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Abstract: When the planing hull is sailing at high speed, the proportion of air resistance to the
total resistance increases significantly. Therefore, by studying the aerodynamic characteristics of the
planing hull shape, we can analyze the influence of the hull shape on the aerodynamic performance
of the planing hull, and find a method to reduce the proportion of air resistance. The research took
the planing trimaran as the research object, completed the wind tunnel test, and established the
numerical simulation method by solving the RANS equation and combining the k-¢ turbulence
model. Combined with the wind tunnel test data, the calculation accuracy of the computational fluid
dynamics (CFD) method was judged. Then, four superstructure shapes and two tail shapes were
simulated by the CFD method, and the characteristics of the air resistance and airflow field of several
drag reduction schemes with a volume Froude number between 7.00-17.51 were analyzed. The
research focuses on the aerodynamic force of the planing hull. The results show that the circular arc
stern has a more obvious drag reduction effect than the square stern, and the streamlined mid-arched
superstructure has certain advantages in the drag reduction effect.

Keywords: planing trimaran; air resistance; numerical simulation

1. Introduction

The planing craft is a kind of high-performance ship with outstanding rapidity and
maneuverability. It is also one of the few water surface equipment which can reach high
speed. Generally, the speed of the planing craft can reach 40-50 kn. In recent decades, the
research on the rapidity of the planing craft is gradually enriched, and the performance
of the main engine is also improving, which results in the speed of the planing craft also
increasing. The planing craft used in competition can even reach 120 kn.

Traditionally, in the aspect of the resistance of planing crafts, researchers generally
focus on the hydrodynamic performance and overall resistance performance of the sub-
merged part. At present, people have carried out more sufficient hydrodynamic research
on the structure of the planing craft, such as the step and multi-body planing craft channel,
including those in still water and in waves. De Marco et al. [1] carried out the towing test
and numerical simulation analysis of a stepped planing craft in still water, and studied
the complex fluid movement at the water—air mixing place behind the step. Lotfi et al. [2]
carried out a numerical simulation on the resistance, heave, and trim angle of the single-hull
single-step planing craft, and compared the simulation results with the existing empirical
formulae, which proved the reliability of the CFD calculation results. Veysi et al. [3] carried
out the numerical simulation test of the stepped and non-stepped planing craft, and proved
the resistance reduction effect of the step. Ghadimi P. [4] made a comparative study on
the double-stepped planing craft and the non-stepped planing craft with the same main
dimension, and determined the advantages of the double-stepped design in the aspects
of the hull resistance and bottom pressure at high speed. Lu et al. [5] studied the stern
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flap on the basis of the single-hull double-stepped planing craft, and determined that
installing a stern flap at the stern of the planing craft can effectively reduce the position
of the center of gravity of the hull and reduce the trim angle, which is conducive to the
maintenance of the motion attitude of the planing craft at high speed. For the planing
catamaran or planing trimaran, the channel structure has also become an important object
of hydrodynamic research. Yousefi R. [6] simulated the friction resistance and pressure
resistance of the monohull planing craft and the trimaran planing craft with the same
ratio of 1:10. Through the comparison, it was found that the resistance of the improved
trimaran planing craft was larger at low speed, but the resistance of the trimaran planing
craft decreased significantly when the hull began to slide at high speed. The numerical
simulation results are compared with Savitsky’s semi-empirical formula, and the results
are in good agreement. Ghassabzadeh M. and Ghassemi H. [7] used their developed THFG
equation to generate a channel planing craft. This channel planing craft is a multi-body
hull with four channels. The hydrodynamic parameters such as the height of gravity center,
trim angle, resistance, effective power, static pressure, and total pressure are obtained. In
Jiang Y. [8]’s study, combined with the towing test and simulation, the hydrodynamic and
aerodynamic characteristics of the trimaran channel planing craft at several high speed
points were studied. The results show that increasing the straight section of the channel
can reduce the average resistance and increase the lift of the channel, but it has adverse
effects on the motion stability. In addition, Jiang Y. [9] also studied the influence of the
channel size, such as the channel width and height, on the hydrodynamic and aerodynamic
characteristics of the channel. The complex movement of the water—air mixture in the
channel is also analyzed. Du L. and Sun H.B. [10] studied the air intake of the trimaran
channel planing craft, and proved that the existence of the air intake can produce a more
obvious drag reduction effect compared with the planing craft without air intake at high
speed. Panahi et al. [11] studied the slamming and slapping of the high-speed planing craft
in motion, and the high reliability of the simulation was proven by comparing the simula-
tion results with the test results. Judge C. et al. [12] studied the motion characteristics of
a high-speed deep-V planing craft in waves by combining the model test and CFD method.
Karimi M.H. [13] studied the influence of automatic control of the stern interceptors on
the vertical motion attitude of the high-speed planing craft. Ma W.J. [14] summarized the
relationship between the encounter frequency and the speed of the planing craft through
the towing test of the planing trimaran model in waves. Rosén A. et al. [15] carried out
the stress analysis on the hull structure of the monohull planing craft sailing in waves.
Su Y.M. et al. [16] conducted a numerical simulation and simulation tests on the trimaran
channel planing craft, and studied the influence of the gravity center position of the planing
trimaran on the resistance, trim angle, heave, and other relevant parameters of the hull
attitude. Moghadam H.K. [17] took the channel size of the planing trimaran as a variable
to study the effect of overall channel size on drag reduction. Yousefi R. [18] has sorted out
the research methods and technical means for the hydrodynamic analysis of high-speed
planing crafts at this stage.

