudder, which
significantly changes the morphology of the forepart of the
supercavity. With the development of the main cavity, the
tail cavities gradually merge with the main cavity.

The bow rudder model adopts the “cross-rudder” layout
mode, which makes the cavitation profile of the cross-
section of the rudder blade different from other section.
According to the numerical simulation results, the cavitation
axial section contour lines are extracted, and the cavitation
contour lines through the axial section of the rudder blade
and the axial section between the two rudder blades are,

respectively, extracted for the bow rudder model. The two
sections are vertical section (section 1) and 45° oblique sec-
tion (section 2), which are reflected in the axial view of the
bow rudder model in Figure 1. The comparison between
the different cross-sectional contour lines of the supercavita-
tion of the bow rudder model and the cavitation longitudinal
profile of the no bow rudder model is shown in Figure 4.

Figure 4 shows that under the same flow conditions, the
geometric dimensions of the supercavitation generated by
the bow rudder model are larger than the supercavitation
generated by the single cavitation model, in which the axial
length is 7.7% larger. The cavitation profile of section 1 is
affected by the bow rudder, and the symmetry of the cavita-
tion bubble is destroyed, and the section with the largest
radial dimension moves backward. The radial dimension of
section 2 is larger than that of section 1, and the profile of
the cavitation is still elliptical. With the development of
cavitation, the difference between section 1 and section 2
gradually decreases.

In order to study the influence of the bow rudder on the
cavitation development process, according to the numerical
simulation results, the cavitation contours of the cross-
sections at different axial positions with the distances of
0.1 Lm, 0.3Lm, 0.5 Lm, and 0.7 Lm from the cavitation are
extracted and compared. The comparison of the cavitation
contour lines corresponding to different axial positions is
shown in Figure 5.

Figure 5 shows that the bow rudder has a significant
effect on the shape of supercavitation and will change the
original circular cross-section of the cavity. The rudder blade
changes the position of the cavitation seriously, and the
cavitation depression caused by the bow rudder disappears
after the middle section.

3.1.2. The Hydrodynamic Characteristics of the Bow Rudder.
The wetness of the bow rudder is not affected by the super-
cavitation of the main body; therefore, the rudder effect is
stable during the steering process, and the control force is
only related to the rudder angle. The hydrodynamic force
of the bow rudder includes the resistance in the same direc-
tion as the incoming flow and the lift perpendicular to the
incoming flow. In order to facilitate the analysis, the hydro-
dynamics of the bow rudder are dimensionless, and the ref-
erence quantities are the incoming flow velocity, the density
of water, and the wetted area of the rudder blades (the
wetted area of the rudder blades is defined as the area of
the longitudinal section of the wetted part). The hydrody-
namic characteristics of the bow rudder after the nondimen-
sionalization are shown in Figure 6.

(a) Supercavity produced by cavitator with bow rudders (wholly) (b) Supercavity produced by cavitator with bow rudders (partly)

Figure 3: Supercavitating shape when the rudder angle of the bow and rudder is 0°. (a) The overall cavitation morphology; (b) the initial
cavitation morphology.
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Figure 6 shows that the lift coefficient of the bow rudder
is positively correlated with the rudder angle. The linearity is
good in the range of 0~10°, and it is nonlinear in the range of
10~12°, and the lift derivative gradually decreases. With the
increase of the rudder angle, the drag coefficient of the bow
rudder is almost unchanged within the range of 0~5°, and it
increases significantly in the range of 6~12°. The drag coeffi-
cient of 12° rudder angle is about 80% higher than that of 0°

rudder angle. The bow rudder reaches the maximum lift-to-
drag ratio of 2.4 at 10° rudder angle.

3.2. Layout of the Stern Rudder Mode. According to the
numerical simulation results of the stern rudder model with
a rudder angle of 0~12°, the hydrodynamic characteristics of

the stern rudder are counted to obtain the rudder effect
characteristics of the stern rudder. Compared with the
model excluding the stern rudder, the influence of the stern
rudder on the major supercavity shape is obtained, by ana-
lyzing the deformation of the supercavity.

