IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Gong, J., Li, Y,, Yan, S. & Ma, Q. (2022). Numerical simulation of turn and zigzag

Maneuvres of trimaran in calm water and waves by a hybrid method. Ocean Engineering,
253, 111239. doi: 10.1016/j.oceaneng.2022.111239

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/29078/

Link to published version: https://doi.org/10.1016/j.0oceaneng.2022.111239

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Manuscript Click here to view linked References =

Numerical Simulation of Turn and Zigzag Maneuvres of Trimaran in

1

2 Calm Water and Waves by a Hybrid Method

2 Jiaye Gong!, Yunbo Li'", Shigiang Yan?, Qingwei Ma>

5

6

7 1. College of Ocean Science and Engineering, Shanghai Maritime University, China

g 2. School of Mathematics, Computer Science and Engineering, City, University of London, UK

*C ding Author: liybsmu@163.com

10 orresponding Author: liybsmu .cO
11
12
13 Abstract: As one of the widely used high-performance ships, the hydrodynamic characteristics of
ig the trimaran ships have been widely investigated in recent years. But, the study on the
16

maneuverability and the skill of the maneuvering simulation are still limited. In this paper, a hybrid
18 method coupling the FNPT-based (fully nonlinear potential flow theory) QALE-FEM (quasi arbitrary
20 Lagrangian-Eulerian finite element method) with the viscous flow method is applied to simulate the
22 turn and zigzag maneuvers of the trimaran in both calm water and waves. The environment of calm
24 water and incident waves is simulated by the numerical tank of QALE-FEM. The maneuvering of the
trimaran is carried out in the scope of the numerical tank by the viscous flow method. The grid
convergence test is carried out first, and the computed results are compared with the experimental
29 results. Then, the turn and zigzag maneuvers of a trimaran model in both calm water and waves are

31 simulated to study the trimaran's maneuvering characteristics.

35 Key Words: trimaran; hybrid method; maneuver; calm water; wave.

40 1 1 Introduction

43 In the past decades, the hydrodynamic performance of the trimaran form has attracted more and
453  more attention from researchers. The corresponding investigation has been widely carried out,
47 4 especially for the resistance performance in calm water and the seakeeping performance in waves.
495  For the resistance performance of the trimaran in calm water, the study began as early as twenty years
516  ago, both the numerical method and the resistance characteristics of the trimaran with different side-
537  hull arrangements have been well studied (Li et al., 2007; Deng et al., 2015; Wang et al., 2021). In
55 8 the past ten years, with the development of computer science and state-of-the-art numerical solvers,
579 the added resistance and motion of the trimaran in waves of different headings has been widely
5010  investigated by both numerical simulation and tank test (Deng et al., 2016, 2019; Ghadimi et al.,

60
6111  2021; Nowruzi et al., 2020; Gong et al., 2020b, 2021; Fu et al., 2021).
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However, the study on trimaran's maneuverability is still limited, which is important for
hydrodynamic performance. Yasukawa et al. (2005) investigated the effect of side-hull positions on
the hydrodynamic derivatives and turn maneuver of the trimaran form by captive model test, and it
was found that shifting the side hulls rearward could lead to larger lateral resistance at the stern part
and increase the turning circle. Javanmardi et al. (2008) developed a CFD code for the hydrodynamic
simulations of the turn maneuver. With the CFD code, the resistance and maneuvering of a trimaran
were simulated with the viscous flow method coupled with the rigid body motion, and the computed
results were compared with the experimental results. Katayama ez al. (2009) studied the maneuvering
motion of a trimaran form with the hydrodynamic derivatives obtained from the captive model test,
and the hull attitude was taken into account during the oblique towing test. Cui et al. (2012) applied
the MMG method to simulate the turn maneuver of a composite trimaran model. The turning
performance with different rudders is tested. Aram et al. (2016) applied the CFD method and an in-
house CFD framework to simulate the maneuvering performance of a trimaran propelled by three
water-jet impetus. The water-jet inlet and duct geometry are included in the simulation, and a body
force model is applied to replace the water-jet pump. The integral momentum theorem replaces the
deflection of the steering nozzles. The computed results of the zigzag maneuvers are compared with
the experimental results. Jiang et al. (2021) carried out a series of field tests to study the
maneuverability of a self-propulsion water-jet trimaran. The effect of the side-hull position on the
turn and zigzag maneuvers of a trimaran was analyzed.

