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Abstract: The trimaran is a high-performance ship of excellent seakeeping performance and stability,
which makes it less vulnerable to capsizing. In recent years, strong survivability has increased the
applicability of trimaran in unmanned ships. However, compared with the stability and seakeeping,
side hulls and the larger width make the trimaran's maneuverability not as good as the traditional
monohull. The unified study on trimaran's course keeping and broaching in waves is still limited. In
this paper, the navigation of trimaran in oblique stern waves is simulated, and the force and moment
by the water-jet impetus and nozzle reflection are simplified. The hybrid method coupling FNPT and
CFD is applied to simulate the process of surf-riding and broaching. The characteristics of the surf-
riding and broaching of the autopilot trimaran in oblique stern waves are analyzed by changing the
working condition of initial forward speed, wave parameters, and initial wave heading.

Key Words: trimaran; oblique stern waves; surf-riding; broaching; autopilot

1 Introduction

As one of the high-performance ships, trimaran has the characteristics of high speed, large deck
area, excellent performance of stability, and seakeeping. In recent years, by taking advantage of
survivability, the trimaran has been gradually used as unmanned vehicles, such as the sea hunter of
the USA and the corresponding hull form of China. As we know, compared with the catamaran and
the traditional monohull, the trimaran is of relatively low resistance at high speed, and the layout of
the two side hulls makes the trimaran not vulnerable to capsizing when sailing in waves (Pattison et
al., 1994). However, the side hulls will also lead to the strong nonlinearity of the seakeeping
performance of trimaran in different wave headings (Gong et al., 2020, 2021). Furthermore, the larger
waterline width of the trimaran will reduce the maneuverability of changing heading (YYasukawa et
al., 2005; Gong et al., 2019), and the maneuver in waves is relatively more complicated for the wide
range of sailing speed (Gong et al., 2022). Hence, the navigation of the trimaran in waves is a unified

problem of both seakeeping and maneuverability, and the corresponding study is still limited.
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Especially for the stern and oblique waves, the surf-riding and broaching is a crucial problem for the
course keeping and safety of the trimaran's navigation, which deserves more attention and study.

The International Maritime Organization promulgated Second Generation Intact Stability Criteria
in 2019, where surf-riding/broaching was listed as one of the five stability failure modes (IMO, 2019).
The instability problem of surf-riding and broaching concerned by the IMO is closely related to the
navigation safety of ships in stern and oblique stern waves, especially for ships of high speed and
small size. The surf-riding indicates that the ship is accelerated or slowed down by the stern or oblique
stern waves to sail at the same speed as the waves. Furthermore, the surf-riding is usually the
precondition of broaching (Begovic et al., 2018), which is extremely dangerous for navigation as the
loss of steerage and abrupt turning.

The surf-riding and broaching of ships began attracting researchers' attention as early as the 1980s.
Renilson et al. (1982) began to study the phenomenon of broaching and the corresponding loss of
sailing direction control in the following severe seas. Then, Renilson (1998) proposed the definition
of broaching and the analysis method by a non-linear mathematical model. Umeda et al. (2000)
classified the capsizes of ships into four modes. The nonlinear dynamics method was applied to study
the qualitative and quantitative characteristics of broaching and low cycle resonance, which was two
of the four modes. Walree (2002, 2011) began to apply a time domain panel code to simulate the
navigation of a high-speed petrol boat in stern-quartering seas. The results showed that the proposed
method could be used to investigate dynamic stability and course keeping in stern quartering seas. In
the past few years, the surf-riding and broaching of ships in stern and oblique waves still attracted
many researchers' attention. Spyrou et al. (2016) combined a linear mathematical model of the yaw
and sway motion with a nonlinear surge equation to predict the high run incidents and broaching
behavior of a ship in irregular oblique stern waves. Gu et al. (2018) presented the vulnerability criteria
for surf-riding and broaching. The vulnerability criteria were applied for a tumblehome vessel in the
stern and oblique stern waves, and the results of the vulnerability criteria were compared with the
tank test results for validation. Rajendran et al. (2019) applied strip theory to calculate the Froude-
Krylov and hydrostatic force of a ship in waves. The surf-riding and broaching of a fishing vessel in
regular astern waves are predicted by the numerical method, and the computed results are compared
with the experimental results for validation. Weems et al. (2020) developed a split-time method to
study the broaching and capsizing of the ship in random irregular waves, by which the prediction of
capsizing was divided into the upcrossing of an intermediate motion threshold and the probability of