3.2.1. The Influence of Stern Rudder on Supercavitation
Morphology. According to the numerical simulation results,
the supercavitation of the stern rudder model and the unat-
tached vehicle model is compared, and the influence of the
stern rudder on the main body supercavitation is analyzed.
The stern rudder is located at the tail of the cylindrical sec-
tion of the supercavitation vehicle, and the shape of the main
body’s cavitation tail is mainly determined by the drainage
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of the engine nozzle for actual vehicle. Therefore, the main
concern is the influence of the stern rudder on its previous
supercavitation morphology. The main cavitation compari-
son of the stern rudder model and the unattached model is
shown in Figure 7(a). The supercavitation contour line
obtained by comparing the stern rudder with and without
the stern rudder is shown in Figure 7(b).

Figure 7(a) shows that the stern rudder model and the
unattached vehicle model have the same shape and size of
the supercavitation. Figure 7(b) shows that the supercavita-
tion contour lines obtained from the stern rudder model
with and without the stern rudder model almost coincide
before the rudder blade, which indicates that the stern rud-
der does not affect the shape of the supercavitation in front
of the rudder.

The stern rudder punctures the main body cavitation,
and the high pressure area of the rudder surface causes the
cavitation near the rudder blade to dent, which makes the
actual wet condition of the stern rudder change significantly.
Studying the influence of the stern rudder on the cavitation
shape near the rudder blade is helpful to predict the effective
wetting area of the rudder blade, and then accurately predict
the rudder effect. The comparison between the numerical
simulation results and the experimental results of the
supercavity deformation of the main body caused by the
stern rudder is shown in Figure 8(a). The intersections
of cavitation with stern flat rudder and stern straight rud-
der are shown in Figure 8(b). Figure 8(a) is a water tunnel
test result of low-velocity ventilated supercavity. It is
different from the numerical simulation conditions and
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shows that the stern rudder can cause the cavitation of the
main body.

As shown in Figure 8(a), both the numerical simula-
tion and water tunnel test results show that the rudder
blade piercing the cavitation will cause supercavity defor-
mation. Figure 8(b) shows that, when the angle of attack
of the vehicle and the rudder angle of the stern rudder
are both 0°, the actual wetted area of the stern rudder is
800mm2, which is 246mm2 larger than the theoretical
wetted area. Therefore, the prediction of the rudder effi-
ciency of the stern rudder should consider the supercavity
deformation. There is a big difference between the rudder
efficiency based on the theoretical cavitation shape and the
actual situation.

3.2.2. The Hydrodynamic Characteristics of the Bow Rudder.
The rudder effect of the stern rudder is directly related to the
wetted area of the rudder blade, and the control force is not
only related to the rudder angle but also affected by the
actual wetted condition of the rudder blade. According to

the numerical simulation results, the hydrodynamic force
received by the stern rudder is counted, and the rudder effect
of the stern rudder under the condition of cavitation punc-
ture is studied. The analysis method of the stern rudder
hydrodynamic characteristics and the dimensionless process
referred to the bow rudder model are also studied. The
hydrodynamic characteristic curve of the stern rudder is
shown in Figure 9.

Figure 9 shows the stern rudder lift characteristics
show two different stages when supercavitation is punc-
tured. The lift coefficient in the range of 0~6° has good
linearity with respect to the rudder angle, and the lift
coefficient of the rudder blade decreases abruptly at a
rudder angle of 7°, even stalling occurs. The lift coeffi-
cient is still positively related to the rudder angle within
the range of 7~12°, but it is only equivalent to the lift
level at the rudder angle of 5~6°. The drag coefficient
of the stern rudder in the range of 0~5° rudder angle
does not change much, and it increases significantly with
the increase of the rudder angle in the range of 5-12°.
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The drag coefficient of the rudder angle of 12° increases
by 60% relative to 5°.