In the existing studies, there are few research results on the air resistance of the planing
craft alone. Park et al. [19] studied the air resistance of the deck house shape of the high-
speed planing craft, simulated four kinds of deck house shape models, analyzed their
flow field characteristics, and gave the shape design with the best air drag reduction effect.
Kim and Hwang [20,21] carried out a CFD numerical calculation and wind tunnel test on
a planing craft model, and obtained the conclusion that the air resistance of the planing
craft model can account for 30% of the whole hull resistance at a speed of 30 knots. When
the speed of the full-scale planing craft is low, the proportion of the air resistance to total
resistance is small. Therefore, a large change in the shape of the planing craft has little effect
on the rapidity of the planing craft. However, when the speed increases, more parts of the
planing craft are lifted out of the water due to the support of the fluid, so the volume of
the planing craft in the air is larger. In addition, the air resistance of the ship hull increases
rapidly with the increase of velocity. This causes the proportion of the air resistance of the
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planing craft to also be increased when it is sailing at high speed. In the future, the design
speed of the planing craft will continue to increase, which will become the development
trend. Therefore, it is more valuable to study the air resistance of the planing craft.

The research object of this paper is the hull above the water surface of the planing
trimaran. Several optimization schemes are made for the planing craft, and the effects of
the air drag reduction brought by different optimization schemes are studied, and these
schemes are compared based on the calculation results. In this paper, Star CCM+ is used as
the solver, and the Reynolds-averaged N-5 equation and k—¢ turbulence model are selected
as the numerical solution models. After a comparison and correction with wind tunnel test
data, the air flow field of the high-speed planing craft is simulated and analyzed.

2. Materials and Methods
2.1. Hull Models
2.1.1. Wind Tunnel Test Model

The high-speed planing craft model used in wind tunnel test is solid. Its surface has
been polished and painted. Since the research object is only the part above the water surface
of the planing craft, the hydrodynamic force is not studied, so the part below the water
surface is sheared. The main parameters of the wind tunnel test model are given in Table 1.
Figure 1 shows the picture of the wind tunnel test model.

Table 1. Main dimensions.

Main Feature Symbol Value

Length (m) L 1.131

Breadth (m) B 0.806

Test model height (m) H 0.403
Initial model height (m) Hy 0.409
Draft (m) T 0.06

Displacement (kg) A 9

Longitudinal center of gravity (m) LCG 0.403

-

|§
I

Figure 1. Wind tunnel test model.

2.1.2. CFD Simulation Test Model

When preparing the simulation model, the same test model as the wind tunnel test is
established to test and correct the accuracy of CFD simulation. The model is named Model
0. The main dimensions and mass settings of Model 0 are exactly the same as those of wind
tunnel test model. The three views of Model 0 are shown in Figure 2.