capsizing after up-crossing. The ship navigation was simulated by calculating the nonlinear wave
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forces and hydrostatic restoring forces separately. Yu et al. (2021) applied a 6DOF numerical model
to simulate the navigation of a fishing vessel in the stern and oblique stern waves. By changing the
GM of the fishing vessel, the significant influence of GM value on the occurrence of broaching and
capsizing was shown. Angelou et al. (2021) presented a mathematical model to assess the tendency
for broaching-to of a sailing yacht. By the mathematical model, the maneuvering reaction, hydrostatic
forces, wave forces, and the sails of the yacht are solved by different sub-model, where the sails are
obtained by the interpolation tables of the pre-calculated aerodynamic and structural force.

It could be found that the study on the surf-riding and broaching is mainly fixed on the monohull
fishing vessel, which has the characteristics of medium or small size, high speed, and large transom
stern. The method of separately calculating the hydrostatic and wave force is widely used to predict
the navigation and broaching of a ship. Though the two side hulls could increase the ship width and
the lateral stability for the trimaran, it will also lead to relatively worse maneuverability and a large
transom stern. Besides, the high speed and the medium size will also probably increase the
vulnerability of trimaran to the surf-riding and broaching in oblique stern waves. Therefore, the layout
of two side hulls will also influence the trimaran's surf-riding and broaching process. Therefore, it is
necessary to take the intermittent emergence of the side hulls, green water, and bow diving into
account for the numerical simulation of the trimaran.

This paper studies the surf-riding and broaching of an autopilot trimaran in regular oblique stern
waves. A hybrid method coupling the fully nonlinear potential flow method and viscous flow method
is applied for numerical simulation, which has been widely used for the issues of FSI. The fluid ship
interaction and the ship's motion are solved by the viscous flow method, and the process of the surf-
riding and broaching could be captured with the nonlinear phenomena taken into account. The
trimaran is moving forward at an initial speed and heading. When sailing in the waves, the trimaran
moves freely, including surge, sway, heave, roll, pitch, and yaw motion. A semi-empirical model of
water jet thrust and steering moment is applied to control the initial heading. By changing the initial
speed and wave parameter, the course keeping performance and the characteristics of surf-riding and

broaching of the trimaran are studied.

2 Numerical methods

The numerical method for the numerical simulation of the autopilot trimaran is briefly introduced
in this section first. Then, the boundary condition and the grid generation are introduced.

2.1 Numerical method
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For the surf-riding and broaching of a trimaran, the nonlinear effect, including side hull
emergence, bow diving, and transient draft variation, is essential for the numerical simulation.
Therefore, the flow near the trimaran is solved by the viscous flow method in the internal domain.
Because the heat conduction and exchange of water are neglected, the flow field satisfies the mass
conservation and momentum conservation, and the fluid is assumed incompressible with the constant

density. The incompressible URANS equations can be expressed as
BU=0 (1)

apl)
ot

- [p(U-Up)U|=-Bp -g xBp+B-(u,, BUHBUY B 1, 4, @

Where p is density, ¢ istime, g isthe gravitational acceleration, U is the velocity field, U, isthe
moving velocity of the grid, p, is the dynamic pressure field, Hop is the effective dynamic viscosity,

f, is the surface tension term, f. is the source term. The VOF and compression techniques are

s
applied to simulate the Euler two-phase flow. An artificial compression technique (Rusche, 2002;
Weller, 2002) is used in OpenFOAM to keep the value consecutive and non-zero value only at the
interface between air and water.

When the autopilot ship is sailing in the waves, the internal domain moves simultaneously with the
ship in the scope of the external domain. The fluid is assumed to be ideal in the external domain, and
the velocity potential in the external domain satisfies the Laplace equation. A wavemaker is
implemented on one side of the external domain, and a self-adaptive wavemaker is adopted on the
other side for wave absorption. Both the kinematic and dynamic boundaries are satisfied on the free
surface. The two domains are connected by the interfaces and transition zone. Because the hybrid
method has been applied for different issues on FSI, more details about the QALE-FEM and the
hybrid method could refer to the reference (Ma et al., 2009; Yan et al., 2010; Hu et al., 2020; Gong et
al., 2021).