From the literature, it could be found that the study on the maneuverability of trimaran is mainly
based on the captive model test and the self-propulsion model test. For most of the cases, the hull
attitude is not taken into account. The study about the free-running maneuver of the trimaran in calm
water is limited, and there are still no papers on the maneuverability of the trimaran in waves
published. So, more work is still necessary for the maneuverability of the trimaran. By the reference
(Cui et al., 2012), it is considered that the hull attitude could probably be negligible for the
conventional low-speed monohulls, but, for the high-speed trimaran form, the hull attitude plays a
vital role in the maneuverability. In the previous work (Gong et al., 2019, 2020a), it is also found that
taking the hull altitude into account could significantly affect the simulation of the turn and zigzag
maneuvers of the trimaran especially at a high Froude number. Hence, we could expect that it is
essential to take all the nonlinear phenomena into account for the simulation of trimaran's maneuvers
in calm water and waves, such as roll-pitch coupled motion, side-hull emergence, bow diving, et al.

In this paper, the maneuverability of the trimaran in both calm water and waves is studied by
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numerical simulation. A hybrid method coupling the FNPT and viscous flow method is applied for
numerical simulation. An external domain by FNPT-based QALE-FEM (Ma et al., 2015) is used to
simulate a numerical tank, and the motion of the trimaran and the flow field near the ship are solved
by the CFD method in the internal domain. The two domains are connected by a transition zone and
interfaces. The hybrid solver for maneuvering simulation is developed based on the open source CFD
tool OpenFOAM and the previously presented solver QaleFOAM (Li et al., 2018; Yan et al., 2019;
Gong et al.,2020b). The convergence test and validation of the numerical method are carried out first.
Then, the turn and zigzag maneuvers of a trimaran in calm water at different speeds are simulated.
Finally, the maneuvers of the trimaran in regular waves of various wavelengths and wave steepness
are simulated, where the ship is in head waves at the beginning of the simulation. By the computed

result, the characteristics of the maneuverability of the trimaran are analyzed.

2 Numerical methods

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

2.1 Hybrid method

The hybrid method coupling the FNPT-based QALE-FEM and the viscous flow method has been
presented in previous work (Li er al., 2018) and has been applied to predict the seakeeping
performance of the trimaran (Gong et al., 2020b; Gong et al., 2021a) and the interaction between
focusing wave and moving cylinder (Gong et al., 2021b). Hence, the hybrid method is just briefly
introduced here for the completeness of the paper. The domain is composed of external and internal
domains for the hybrid method, as shown in Fig. 1. The external domain is used to simulate a tank
for the calm water or the incident wave, while the internal domain simulates the maneuver of the

trimaran and the wave-ship interaction.

Fig. 1. The sketch of the hybrid method.
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As shown in Fig. 1, two coordinate systems are used in the hybrid method. Both the external and
internal domains are solved in the global coordinate system o-xyz, where the origin o is located on
the surface of calm water. The x-axis is contrary to the incident wave, and the z-axis is upright.
Therefore, the wave heading f=180° means the head wave in this paper. The local coordinate system
o'-x"y'z" is used to solve the trimaran's maneuver and motion, where the origin o' is in the gravity
center of the trimaran, the x'-axis points to the bow, the )'-axis points to the portside. During the
process of turn and zigzag maneuvers, the local coordinate system moves together with the trimaran.