4. Discussions

Figures 3–5 show the supercavitation generation and devel-
opment of the bow rudder model, indicating that the bow
rudder has a significant influence on the supercavitation
morphology. The cross-sectional profile of the bubble is no
longer circular, and the symmetry of the bubble is affected.
Figures 7 and 8 show the generation and development of
supercavitation in the stern rudder model, indicating that
the stern rudder has little effect on the main cavitation and
does not affect the shape and size of the cavitation in front
of the rudder, but only causes local depression of the super-
cavity near the rudder blade.

Figures 6 and 9 show the hydrodynamic characteristics
of the bow rudder model and the stern rudder blade, respec-
tively. The lift coefficient of the bow rudder continues to
increase with the increase of the rudder angle in the range
of 0-12°. The lift coefficient of the stern rudder increases
with the increase of the rudder angle in the range of 0-6°.
The lift coefficient of the blade drops suddenly when the
rudder angle is 7°. Although the lift coefficient in the range
of 7-12° is positively correlated with the rudder angle, the
value is only equivalent to the lift level at 5-6°. The maxi-
mum lift coefficient of the bow rudder is 0.41, while the stern
rudder is only 0.19. Taking the effective wetted area of the
rudder blade as a reference value, the lift derivative of the
bow rudder is greater than that of the stern rudder. In addi-
tion, considering that the distance from the cavitation of the
conventional supercavitation vehicle to the center of gravity
is about twice the distance from the stern rudder to the cen-
ter of gravity, therefore, the bow rudder control mode has
better maneuverability.

In summary, the bow rudder model has good hydrody-
namic characteristics, stable rudder efficiency, and large
usable rudder angles. Thus, the bow rudder of the same size
can provide greater control force and torque for the aircraft,
but it has a greater impact on the cavitation shape, which
will affect the prediction accuracy of the hydroplaning of
the hull. The influence of the stern rudder model on the pre-
vious supercavitation shape of the rudder blade is negligible,
but its effective wetting length is affected by the relative
position between the vehicle and the supercavitation. In
addition, the cavitation near the rudder blade also signifi-
cantly affects the effective wetting area of the rudder blade,
which brings difficulties to the hydrodynamic prediction of
the stern rudder.

Based on the above analysis, the advantages and disad-
vantages of the supercavitating vehicle bow and stern rudder
control modes are complementary. Reducing the elongation
of the bow rudder reasonably weakens the influence of its
multicavitation morphology, and reducing the chord length
of the stern rudder can weaken the influence of the main
cavitation on the rudder effect. Therefore, a large aspect ratio
bow rudder and a small aspect ratio stern rudder are used to
implement joint control of the supercavitation vehicle,

which can simultaneously take into account the supercavita-
tion shape and control force.

5. Conclusions

In this paper, a numerical model is established for the super-
cavitating vehicle in the bow and rudder control mode, and
the numerical simulation is carried out for the 0~12° rudder
angle. According to the numerical simulation results, the
influence law of supercavitation shape and its hydrodynamic
characteristics of the bow and stern rudder are studied. The
following conclusions can be drawn:

(1) In the bow rudder control mode, the rudder blades
have good hydrodynamic characteristics, stable rud-
der effect, and large available rudder angles, which
can provide greater control force and torque. The
bow rudder has a greater influence on the supercav-
ity morphology, and the cross-sectional profile of the
cavity before the midsection is significantly changed

(2) In the stern rudder control mode, the rudder blade
has almost no effect on the cavitation shape in front
of the rudder. The wetted length of the rudder blade
is determined by the relative position relationship
between the aircraft and the cavitation, and the
actual rudder effect is related to the attitude and
supercavitation morphology of the aircraft. The con-
trol force of the stern rudder is difficult to predict
accurately

(3) The advantages and disadvantages of the bow rudder
control mode and the stern rudder control mode are
complementary. The use of a small aspect ratio bow
rudder and a large aspect ratio stern rudder to imple-
ment joint control of the aircraft can simultaneously
take into account the supercavitation shape and con-
trol force

The research in this paper can provide a reference for the
optimization of the hydrodynamic layout of the supercavi-
tating vehicle and the design of the control model.
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