2.2 Motion of the autopilot trimaran

A global coordinate system (x, v, z) is used for the solution of the flow field, and the force and
moment on the ship are obtained in the global coordinate system. When solving the ship's motion, a
local coordinate system (x', y', z') is used, whose center overlaps with the gravity center of the
trimaran to avoid the force and moment correction. The solution to the 6DOF motion is based on the
reference (Xing et al., 2008). The ship’'s motion could be divided into linear and rotation in the local

coordinate system. The linear motion is expressed by the velocity (u,., u,) and the corresponding

y'!
acceleration velocity. The rotation could be expressed by the angular velocity (7, 7y, r.) and the
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corresponding angular acceleration velocity. The motion and rotation of the trimaran satisfy the 6DOF
maneuvering equations

Mttty 7 7y)=F g + Fyyo

Mty - Pt Vo ) =F e + Fyp gy

m(dy~-ux~ryv+uy.rxv)=F e + Fye 3)

LoroH(Io-Ly)ryr =My + My

LryH(Lo-L)ror, =My + My,

Lyt (ly-Le)rory=Myz: + My
Where m is the mass of the trimaran, (., 1, L) isthe inertia moment, (Fyy, Fpy, Fry)and (Mpyy,
My, My.) are the total force and moment of the hull surface, which are obtained by the solution of
the internal viscous-flow domain in every time step, and the force and moment by the effect of
velocity, acceleration velocity, pressure, and viscosity are taken into account. (Fy . Fype, Fiyz)
and (M, Myyy, My;;2) is the force and moment of the water jet impetus. The rotation is expressed

by the Euler angle (&,, &, ). After Eq. (3) is solved, the changing rate of the Euler angle could be

obtained by
1 sindjtands  cos¢,tangs | ry
0 cos¢, -sing, ry~] 4)
0 sing,/cosls  cosé,/cosds | L

For the simulation of the autopilot trimaran, the semi-empirical model of water-jet thrust and
steering moment is applied based on the reference (Renilson et al., 1998, Jong et al., 2013). The PD
control is used for the autopilot, where the initial heading of 0° is the target, the yaw angle &, is the
error in every timestep, the corresponding angular velocity é6 is the changing rate of the error. Hence,
the target nozzle deflection angle 6 could be obtained by 5:Kpf6+de6 in every time step, where
K,=9.5 is the proportional coefficient of the PD control used in this paper, and K,=3.0 is the
differential coefficient of the PD control used in this paper. In this paper, J,,,,=35° and 6=10°/s is
used for the autopilot simulation, which means that in every time step the nozzle deflection angle o
will change from the actual value towards the target value at a rate of 10°/s.

2.3 Domain and grid generation

The grid of the external FNPT-based QALE-FEM domain is generated based on the reference (Yan
et al., 2019). The only difference is that the length of the external domain should be adjusted by the
scope of the trimaran's navigation. The autopilot simulation in this paper is similar to the direct
maneuver simulation. For the direct maneuver simulation, it is suggested that the typical dimensions

of a grid are 3-5 ship lengths in the longitudinal direction, 2-3 in the transverse direction, and one
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length in the vertical direction for deep water (ITTC, 2014). Therefore, the internal domain size is
4.5Lx3.0Lx2.0L in the longitudinal, transverse, and vertical directions. The water domain length
above and under water is 0.5L and 1.0L. The meshes of the internal domain are generated by
blockMesh and snappyHexMesh, which is the preprocess utilities in OpenFOAM. The grid

generation and refinement are similar to the simulation of the zigzag maneuver of trimaran in waves

(Gong et al., 2022). The boundary definition of the hybrid method and the grid sketch are shown in
Fig. 1.

Fig. 1 The sketch of the hybrid method's boundary and the internal domain's grid.

In this paper, the kOmegaSST model was chosen as the turbulent model. The PISO (pressure
implicit splitting operator) is used to solve the coupled pressure and velocity fields. As shown in Fig.
1, the internal domain is solved by the viscous flow method. The details of the boundary conditions
of the internal domain are shown in Fig. 2. It should be noted that the velocity and volume fraction
on the interface is assigned by the external FNPT-based domain, which is solved before the internal

domain in every time step (Yan et al., 2019).

interface
U externalDomain
alpha externalDomain

Fig. 2 The sketch of boundary condition and the grid.

3 Validation and verification

In previous work, the hybrid method has been applied and validated for the numerical simulation

-6-
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of motion in waves and maneuver of trimaran (Gong et al., 2020, 2021, 2022). Hence the validation
of the wave generation and navigation in waves is not repeated. The trimaran's navigation in oblique
stern waves is autopilot, with the surge, sway, heave, roll, pitch, and yaw took into account. The
nozzle deflection angle continuously changes with the in-time heading and heading rate. Therefore,
the grid convergence test should be carried out to test the effect of the grid generation on the

occurrence of surf-riding and broaching by the current method.