Figure 2. Three views of Model 0.
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According to the shape of superstructure, the models used for simulation research can
be divided into four categories (Model A, Model B, Model C and Model D). Each type of
model can be divided into two types according to the shape of the stern: arc stern (No. 01)

or square stern (No. 02), with a total of 8 research models. The three views of the eight
models are shown in Figure 3.

()

Figure 3. Cont.
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Figure 3. Three views of 8 models: (a) Model A01; (b) Model A02; (c) Model B01; (d) Model B02;
(e) Model CO01; (f) Model C02; (g) Model DO01; and (h) Model D02.

In the design of the model, a totally enclosed superstructure is adopted, and no
corridor is reserved on both sides of the hull, which makes the superstructure and the hull
integrated. The superstructure of Model A is mostly composed of plane, with the cab in
front. The superstructure of B, C, and D models are all designed with integrated streamline
curved surface, and the main difference lies in the different position of cab design. From
the appearance, the longitudinal position of the highest point of the surface is different.
In order to describe the specific differences of superstructure, the lowest point of stern
plate is taken as the origin, L is the length of the hull, and L, is the longitudinal distance
from the highest point of superstructure to the origin, as shown in Table 2 and Figure 4. In
Table 2, the square stern model is selected to express the differences among the three types
of models: B, C, and D.

The air resistance formula is:

R = 0.5C,pV?S, 1)

where C; is the air resistance coefficient, p is the air density, V is the moving speed, and
S is the windward area. According to the formula, the test model should ensure the same
windward area as far as possible. In this study, the forward windward area of the four
models is the same as that of the prototype hull, which is 403 cm?.

Table 2. Longitudinal position of the highest point of the model.

Model Number (Ly/L) x 100%
Model B02 70%
Model C02 45%

Model D02 10%
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Model B0O2

Model C02

Model D02
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Figure 4. Longitudinal position.

2.2. CED Condition Setting and Accuracy Verification
2.2.1. Governing Equations and Turbulence Models

The maximum speed in the study is 25 m/s. Although the speed is very high for the
planing craft, it is still far lower than the acoustic velocity. It belongs to low speed flow, and
the change of air density can be ignored. Therefore, the incompressible air flow is selected
in the study.

The simulation of the flow field is essentially to solve the N-S equation. The equation
is as following:

oV

ot

During simulation, the governing equation of incompressible viscous flow is described
by the Reynold-averaged Navier-Stokes equations (RANSE), which are the most widely
used method in engineering. The equation is described as follows:

ou; ou; d AR 18;_7 9%u;
ai’+ ]ax]+ax]<llxl] ——*7‘4‘2} ) (3)

+(V-V)V = f—EVp—FZVZ ?)

where L?Z',L?j denote the time-averaged velocity Components;uf,u;- are the fluctuations of the

velocity components; p is the time-averaged pressure; p is dynamic viscosity coefficient; t is
time; and x;, x; are unit vectors in directions of i and j. The Reynolds number in the study is
very high, reaching the order of 10°, far exceeding the minimum standard of turbulence, so
the turbulence model is selected in the study. The standard k-¢ turbulence model is selected
in the study, which has a wide range of application and reasonable calculation accuracy in
the flow field calculation, and has been widely used in the calculation of engineering flow
field. The equation is described as follows:
The transported variable of turbulent kinetic energy; k, is defined as follows:

0 J 0 ue\ ok au] au] ou;
ﬁ(pk) + aTCi(pkul) B 371 l(#l * 07<> aTC] tH ox; \ 0x; o ax e )
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The second transported variable ¢ is defined as follows:

0 0 9 U\ Oe
g(Ps) + a—xi(PSuz) ~ oy [(Vl + ;s)a_x]

gouj (du;  Qu; €2
+Clyt%8_9q<a_xi+a_xj —C2P?/ 5)

where yi1 is the laminar eddy viscosity coefficient, and Cy, Cy, 0%, 0¢ are empirical constants.