In the external domain (Ma et al., 2015; Yan et al., 2019), the flow is considered incompressible,
inviscid, and irrotational. The external domain is fixed in the global coordinate system, and the ship
moves in the external domain. There are only incident waves simulated in this paper, so the velocity
potential of the flow field is equal to the velocity potential of the wave. Both the kinematic and
dynamic condition is satisfied on the free surface, and the Lagrangian method is applied to keep the
free surface nodes moving simultaneously with the flow particle. The wave velocity potential satisfies
the Laplace equation, the boundary condition on the self-adaption wavemaker and wave-absorber, the
left, right, and bottom boundary condition, and the free surface condition. The details about the hybrid
method and QaleFOAM could be found in the previous work (Ma et al., 2015; Yan et al., 2019; Gong
et al.). The internal domain is discretized by the finite volume method, and the viscous flow method
is used to solve the flow field, where the flow satisfies the conservation of mass and momentum.
Hence, the internal domain is solved by the unsteady incompressible Navier-Stokes equations, and
the volume of fluid method is applied to capture the free surface between air and water.

2.2 The maneuver motion

For both calm water and waves, the trimaran model is sailing freely with the 6DOF motion taken
into account, including surge, sway, heave, roll, pitch, and yaw. When the simulation begins, the ship
is upright and advances with a constant speed along the x-direction. All these can be seen in Fig. 2,

where Uy is the velocity of the trimaran.



O©CoO~NOUTAWNPE

3
3400
32
33
34
35
36
37
381
39
402
41
4103
43
4404
45
4K)5
47
48

sipe

51
52
53
S#)7
55
5608
57
5809

6010
61
6011
63
64
65

Fig. 2. The sketch of the ship motion

The motion of a ship could be divided into linear motion and rotation of the ship. The velocity
and the acceleration velocity in the local are Us=(uy,, uy,, uy) and a=(u,, uy,, uz). The angular
velocity in the local coordinate system is r=(ry,, 7y, 7y,). The motion of the trimaran is solved in

the local coordinate system

m(u, —u, 1, +ur,)=F,
m(v, —u_r.+u.r.)=F,
m(w, —ur, +u,r.)=F,
Lro+(. =1 ). =M,
L.+~ 1. =M,

L.+, -1)rr, =M.,

(1)

Where m is the mass of trimaran, (I, I, I) is the inertial moment, (Fy, F, F.)and (My, M,
M) are the hydrodynamic force and moment. In this paper, the Euler angle 6=(oy, 0,, 0.) is used to
describe the rotation of the trimaran, such as roll, pitch, and yaw. As shown in Fig. 2, the Euler angle
is between the global coordinate and the local coordinate. Hence, the r obtained by Eq. (1) should
be transferred to the global coordinate system to obtain the change rate of &

1 sino tano, coso, tano,

o=|0 Cos O, —sino, r (2)

0 sino, /coso, coso,/coso,

On the right side of Eq. (1), the total force and moment of the trimaran could be divided into the
hydrodynamic ones and the propulsion ones. The hydrodynamic force and moment are obtained by
solving the flow field in the internal domain. Based on the reference (Jong et al., 2012), the trimaran
is powered by the water-jet impetus. A semi-empirical water jet model is used in this paper to obtain

the propulsion force and moment, where the interaction between the impetus and the hull surface is
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not considered.

2.3 Grid generation and boundary conditions

The size and grid generation of the external domain could be found in reference (Ma et al., 2015;
Yan et al., 2019). In this paper, it is necessary to make sure the turn and zigzag maneuvers of the
trimaran are within the scope of the external domain. Because the hybrid method has been applied to
predict the seakeeping performance of the trimaran (Gong et al., 2020b, 2021a), the computational
domain for maneuvering simulation is similar to the one for seakeeping performance. The difference
is that the grid is only refined to the direction of wave propagation for the seakeeping simulation.
Still, the grid should be refined in the xy-plane for the maneuvering simulation because the wave

heading is changing during the maneuvers.