Fig. 3 The sketch of a trimaran and the dimensions

The characteristic dimension of the trimaran form for numerical simulation is as follows: B/L=0.08,
D/L=0.04, C,=0.52, B,/L,=0.05, D,/L,=0.04, C,,=0.46, p/L=0.0, #/L=0.1, where L, B, and D
are the waterline length, waterline width, and draft of the center hull, L,, B,, and D, are the
parameters of the side hull, C, and C,; are the block coefficient of the center hull and side hull, p
and ¢ are the longitudinal and transverse positions of the side hulls as shown in Fig. 3. The
wavelength A/L=1.1, wave steepness of ak=0.135, initial speed Fr=0.5, and initial wave heading
S=30° are used for the test. The time step dr=7/260 is used in this paper, where T is the wave period.
80 grids per wavelength and 11 grids per wave height are used for the medium mesh. The ratio v2
is used as the grid refinement to refine the background mesh. The coarse, medium, and fine mesh cell
numbers are 1.04x10°, 2.67x10°, and 6.83x10°. The computer with a Xeon E5-2650V4 (2.3GHz)
cluster and 20 processors are used for the numerical simulation. The three cases are run for 17.%°
seconds to make sure the broaching could occur for different mesh schemes. The CPU hours of the

coarse, medium, and fine mesh are about 9.5h, 28.2h, and 75.3h, respectively.
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- - --Coarse (Heading)  ---- Medium (Heading) =~ —— Fine (Heading) - ---Coarse Mesh - --- Medium Mesh —— Fine Mesh
304 o Coarse (Broaching) Medium (Broaching) v Fine (Broaching) ~

v (deg)

0 5 /L% 10 15 0 15 t/(L/g)™° 20 45
-- - - Coarse Mesh - - - - Medium Mesh —— Fine Mesh --- - Coarse Mesh - - -- Medium Mesh —— Fine Mesh

&, (deg)

0 5 /L™ 10 15 0 15 t(LIg)°® 30 45

- - - - Coarse Mesh - --- Medium Mesh —— Fine Mesh - - - - Coarse Mesh - --- Medium Mesh Fine Mesh

y/L

&, (deg)

5 0 x/L 15 2 0 15 (LG’ 30 45
(a) heading, speed, and trajectory (b) heave, roll, and pitch
Fig. 4 The computed results by different mesh schemes.

Fig. 4 shows the computed results of the speed and motion by different mesh schemes, where
V.. 1S the projection of in-time ship speed to the wave direction, V,, is the constant wave celerity.
The computed result in Fig. 4 shows that when the grid is refined, the time history of the speed and
motion by medium and fine mesh are relatively closer to each other. Because the initial position of
the trimaran in waves is the same for different cases, it could be noticed that the influence of the mesh
scheme is more significant before broaching occurs. The variation trend of the heading and speed by
the coarse mesh is entirely different, where two more times of broaching could be observed. However,
during #+/L=13~15 when broaching occurs for all three mesh schemes, the variation trend of both
the speed and motion by different mesh schemes is relatively similar. It probably means that the
relative position of the trimaran to the wave during broaching is almost unchanged, which could
reduce the requirements for grid density. From the trajectory in Fig. 4 (a), we could also find that the
trajectory difference between the three mesh schemes is more noticeable because of the cumulative

effect of trajectory errors. The scheme of the medium mesh is used for all the cases hereafter.

4 Results and discussions

In this section, the autopilot trimaran in oblique stern waves is simulated. The effects of wave
parameters, initial heading, and forward speed are discussed.

3.1 The effect of wave steepness

Because most of the surf-riding and broaching occurs when sailing in steep waves, the effect of the
wave steepness plays an important role in the surf-riding and broaching of monohulls. Hence, the
navigation of an autopilot trimaran in oblique stern waves of different steepness is simulated first to

study the influence of wave steepness. Aim to study the effect of wave steepness, the wavelength is
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kept constant, and the various initial forward speeds of the trimaran are used for the simulation to

change the ratio of initial forward speed to wave celerity.