2.2.2. Domain Setting

As this is the same as the previous research on the hydrodynamic force of planing
craft, because the left and right sides of the hull are symmetrical, we only calculate half of
the hull with the longitudinal section of the planing craft as the symmetry plane, so as to
improve the calculation efficiency. In order to better meet the model test conditions, the
model is set to be fixed on the ground, which is the same as the wind tunnel test. The front
of the domain is the velocity inlet, the incoming flow velocity setting is the same as the
wind tunnel test, and the rear of the domain is the pressure outlet. The settings for the
domain are shown in Figure 5.

Symmetry

Pressure Outlet

Ground

Velocity Inlet

Figure 5. Calculation domain.

2.2.3. Verification of CFD Calculation Accuracy

In order to improve the calculation accuracy, the hull grid is refined. Meanwhile,
to make the simulation environment as similar as possible to the test environment, the
simulated ground plane is set at the bottom of the hull model, and the mesh size is similar
to the hull surface. The grid generation around the hull is shown in Figure 6.

The mesh size is very important in numerical calculation. A fine mesh can save
time and improve calculation efficiency while bringing more accurate calculation results.
Therefore, before starting the numerical study, it is necessary to determine the mesh size
through numerical verification. The speed of 19 m/s is selected here. The size of the
surface mesh is 0.005Lpa, 0.009Lpa, and 0.011Loa. The non-dimensional height y+ range
of the first layer of prism layer is 0.12-2.02. The calculated results are shown in Figure 7.
The test value is also shown in the figure. According to the results, it can be found that
the smaller surface mesh size results will be closer to the test value. The thinner prism
layer will also bring the calculated results closer to the test value. The calculation result
of y+ = 0.12 has better accuracy, and the difference between 0.005Lpa and 0.009Lo4 is not
significant. In order to improve the calculation efficiency, 0.009Lpoa and y+ = 0.12 were
selected for calculation in the subsequent study.
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Figure 6. Grid around hull.
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Figure 7. Calculated resistance in mesh independence analysis.

The wind tunnel test of the model was carried out in Wind Tunnel and Water Flume,
Harbin Institute of Technology. The laboratory is a closed circumfluence rectangular cross-
section wind tunnel. The test wind speed range is 3-25 m/s, and the flow field performance
is good. The velocity nonuniformity of the flow field in the test area is less than 1%. In the
model test, the selection range of wind speed is 10-25 m/s; a total of 10, 13, 16, 19, 22, and
25 working conditions are selected. The duration of each working condition is 30 s, and
1000 data are recorded per second. The average value of all data of each working condition
is taken as the resistance of the working condition.

In the study, the model with the same size as the wind tunnel test model is used for
simulation, and then the results are compared with those of the wind tunnel test, and then
adjusted. The comparison and error of the obtained data are shown in Table 3 and Figure 8.

From the data obtained, the CFD simulation test data are very close to the wind tunnel
test results; the maximum error is only 2.12%, which is very consistent with the engineer-
ing accuracy requirements, and can be used for the following optimization simulation
calculation of planing craft shape.
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Table 3. Comparison of experimental data and simulation data.

. Resistance of Exp. Resistance of CFD
Velocity (m/s) N) N) Err.

10 1.581 1.576 0.27%
13 2.799 2.828 1.02%
16 4.353 4.307 1.07%
19 6.176 6.307 2.12%
22 8.320 8.260 0.72%
25 10.853 11.020 1.54%

[EnY
N

o

28 7 /‘/

Q

(8]

56 /n/
42

04 - g
e pd —e— Model 0 CFD

2 1 s A- Model 0 Exp

0 T T T T

5 10 15 20 25 30

Velocity(m/s)
Figure 8. Comparison of experimental data and simulation data.

3. Results and Discussion

The test conditions include six speed points of eight models and 48 working conditions
in total. The maximum speed in the design condition is 25 m/s. According to the model
design, the displacement 9 kg, and the volume Froude number formula which is shown
as follows,

Fry = V/\/gV3, (6)

where V is the model velocity, g is the acceleration of gravity, and V is the volumetric
displacement of the hull, its volume Froude number Fry has reached 17.51. The volume
Froude numbers corresponding to each velocity point are given in Table 4. In addition to
the applied racing craft, this has far exceeded the level that the existing planing crafts can
reach. However, in the future, the development of practical planing craft capable of high
speeds will become a new trend and development direction. Therefore, it is of research
significance to improve the speed in the design condition to such a high speed. In the study,
we can compare the velocity of the flow field around the ship, the pressure field around the
hull, and the resistance, and draw a reasonable conclusion.