Fig. 3. The sketch of the domain for maneuvering Fig. 4. The sketch of the grid of the
simulation internal domain

The grid is generated by snappyHexMesh, which is a preprocess utility in OpenFOAM. Fig. 3
shows the domain for maneuvering simulation, where 4 isthe wavelength, L is the waterline length.
The external domain is fixed, and the internal domain moves together with the trimaran in the xy-
plane. The grid near the hull surface is shown in Fig. 4. During the numerical simulation, except the
top boundary, all the other boundaries of the internal domain are defined as interfaces, where the
velocity is assigned by the external domain in every timestep. The regions near the front, back, left,
and right are set as the transition zone. Compared with seakeeping performance, all the four
boundaries will probably face the incident waves and the wake of the wave-making of the trimaran,

so the length of the transition zone is the same for the four boundaries, which is 0.54 in this paper.

3 Validation and verification

Before the numerical simulation, the convergence test and validation of the numerical method

are carried out first. For the trimaran, the main dimensions of the center hull are B/L=0.08, D/L=0.04,



;&4 C,=0.52, while the main dimensions of the side hull are B;/L;=0.05, D;/L,=0.04, C,;=0.46. The
f[’%s xy/L=-0.15, yg/L=O, and z,/L=0.02 are the gravity center of the trimaran. The d,/L=0.1 and

P36 dy/L=0 are the side-hull position, where the definition of the physical value could be found in Fig. 5.

g%é Fig. 5. Thel: sketchlof a trimaran arlld the dirrlensions

23

2139 The numerical simulation of the wave generation and the trimaran's motion in waves has been
3240 validated in previous work (Gong et al., 2020b, 2021a). Hence, only the computed turn and zigzag
%41 maneuvers are compared with the field test in this paper. The field test is carried out with a self-
2342 propulsion trimaran model powered by two water-jet impetuses. The work about the field test has

31
3p43  been published in previous work, and the details can be found in reference (Jiang et al., 2021).
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Fig. 6. Comparison between the computed and experimental results

The comparison between the computed results by the current hybrid method and the field test
results is shown in Fig. 6. It could be seen that the trajectory of turn and zigzag maneuver is in good
agreement with the experimental results. For the turn maneuver, the main difference appears during
the process of speed-down. On the other hand, for the zigzag maneuver, the computed period of bow-
turning is relatively larger. The main reason for the difference is probably that the water-jet impetuses
are not simulated. Therefore, the interaction between the impetus and the hull surface is not taken

into consideration.

3 Results and discussions

In this section, the turn and zigzag maneuvers of the trimaran in both calm water and waves are
simulated. By changing the forwarding speed and the wave parameters, the characteristics of the
maneuvering are discussed.

3.1 Turn and zigzag maneuvers in calm water

The same trimaran model is used for numerical simulation. The turn and zigzag maneuvers in
calm water are simulated first. Three Froude numbers are used for numerical simulation, which is
Fn=0.23, 0.29, and 0.35, respectively. The rudder angle is set as 6=25°. At the beginning of the
simulation, the trimaran moves forward at a constant speed, and the propulsion force is obtained by
the simulation of moving forward in calm water. The trajectory, velocity to the x'-axis, changing

heading rate, and variation of the heading and rudder angle are presented.
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Fig. 7. Computed results of turn maneuver in calm water

The computed result of the turn maneuver in calm water is shown in Fig. 7. By the
nondimensional trajectory in Fig. 7 (a), it could be found that the turning diameter is affected by the
initial speed of the trimaran, especially when the Froude number increases from 0.29 to 0.35, the
turning diameter increases from 4.7L to 5.3L, about 13% larger. However, when the Froude number
increases from 0.23 to 0.29, the turning diameters increase 2% from 4.6L to 4.7L. Fig. 7 (b) shows
that the velocity decrease is similar at different initial speeds. Still, the larger Froude number will
decrease the velocity more sharply. It takes about 16.47s, 12.55s, and 11.99s to reach a stable velocity
at Fn=0.23, 0.29, and 0.35, respectively. Combining Fig. 7 (b) and (c) shows that the changing rate
of heading increases more noticeably from Fn=0.23 to Fn=0.29, which means that the turning period
decreases faster at a low Froude number. It could probably be deduced that, though the turning

diameter is increased, the larger speed will also increase the forward speed and heading rate during
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the process of turn maneuver.
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Fig. 8. Computed results of zigzag maneuver in calm water