Table 1The working condition of incident waves and ship

Fr Vel Vi W, ak AL )
0.35 0.73 1.18

0.40 0.83 0.73

0.45 0.94 0.28 0.058

0.50 1.04 0.17 0.135 1.1 30°
0.55 1.14 0.62

0.60 1.25 1.07

0.65 1.35 1.53

The working conditions are shown in Table 1. Where Fr= VSo/\/L_g is the waterline length Froude
number, Vy, isthe initial forward speed of the ship, a isthe wave amplitude, % is the wave number,
A is the wavelength, ak means the wave steepness, S is the initial wave heading, A£=0° means the
stern wave in this paper, V,,=V,,Cosp is the projection of initial ship speed V,, to the wave
direction, V,, is the wave celerity, w, is the encounter frequency. In this paper, the marginal surf-
riding is judged by V,,>0.9V,, the surf-riding is judged by V.=V, the marginal broaching is
judged by (&,>20°, 6=0py, &.>0), the broaching is judged by (£,>20°, 9=0pa, &0, E>0), where
Smax=35° and 6=10°/s are used (Renilson et al., 1998; Jong et al., 2013).

Table 2 The occurrence of surf-riding and broaching in different wave steepness

ak=0.058 ak=0.135
Fro ValVy Ous!Os Oy Op  OyslOs Oy Op
035 073 x x x x x x
0.40 0.83 v X X N X X
045  0.94 v x x \ \ x
0.50 1.04 \ x x N N x
0.55 1.14 v x x \ \ \
060  1.25 N x x N x

0.65 1.35 \ x x N x x

The computed results in Table 2 show the occurrence of the surf-riding and broaching when the
trimaran sails in oblique stern waves with different wave steepness and initial forward speed, where
Oy 1s the occurrence of marginal surf-riding, Oy is the occurrence of surf-riding, O, is the
occurrence of marginal broaching, Op is the occurrence of broaching. Table 2 shows that it is easy

for the trimaran to be captured by the oblique stern waves, and the results of marginal surf-riding and
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surf-riding are similar in different ak. No marginal broaching or broaching appears when the wave
steepness is as small as ak=0.058. For steep waves of ak=0.135, the condition is different. The
marginal broaching occurs at ¥, close to V,,, and the broaching occurs when ¥, is a bit larger
than V.. By comparing the results of ak=0.058 and 0.135, we could notice that large ak isa critical
factor for the trimaran's broaching. The Fr where the surf-riding occurs is the same for @k=0.058
and 0.135, but only in ak= 0.135 will the surf-riding lead to marginal broaching or broaching.
Therefore, the time history of the speed and motion of ak=0.135 are shown for discussion. In the
figures of the time history, the results where the surf-riding and broaching occurs are marked with
different symbols separately. In order to facilitate the distinction, the motions of heave, roll, and pitch

are expressed by &, ¢&,, &, the heading is expressed by y, which is the same to ¢.

o0 Fr=0.35, £=30°, A/L=1.1, ak =0.135, VSOCOS(ﬂ)NW:0.73 Fr=0.35, #=30°, A/L=1.1, ak =0.135, Vsocos(ﬂ)/VW:0.73
. [——w ——surf-Riding/Marginal —=— Broaching/Marginal - S 002 & —o— Surf-Riding/Mariginal ~ —=— Broaching/Marginal
g% 2 t/(Lig)"°
PENAN “Fo‘oo A /\ /\ /\ /\ Jalya /\ m I /\ N A
N s P AN VAVA %0/ EEMAS s \/ v \/ | o0 v \/ \/ \/eo\/ v AVARVANY
0.5
304 t/(L/g)
0.02-
2.0+
— Vgu!Vy  —— Surf-Riding/Mariginal ~—e— Broaching/Marginal ——¢, ~—°— Surf-Riding/Mariginal ~—o— Broaching/Marginal
15 20+
= . t/(Lig)™®
> 1.0 = 104
~ (<)
>%o_s,/\/\/\/\/\/\/\/\A/\/\/V\/\/\Ew0 A/\A/\AA A/\AAA N A/\A
oo ‘ ‘ g™ W U\/ Vo VL el VT Lo /0
’ 30 60 90 104
Trajectory —o— Surf-Riding/Mariginal ~—o— Broaching/Marginal L — —o— Surf-Riding/Mariginal ~—o— Broaching/Marginal
154
2]
I | gom/\/\MM MNANMNA A DDA
=~ 20 3OX/LV’Z’VV\/\/3O\/\/\/\/V\/\/V\/vv
-154 o
4]

(a) heading, speed, and trajectory at Fr=0.35 (b) motion at Fr=0.35
o Fr=0.40, $=30°, /L=1.1, ak =0.135, V(yCos(/3)/V,,=0.83 Fr=0.40, £=30°, AIL=1.1, ak =0.135, V,Cos(/)IV,,=0.83
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Fig. 5 The time history of computed results at various Fr (4/L=1.1, ak=0.135, without broaching).