Table 4. Comparison of experimental data and simulation data.

Velocity (m/s) Volume of Displacement (m?) Fr,
10 7.00
13 9.11
16 11.21
19 0.009 13.31
22 15.41
25 17.51

3.1. The Distribution of Pressure Field around the Hull

From the results, the pressure distribution of the same model at six velocity points
is almost the same. Therefore, the analysis of the pressure distribution selects the highest
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speed condition of each model, which is more representative. Figure 9 shows the pressure
distribution in the middle longitudinal profile of each model at the highest speed. It
can be seen from the pressure distribution around the hull that the model with the same
stern shape has an obvious difference according to the change of superstructure. The
superstructure of Model A is mainly composed of the plane, and two low-pressure areas
are generated at the two corner polygonal lines where the cab is located. On the other hand,
Models B, C and D with a streamline shape also have formed a low-pressure area in the
arched part of the superstructure, but the low-pressure area is relatively smooth, and the
location moves with the change of the shape of the superstructure.

(e) (f)

Figure 9. Cont.
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(8) (h)

Figure 9. Pressure distribution in middle longitudinal profile of each model at 25 m/s: (a) Model
A01; (b) Model A02; (c) Model B01; (d) Model B02; (e) Model C01; (f) Model C02; (g) Model D01; and
(h) Model D02.

Then, taking the stern shape as the variation, we can find that the four series of models
have something in common. Compared with the arc-shaped stern, the gas flow in the stern
of the square stern is more complex, resulting in a very obvious low-pressure region. From
the point of view of the pressure difference, it is clear that the square stern produces greater
resistance. According to the pressure distribution of Model D02, the low-pressure area of
the superstructure is even about to connect with the low-pressure area at the stern to form
a larger low-pressure area, which will not produce a good drag reduction effect. Obviously,
the combination of the rear cab and square stern is not a good design.

On the whole, the pressure distribution of the above optimization schemes is quite dif-
ferent from that of the prototype hull. The pressure distribution in the middle longitudinal
profile of the prototype hull is shown in Figure 10.

rFressure (Fa)

400,00 —S0,000! 50,000,

Figure 10. Pressure distribution in middle longitudinal profile of prototype hull at 25 m/s.

The front cabin and aft engine room of the superstructure of the prototype hull are
designed in the plane, and the middle cab adopts a bubble drag reduction shape. It can
be seen from the figure that a part of the low-pressure area is formed in the upper part of
the cab, and a small high-pressure area is formed at the inflection point between the cab
and the front and rear cabins. Finally, a large area of low pressure was formed at the stern.
In the optimization scheme, the superstructure is almost in the low-pressure area, and the
pressure distribution is more uniform.
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0.0000 7.0000
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14.000 21.000

3.2. Description of Streamline Distribution on Hull Surface

In the study, the flow lines on the hull surface were monitored. Streamline can directly
express the fluid flow around the hull, which is convenient for analyzing the characteristics
of fluid motion and comparing the influence of the hull shape on fluid motion. Figure 11
shows the streamline of each model at the highest speed.

28.000 35.000 VEIO!;‘Q)&)# agnhZ”l.dlfO(gM/S)

0.0000 7.0000 28.000 35.000

Velocity: Magnitude (m/s)
28.000 35.000 o 0.0000 7.0000 14.000 21.000 28.000 35.000

()

28.000 35.000 0.0000 7.0000

Velocity: Magnitude (m/s)
14.000 21.000 28.000

Velocity: Magnitude (m/s)
14.000 21.000

28.000 35.000 0.0000 7.0000 28.000 35.000

(8

Figure 11. Streamline diagram of each model surface at 25 m/s: (a) Model A01; (b) Model A02;
(c) Model BO1; (d) Model B02; (e) Model C01; (f) Model C02; (g) Model D01; and (h) Model D02.