40

Fig. 8 shows the zigzag maneuver of the trimaran in calm water at different speeds. It could be

seen that the influence of the initial Froude number on the trajectory of the zigzag maneuver is less

obvious. The y-direction offset of the trajectory is relatively more significant when the Froude

number increase from 0.23 to 0.35. Fig. 8 (b) shows the steering performance of the trimaran at

different speeds. The first overshoot angle and the second overshoot angle are 39.4° and 36.9° for

Fn=0.23, and that for Fn=0.35 are 37.8° and 35.3°. It could be seen that the higher initial speed could

decrease the overshoot angle by about 4%. However, the changes look not obvious in Fig. 8 (b), which

still means the steering performance of the trimaran is relatively better at higher speeds. Both Fig. 8

(b) and (c) show that the forwarding speed will significantly affect the period of zigzag maneuver.

When the Fn increases from 0.23 to 0.35, the initial turning time decreases from 5.9s to 3.8s by

35.6%, and the time of the complete cycle decreases from 35.0s to 21.3s by 39.1%.

-10 -
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Fig. 9. Wave profile captured during the turn maneuver in calm water

Fig. 9 shows the wave profile captured during the turn and zigzag maneuvers of the trimaran in
calm waters. The figures of different Frn are captured at the same headings. The flow around the hull
surface is more asymmetric when the speed of the ship increases. Especially for the zigzag maneuver,
when the speed is low enough, the changing rate of heading is also low. Hence, the flow disturbance
by the motion of the ship is almost symmetric. When the speed is as large as Fn=0.35, there is almost
no flow disturbance outside the turning circle.

3.2 Turn and zigzag maneuvers in waves

The turn and zigzag maneuvers of the same trimaran model in incident waves are simulated in



this section. At the beginning of the simulation, the trimaran moves forward in the head waves with
rudder angle set as 0°, and the propulsion force is the same as that in calm water. After 4.0 seconds,
the turn and zigzag maneuvers begin. In this paper, five different wavelengths are used for numerical
simulation. During the numerical simulation process, the effect of the waves on the water-jet impetus

is not taken into account in this study.

Table 1
The side-hull positions of different layouts
Case Fn AL ak B, 0 maneuver
1 0.88
2 1.47 0.058
3 1.67
0.35 180° 25° | turn/ zigzag
4 0.058
5 1.09 0.096
6 0.135

The working condition is as shown in Table 1. The Fn=0.35 is chosen as the initial forwarding
speed, corresponding to the trimaran's designed speed. The effect of the initial wave heading on
maneuverability is not studied in this paper. Hence, the initial wave heading £, is 180° for all the
cases, which represents the head wave in this paper. For each case, the turn maneuver with the rudder
angle 0=25°and 25°/25° zigzag maneuver are simulated. Four wavelengths and three wave steepness
are simulated to study the performance of the turn and zigzag maneuvers of the trimaran in waves of
different lengths and steepness. The turn and zigzag maneuvers in different wavelengths are simulated

first. The computed results are shown from Fig. 10 to Fig. 19.

6 ——4 =0.88L, ai=0.058 6]—— 4 =109L, ak=0058 7]——71 =109L, ai=0.0%6

VL
L

= T U VR

6]——4 =147L, ai=0058 6{——4 =1.67L, ak=0.058 8 ]——i =109z, ai=0135

WL
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— e e oW -
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Fig. 10. Computed trajectory of turn maneuver in waves
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Fig. 11. Comparison between the turning trajectory in waves and calm water

The computed trajectory of turn maneuver in waves is shown in Fig. 10 and Fig. 11. The apparent
drift of the turning trajectory could be seen when the trimaran is moving in the waves, and the
parameters of incident waves could significantly influence the turn maneuver of the trimaran. Fig. 11
(a) shows that the variation of the wave steepness will not change the offset direction of the turning
trajectory. However, in the range of the used wavelengths, the shorter wavelength will lead to a larger
offset distance. By comparing Fig. 11 (a) and (b), we could find that the influence of the wave
steepness is different from the wavelength, and the wave steepness could make the offset direction of
the turning trajectory vary. It is probably because the nonlinear phenomenon is more frequent in larger

wave steepness, such as wave slamming, green water, and intermittent emergence of the side hulls.