Fig. 5 shows the time history of the autopilot trimaran’s speed, motion, and trajectory in oblique
stern waves at Fr=0.35, 0.40, 0.60, and 0.65, which are the initial speeds no broaching occurs. From
Fig. 5 (a)(c)(e)(9), the heading shows that the trimaran is relatively more vulnerable to surf-riding
when V>V, . It also means that the oblique stern waves are more likely to slow down the trimaran
than to accelerate. By comparing Fig. 5 (€) and (g), it could be found that when the initial speed and
V,./V,, increase, the heading of the trimaran is easier to control under the same conditions, and the
course deviation is relatively less noticeable. By the motion in Fig. 5 (b)(d)(f)(h), it shows that when
the Fr=0.60and V,/V,, approximates 1.0, an significant motion could be observed after the second
surf-riding appears. Combined Fig. 5 (e) and (f), it could be found that when the second surf-riding
occurs, the heading deviates from the wave direction, and V5, continues to decrease at the same time.
It means that the stern and bow of the trimaran are affected by the wave peak in a short time. When
the wave peak is acting on the bow and the 7V, /V,, reaches the valley, the value of heave, roll to

starboard, and trim by stern is the largest. Whereas, it is probably because the initial projection speed
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Fig. 6 The time history of computed results at various Fr (4/L=1.1, ak=0.135, with broaching).

Fig. 6 shows the time history of the autopilot trimaran’s speed, motion, and trajectory in oblique

stern waves at Fr=0.45, 0.50, and 0.55, which are the initial speeds at which both surf-riding and
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broaching occur. Fig. 6 (a)(c)(e) shows that the surf-riding and broaching at different initial speeds
are similar, and broaching follows the surf-riding. When the state of trimaran varies from surf-riding
to broaching, the significant variation of the projection speed V,, could be observed, which is
mainly because the trimaran's heading v is rapidly moving away from the wave direction. The
trajectory shows that the course deviation usually begins when broaching appears, and the course will
keep deviating until the next surf-riding. By comparing Fig. 6 (c) and (a)(e), it could be noticed that
when the broaching occurs, the 7, /V,, closer to 1.0 will still cause the trimaran to maintain o,,,
for a longer time to change broaching state. However, the course deviation is still more evident at a
higher initial speed. From the motion in Fig. 6 (b)(d)(f), it could be found that no matter how the
initial speed changes, the variation trend of the motion during broaching is similar. When broaching
happens, the trim by stern could be observed, and the heave becomes positive. The trend of the heave
motion means that the surf-riding usually begins when the heave is negative, where the trimaran is in
the wave valley. Then, when the wave peak slams on the trimaran from the stern, the heading will
change significantly to lead to broaching, during which the heave value changes rapidly from negative

to positive by the effect of the wave peak.

“lgreen
~ ! water. '

(a) Fr=0.45, J/L=1.1, ak=0.135 (b) Fr=0.50, //L=1.1, ak=0.135
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(@) Fr=0.55, //L=1.1, ak=0.135 (b) Fr=0.60, A/L=1.1, ak=0.135
Fig. 7 The wave profile during the simulation at various Fr.

Fig. 7 shows the autopilot trimaran wave profiles in oblique stern waves, and the wave profiles of
the first broaching are shown for cases where broaching occurs several times. Fig. 7 shows that the
wave celerity V,, is larger than the projection speed 7V, atthe end of the surf-riding. This time the
wave peak is acting on the right side hull of the trimaran. The heading of the trimaran will turn to the
starboard sharply by the wave peak. Then, after the wave peak passes the center of the trimaran, the
wave peak helps to slow down the deflection of the heading. The largest heading appears when the
wave peak reaches the bow side of the trimaran. Such a process is the same for the cases with different
initial speeds, which is why the heave, trim by stern, and roll to the starboard reach the peak when
the max heading deviation appears. It could also be noticed from Fig. 7 that when the wave peak is
at the stern side, the larger wave steepness will make the left side hull of the trimaran sink deeper into
the wave. When the wave peak reaches the bow side, the side hulls are almost above water, and the
large wave peak could decrease the heading deviation. Therefore, we could predict that the two side
hulls may have an opposite influence on the broaching and course deviation, and the side hull position
will probably change the characteristics of the autopilot trimaran in stern waves. Fig. 7 also shows
that when the initial speed V, increases, it is relatively more difficult for the waves to change the
heading to get larger. Hence, the trimaran will be captured and move together with the waves at the
end.