From the streamline diagram of each model, it can be seen that there are large vortices
in the tail of the square stern model, and even the relative velocity between the fluid and the
hull in some vortices drops to close to 0. The eddy current generated by the tail of Model
D02 is the most obvious and complex. In contrast, the vortices in the wake of he A-type arc
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stern model are smaller, and the phenomenon of fluid deceleration is also improved. From
the point of view of energy, a larger eddy current will consume more energy; from the
perspective of pressure, a larger eddy current will increase the pressure difference between
the front and rear of the hull, which is not conducive to the drag reduction of the air part of
the hull.

Figure 12, taking model C as an example, shows the streamline details of the stern
view. The composition of vortices generated by different stern shapes can be analyzed from
Figure 12. For the arc stern Model C01, the incoming flow of the wake vortex consists of
two parts: one part is the gas from the tunnel of the planing trimaran; the other part is the
gas flowing from the hull side along the stern shape to the vortex. After passing through
the vortex area, these two parts of fluid converge with the fluid passing through the top of
the superstructure and the other part flowing through the side of the hull. However, for
a square stern hull such as Model C02, the vortices flow only from the tunnel. The fluid
flowing through the side and top of the hull does not participate in the formation of the
vortex. The fluid coming out of the vortex zone converges with the fluid flowing through
the side of the hull. From the physical point of view, a part of the vortex generated at the
tail can even produce a reverse velocity, which is similar to Cravero C. [22] and Shi L.’s [23]
research on the flow around a cylinder in the turbulence model.

Velocity: Magnitude (m/s) Velocity: Magnitude (m/s)
35.000
35.000
p— ==

28.000 28.000

1.
21.000 21:000

14.000
14.000

7.0000
7.0000

0.0000
0.0000

ll [l 1]

(a) (b)

Figure 12. Streamline details of Model C01 and Model C02: (a) Model C01; and (b) Model C02.

3.3. Comparison and Analysis of Resistance

Tables 5 and 6 show the resistance of each model at each speed point after CFD
simulation, and the drag reduction effect compared with the prototype hull. Among them,
Table 5 shows the relevant data of the arc stern and Table 6 shows the relevant data of the
square stern. Figure 13 shows the line charts of each model under each speed condition.
Some valuable conclusions can be drawn by comparing the data within the table and
between the tables.

From the data in Tables 5 and 6, the drag reduction effect of each model can be seen
intuitively. From the data, most models of the square stern can reduce the drag to a certain
extent, but the effect is not obvious enough. Even the design of Model D produces more
resistance than the prototype hull. For the model with same superstructure, it is obvious
that the arc stern model has an obvious drag reduction effect. It can be considered that the
arc stern can bring about an additional 20% drag reduction effect. If the shape of the arc
stern is further studied, it may even produce more of a drag reduction effect.
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Table 5. Resistance and drag reduction effect of arc stern model.
Mo Model A01 Model B01 Model C01 Model D01
Vv Drag Drag Drag Drag
(m/s) R(MN) R(N) Reduction R(N) Reduction R(N) Reduction R(N) Reduction
Effect Effect Effect Effect
10 1.576 1.222 22.46% 1.230 21.95% 1.148 27.16% 1.592 —1.02%
13 2.828 2120 25.04% 2.110 25.39% 2.006 29.07% 2.686 5.02%
16 4307  3.226 25.10% 3.220 25.24% 3.036 29.51% 4.078 5.32%
19 6.307  4.600 27.07% 4.652 26.24% 4.350 31.03% 5.688 9.81%
22 8260  6.440 22.03% 6.334 23.32% 5.828 29.44% 7.496 9.25%
25 11.020  8.440 23.41% 8.980 18.51% 7.718 29.96% 10.274 6.77%
Table 6. Resistance and drag reduction effect of square stern model.
A% MO Model A02 Model B02 Model C02 Model D02
(m/s) Drag Drag Drag Drag
R(N) RN) Reduction R (N) Reduction R (N) Reduction R (N) Reduction
Effect Effect Effect Effect
10 1.576 1.544 2.03% 1.432 9.14% 1.490 5.46% 1.554 1.40%
13 2.828  2.660 5.94% 2.540 10.18% 2.598 8.13% 2.782 1.63%
16 4307 4120 4.34% 3.874 10.05% 4.064 5.64% 4.348 —0.95%
19 6.307  6.160 2.33% 5.666 10.16% 6.044 4.17% 6.568 —4.14%
22 8260  7.800 5.57% 7.780 5.81% 7.844 5.04% 8.842 —7.05%
25 11.020  10.92 0.91% 10.54 4.36% 11.14 —1.09% 12.672 —14.99%
12 14
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Figure 13. The resistance line charts of each model: (a) Resistance line chart of arc stern model

under various speed conditions; (b) Resistance line chart of square stern model under various
speed conditions.