0.03 0.04
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Fig. 12. Computed time history of heave motion during the turn maneuver in waves
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Fig. 13. Computed time history of roll during the turn maneuver in waves
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Fig. 14. Computed time history of pitch during the turn maneuver in waves
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Fig. 15. Computed time history of heading during the turn maneuver in waves

Fig. 12, Fig. 13, and Fig. 14 show the heave, roll, and pitch motion of the trimaran during the
process of turn maneuver, and Fig. 15 shows the heading. The figures show that the period and
amplitude of the motion vary with the heading of the ship. Comparing the effect of the wavelength
and the wave steepness shows that both the wavelength and the wave steepness could influence the
amplitude of the motion during turn maneuver, which is similar to the seakeeping prediction (Gong
et al., 2021a). The effect of wave steepness is relatively more significant, which could lead to larger
motion amplitude. But, the heave, roll, and pitch motion phases are less affected by the wavelength,
which means the turning period and heading variation is not obvious in different wavelengths. It is
mainly because the offset direction is almost the same in a different wavelength, as shown in Fig. 11
(a). For the motion in different wave steepness, the phase of the motion changes obviously in different
wave steepness. Combined Fig. 11 (b) with Fig. 12(b), Fig. 13(b), and Fig. 14(b), we could see that
the heading and the changing rate of heading are affected by the wave steepness, and the changing
rate of heading decreases with the wave steepness getting larger.
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(a) yaw in various wavelengths (b) yaw in various wave steepness
Fig. 16. Computed time history of yaw during the turn maneuver in waves

Fig. 16 is the yaw of the trimaran during the turn maneuver in waves. The time history of yaw
¢s(1) inthis paper is obtained by 4‘6(t)=r(t)-7’t, where ¢ isthe time, 7(7) isthe heading of the trimaran,
i is the average changing rate of heading during the turn maneuver. From Fig. 16, we could find that
the wavelength could influence the average position of the yaw, but the larger wave amplitude could

increase the maximum yaw value with little effect on the average yaw.

Q) /1=0.88, ak=0.058 (b) A/L=1.67, ak=0.058

/

(c) A/L=1.09, ak=0.058 (d) A/L=1.09, ak=0.135
Fig. 17. Wave profile of turn maneuver in waves

Fig. 17 shows the wave profile of the turn maneuver when £ is an oblique head wave, where
Fig. 17 (a)(b) are cases of different wavelengths, Fig. 17 (c)(d) are of different wave steepness. It
could be seen that the motion during the maneuver could lead to noticeable flow disturbance around
the ship, even near the bow side. The making-wave by the pitch-roll coupling motion and the
intermittent emergence of the side hulls could be observed. Comparing Fig. 17 (a) and (b), it could
be found that, though the wave amplitude is small in Fig. 17 (a), the high wave frequency will also
lead to significant roll motion during the turn maneuver, which could also be seen in Fig. 14 (a). The
green water of the side hull is obvious in Fig. 17 (a). The effect of the wave steepness is shown in Fig.
17 (c)(d). Though the wavelength is the same, the increase of the wave amplitude will lead to the
variation of the draft during the turn maneuver, which will lead to the larger wetted surface area,

lifting surface area, and pressure distribution. In Fig. 17 (d), the green water could be seen on both
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Fig. 18. Computed heading, velocity, and trajectory of zigzag maneuver in waves

Fig. 18 shows the computed results of the zigzag maneuver in waves, including the heading,
velocity to the stem direction, and the moving trajectory in the xy-plane. By comparing Fig. 18 with
Fig. 11, it could be noticed that the trajectory of the zigzag maneuver is significantly affected by the
incident waves. The difference between the trajectory of zigzag maneuver in waves and calm water
is noticeable, compared with that of turn maneuver. The main reason is that, when carrying out zigzag
maneuvers in waves, the trimaran will always move in the waves ranging from head waves to oblique
head waves. In such wave headings, the added resistance can be increased, and the trimaran's forward
speed can be reduced to a large extent, as shown in Fig. 18 (d). From Fig. 18 (b)(f), it also could be
found that the larger wave amplitude will make the moving forward of the trimaran slower, and the

effect of wave amplitude on the zigzag maneuver is more significant than the wavelength.
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Fig. 19. Computed time history of motion during the zigzag maneuver in waves

Fig. 19 shows the motion time history of the trimaran in waves during the zigzag maneuver.