3.2 The effect of wavelength

In this section, the influence of the wavelength on the characteristics of trimaran's surf-riding and
broaching is studied. It is noticed that the trimaran is more vulnerable to course deviation and
broaching at a high initial speed. Therefore, two initial forward speeds are used for simulation when

studying the effect of wavelength on the course keeping and broaching of the trimaran.
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Table 3 The working condition of incident waves and ship

Fr=0.35 Fr=0.45
ak S
AL Vi Vi @, ML Vol Vi @,
0.9 0.80 0.95 1.7 0.75 0.87
0.8 0.85 0.76 15 0.80 0.75
0.7 0.91 0.45 1.3 0.86 0.57 0.135 30°
0.6 0.98 0.11 1.1 0.94 0.30
0.5 1.07 0.48 0.9 1.03 0.14

The working conditions are shown in Table 3. Because the ratio of initial forward speed to wave
celerity is sensitive to the variation of wavelength in stern waves, the wavelength used for Fr=0.45
is significantly larger than that for F»=0.35 to make sure the variation of v, /V,, isaround 1.0. For

all the cases, the initial wave heading is 30°, and the wave steepness is kept constant with a=0.135.

Table 4 The occurrence of surf-riding and broaching in different wavelength

Fr=0.35 Fr=0.45
VoV, Ve Vi

OuslOs ~ Oyp Op OuslOs  Oyp  Op
0.80 X X X 0.75 v v x
0.85 X X X 0.80 v v x
0.91 v x x 0.86 N N x
0.98 v x x 0.94 N N x
1.07 \ X X 1.03 v \ \

The occurrence of surf-riding and broaching in different wavelengths are shown in Table 4. Though
the variation of the wavelength could make the ¥, vary up and down the V,,, there is no broaching
or marginal broaching when the trimaran sails at a low initial speed Fr=0.35, and the surf-riding only
occurs in a relatively small range of speed. When the trimaran sails at a high initial speed of Fr=0.45,
it is evident that the trimaran is more vulnerable to surf-riding and broaching. The surf-riding and
marginal broaching happen over the entire range of simulated wavelength, and the broaching occurs
in the wavelength whose wave celerity is a bit smaller than the ship projection speed with
V../V,,=1.03. It could be seen that the V,/V,, closeto 1.0 is more probable to lead to broaching, but

the high speed will still play an essential role in the trimaran's navigation in oblique stern waves.
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Fig. 8 The time history of computed results in various A/L (ak=0.135, Fr=0.35).

Fig. 8 shows the heading variation, the speed variation, and the trajectory deviation of the trimaran
at initial speed Fr=0.35. It could be found that no broaching occurs during the autopilot process. The
surf-riding happens when 7, /V,,>0.91. Especially in short waves of V,,/V,,=1.07, the trimaran is
entirely captured and moves together with the waves with a constant heading and rudder angle.
Though no broaching appears for all cases, the wavelength with V,,/V,,=0.98 is still relatively more
difficult for heading control, where the time for the max rudder angle to appear is the longest. By
comparing Fig. 8 (b)(c) and (d), it probably could be predicted that when the trimaran is sailing at a
medium speed Fr=0.35 with the initial projection speed V, close to the wave celerity V,,, it is
relatively easier for the waves with V, <V, to decrease the speed of trimaran to reach surf-riding.
The trimaran at an initial medium speed is not easy to be accelerated by the waves to a state of surf-

riding when 7, is slightly larger than 7V,
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Fig. 9 The time history of computed results in various A/L (ak=0.135, Fr=0.45).