On the other hand, the conclusion of the comparison between the same stern models
varies with the shape of the superstructure. For the square stern, the best drag reduction
effect is Model B02, which can achieve about a 10% drag reduction effect in the working
conditions of 10-19 m/s. With the increase of velocity, the drag reduction effect of the
square stern model generally decreases. It can be considered that such a stern design is
not suitable for ultra-high-speed planing crafts. Model C01 has the best drag reduction
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effect for the arc stern model, and the drag reduction effect is the highest at all speed points.
The drag reduction effect reaches 30% under the working condition of 19 m/s. Model D01
even changes the negative growth of the drag reduction effect of Model D02 into a positive
growth by means of the arc stern.

Figure 14 shows the histogram of the drag reduction effect of each model at six
speed points. It can be seen from the figure that the combined design of the arc stern
and streamlined superstructure cab has obvious advantages in the air drag reduction of
the high-speed planing craft. It can also be seen from the line chart in Figure 13 that the
resistance of the arc stern model is generally low. When both Model A and Model B adopt
the arc stern, the drag reduction effect is similar. Only when the speed is higher, 25 m/s, is
the difference shown. When the square stern is used, the streamline Model B has a better
drag reduction effect. Considering the internal cabin design of the planing craft, if the
layout conditions permit, the high-speed planing craft should adopt the integrated design
as far as possible, and the cab should be centered as far as possible, at least avoiding the
rear cab or rear cabin arching. For the selection of the stern shape, the arc stern should be
adopted in the design of the high-speed planing craft without affecting the installation and
operation of the propeller and shaft.
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Figure 14. Cont.
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Figure 14. Histogram of drag reduction effect of each model at 6 speed points: (a) v = 10 m/s;
(b)v=13m/s;(c)v=16m/s; (d)v=19m/s; (e) v =22 m/s; and (f) v =25 m/s.

4. Conclusions

In this paper, the air part of the planing trimaran is taken as the research object, and
the drag reduction effect of several design schemes combining the superstructure and
stern shape is studied. Through the experiment, simulation, and analysis, the following
conclusions are obtained:

1. The CFD simulation software solver, Reynolds-averaged N-S equation, and k—¢
turbulence model are used to simulate the air flow field of the high-speed planing
craft. By comparing the experimental data with the test data under the same condi-
tions and adjusting the parameters reasonably, the calculation error can be reduced
to less than 3%, which can meet the requirements of engineering application for
calculation accuracy;

2. In the resistance component of the planing trimaran, the proportion of air resistance
cannot be ignored. From the calculation results, the drag reduction effect can be
obtained by a reasonable optimization design of the superstructure. Therefore, it is
necessary to optimize the superstructure design of the high-speed planing trimaran.
The research results of this paper can be used as the basis for the appearance design
of future super-high-speed planing craft;

3.  Based on the research data of this paper, it can be concluded that the arc stern design
can effectively improve the wake flow field and reduce the air resistance for the
planing trimaran. If the arc stern design is adopted, the streamline design and cab
center scheme are the best for the superstructure, and the high-speed drag reduction
effect can reach nearly 30%. If it is necessary to adopt the square tail design due to
design limitations, it is more suitable to adopt the streamline design and center cab.
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Nomenclature

CFD Computational fluid dynamics

kn Knot

Frg Volume Froude number

L Length (m)

Breadth (m)

H Test model height (m)

Hy Initial model height (m)

T Draft (m)

A Displacement (kg)

LCG Longitudinal center of gravity (m)
R Resistance

Ca Air resistance coefficient

0 Air density

Vv Moving speed

S Windward area

RANSE Reynolds-averaged Navier—Stokes equations
P Pressure

\Y Volume of displacement

g Acceleration of gravity

jov}
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