The motion of the trimaran during the zigzag maneuver in waves is shown in Fig. 19. Because
the trimaran's heading varies in the scope of -40° to +40°, the trimaran moves in oblique head waves
during the zigzag maneuver. In such a range of wave heading, both the wavelength and wave
steepness could significantly influence the ship's motion. Especially for the heave and roll motion,
the increase of both the wavelength and wave steepness will lead to more significant heave and roll
motion. The difference is that when the wavelength gets shorter, the heave and roll motion will
decrease faster, as shown in Fig. 19 (a)(c). However, the phenomenon is different for the pitch motion.
The pitch motion decreases more noticeably when the wave steepness gets smaller. By comparing the
heave, pitch motion with the roll motion, we could find that when the trimaran is carrying out the
zigzag maneuver, the variation of the pitch amplitude is not noticeable. But, the variation of the heave

amplitude is evident, and the roll amplitude could change significantly at a different time step.

(a) A/L=0.88, ak=0.058 (b) W/L=1.67, ak=0.058
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(c) A/L=1.09, ak=0.058 (d) /L=1.09, ak=0.135
Fig. 20. Wave profile of zigzag maneuver in waves

Fig. 20 shows the wave profile captured when the largest heading of the zigzag maneuver occurs.
Fig. 20 (a)(b) are the wave profile at the same heading in different wavelengths, and Fig. 20 (c)(d)
are wave profiles at the same heading in different wave steepness. The trimaran is always moving in
oblique head waves with 145°<A<180°, the coupling of pitch and roll motion is not as significant as
that of turn maneuver, and the green water could be only found on the center hull as shown in Fig. 20
(d). Hence, compared with the turn maneuver, the wave disturbance of the zigzag maneuver is less
noticeable. However, the wave steepness will significantly influence the longitudinal pressure
distribution on the center hull. Fig. 20 (d) shows that the severe pitch motion, green water, and bow

diving will happen during the zigzag maneuver.

4 Conclusion

In this paper, a hybrid method coupling the FNPT-based QALE-FEM and viscous flow method
is applied to simulate the turn and zigzag maneuvers of trimaran in both calm water and waves. The
numerical tank is simulated in the external domain by FNPT and QALE-FEM, and the maneuver and
motion of the trimaran are realized in the internal domain by viscous flow theory. The interaction
between the fluid and the ship motion, the nonlinear motion of trimaran, and the intermittent
emergence of side hulls during the maneuver are considered. With the computed results of turn and
zigzag maneuvers of the trimaran, the following conclusion could be drawn.

1) The turning diameter of the trimaran is affected by the initial speed, and the larger speed will
make the turning diameter increase obviously, and the turning period is much smaller. The influence
of the initial speed on the trajectory of the zigzag maneuver in calm water is less obvious, and the
steering performance of the trimaran is relatively better at a higher speed.

2) The turning maneuver of the trimaran in waves is significantly affected by the wavelength

and wave steepness. The wavelength could change the offset distance of trimaran in waves, but the
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wave steepness could influence the offset direction of the trimaran.

3) The wavelength has relatively little influence on the trajectory and heading of the zigzag
maneuver of the trimaran in waves. But the wave steepness could make the zigzag maneuver changes
significantly by slowing down the forward speed of the trimaran.

4) For the motion during the maneuver, the condition of the waves could make the motion of the
zigzag maneuver changes obviously, because the trimaran is always moving in oblique head waves.
The effect of the wave parameters on motion amplitude is less noticeable during turn maneuver, but

the phase of the motion time history could be different in different wave steepness.
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