When the trimaran moves at a high initial speed of Fr=0.45, the A/L ranging from 1.7 to 0.9 could
lead to marginal broaching or broaching. Fig. 9 shows the speed, motion, and trajectory in various
/L at Fr=0.45. Similar to the phenomenon at Fr=0.35, when the initial speed V,, is close to the
wave celerity V,, the longest time for the max rudder angle is necessary to control the heading of the
trimaran, and the course deviation is relatively less noticeable, as shown in Fig. 9 (e)(g). By
comparing the surf-riding and broaching in different wavelengths, it could be found that when the
V. gets close to the V,,, the trimaran will experience a longer time of surf-riding before the
broaching or marginal broaching occurs, especially for 7, /V,,=1.03 is the only case of broaching in
Fig. 9 (g). The long-term state of surf-riding is also one of the reasons for slight course deviation. The
motion in Fig. 9 (b)(d)(f)(h) shows that the various A/L will not change the variation trend of the
motion during the process of surf-riding and broaching. When broaching occurs in different A/L, the
vertical rise and trim by stern could be observed, which means that no matter how A/L varies, the
trimaran will always move from the downslope to the upslope of the wave during broaching. Besides,
the heel angle always changes from portside to starboard during broaching, and the heel is close to
zero when broaching ends. It means the wave force is positive to make the trimaran back upright
during broaching. By comparing the peak value of the motion, it could be noticed that the A/L will
only obviously influence the peak value of heave during broaching, which gets smaller with the 1/L

getting shorter.
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Fig. 10 The wave profile during the simulation at Fr=0.45.

Fig. 10 shows the wave profile of trimaran in different wavelengths captured during the surf-riding
and broaching at Fr=0.45. In Fig. 10, the marginal broaching occurs in all the wavelengths, but only
the //L=0.9 in Fig. 10(d) leads to broaching. It could be seen that no matter how the wavelength
varies, a period of surf-riding and a wave peak reaching the stern side could be observed before the
trimaran's broach. Sometimes a short time interval could be seen between the surf-riding and
broaching, as shown in Fig. 10 (a)(b). During this time interval, the projection speed of the trimaran
continues to decrease so that the V<V, and the wave peak could act on the right side hull in a
larger area to lead to broaching. By comparing Fig. 10 (a)(b)(c) with (d), it could be found that
broaching usually begins with the wave peak acting on the stern of the trimaran. As shown in Fig. 10
(@)(b)(c), the longer wavelength could increase the roll to the portside, which will decrease the effect
of the wave on the right side hull, and the larger sinkage of the left side hull is beneficial to reduce
the heading deviation at the same time. Besides, broaching ends with the wave peak acting on the
bow of the center hull, where the trimaran is of the max positive heave to make the side hulls above
water. The larger wavelength is also beneficial in reducing the heading deviation at this time. That is

why broaching occurs only in relatively short waves.
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4 Conclusion

In this paper, the autopilot trimaran in oblique stern waves is simulated by a hybrid method. The
6DOF motion and the nonlinear effect are considered, such as the bow-diving, intermittent emergence
of side hulls, and green water. The characteristics of the surf-riding and broaching in different working
conditions are discussed by simulating the trimaran’s autopilot with various initial speed and wave
parameters. The following conclusions can probably be drawn.

(1) Itis not vulnerable for a trimaran to broaching when moving in small wave steepness. When
the wave steepness increases to nonlinear waves, a wide range of initial speeds will lead to the
occurrence of broaching. When the ¥, /V,, get closer to 1.0, the trimaran needs to keep the max
rudder angle for a longer time to change the broaching state. However, the course deviation is still
more evident at a higher initial speed.

(2) The results of the autopilot trimaran in different wavelength and speed shows that, no matter
how the wavelength varies, no phenomenon of broaching could be observed at a low initial speed
Fr=0.35. When the initial speed is as large as Fr=0.45, The marginal broaching appears in a wide
range of wavelengths, and the broaching could be observed in the wavelength whose wave celerity is
a bit smaller than the ship projection speed. The wavelength with V7, /V,, close to 1.0 will increase
the vulnerability of broaching, and the high speed is still an essential factor for broaching.

(3) The variation trends of the motion during broaching in different wave parameters and speeds
are similar. The increase of the heave and decrease of the pitch could be observed. The heel will turn
from the portside to the starboard for all cases. Though the motion variation is complicated over the
entire simulation, during the broaching process, the heave is mainly affected by the wave amplitude,
and the roll and pitch are more sensitive to the wave steepness.

(4) By current study;, it could be found that the steep wave, high speed, and V,,,/V,, close to 1.0
are all necessary conditions for broaching. The broaching of the trimaran usually begins with the
wave peak acting on the stern, then ends with the wave peak acting on the bow. During the process,
the two side hulls may have an opposite influence on the heading deviation and broaching. Therefore,
the position of the side hulls may play an essential role in the trimaran’'s broaching, and the effect of

the side hulls on the surf-riding and broaching should be studied in the future.
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