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Abstract. Many studies have been done to estimate the maneuvering charac-
teristics of commercial ships. Studies on a high-speed catamaran, there was a
great number of theoretical, numerical studies, and experimental investigation,
most of them have focused on the resistance performance. In addition, a CFD
(Computational Fluid Dynamics) method has become a possible tool to predict
hydrodynamics. This study focuses on predicting hydrodynamic maneuvering
characteristics of high-speed catamaran by utilizing RANS (Reynold-Averaged
Navier-Stokes) solver. The Delft 372 catamaran model was selected as the target
hull to analyze hydrodynamic characteristics. Due to the high-speed condition and
changeable attitude, the motion of the catamaran was complex. The comparisons
of the obtained CFD results including the free surface effects in resistance perfor-
mancewith experimental datawere shown a relatively good agreement and it could
demonstrate that the presentedmethod could be used for predicting hydrodynamic
coefficients of high-speed catamaran. Then virtual captive model tests were per-
formed to obtain hydrodynamic coefficients. The lower-order Fourier coefficients
were applied to get the hydrodynamic coefficients in dynamic motion. The linear
fitting to Fourier coefficients was observed very well using least square method
in the harmonic motion.

Keywords: Delft 372 catamaran · RANS solver · High-speed · Virtual captive
model test · Hydrodynamic characteristics · Maneuvering simulation

1 Introduction

The demand for high-speed catamaran has been increasing significantly in recent years
for variety of purposes such as passenger, military, and commercial applications. Studies
on high-speed catamaran, there was a great number of theoretical, numerical studies,
and experimental investigation, however, most of them have focused on the resistance
performance and seakeeping performance. Broglia et al. (2011) simulated to analyze
the interference phenomena between monohull with focus on its dependence on the
Reynold number using CFD numerical method. The flow around a high-speed vessel
in both catamaran and monohull configuration was observed, in addition, the wave

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
N. Tien Khiem et al. (Eds.):Modern Mechanics and Applications, LNME, pp. 546–559, 2022.
https://doi.org/10.1007/978-981-16-3239-6_41

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3239-6_41&domain=pdf
https://doi.org/10.1007/978-981-16-3239-6_41


Investigation of Maneuvering Characteristics of High-Speed Catamaran 547

patters, wave profiles, streamlines, surface pressure, and velocity fields were analyzed.
In addition, they performed an experimental investigation of hull interference effects
on the total resistance by changing the distance between monohull of a catamaran in
calm water in 2014. On the other hand, the seakeeping investigation for high-speed
catamaran has been done by this author in order to emphasize the influence of Froude on
the maximum response of the vertical ship motions and the role of the nonlinear effects
both on the ship motions and on the added resistance. Wave resistance for high-speed
catamaran was investigated by Moraes et al. (2004), they applied two methods were
the slender-body theory and the 3D panel method using Shipflow software to estimate
the effects of catamaran hull spacing included the effects of shallow water on the wave
resistance component.

Regarding CFD simulation for estimating hydrodynamic characteristics, Su et al.
(2012) utilized RANS numerical method to predict the motion and analyze the hydro-
dynamic performance of planning vessels at high speed. Liu et al. (2018) simulated a
virtual captive model tests for KCS (KRISO Container Ship) using CFD to estimate lin-
ear and nonlinear hydrodynamic coefficients in the 3rd-order Abkowiz model. After that
maneuvering simulation was predicted. Applying CFD in marine vehicles using STAR-
CCM+ (Hajivand and Mousavizadegan 2015), OpenFOAM (Islam and Soares 2018),
and Ansys FLUENT (Nguyen et al. 2018) have been done for predicting maneuvering
characteristics.

This paper focuses on estimating the maneuvering characteristics of Delft 372
catamaran at high-speed. Ansys FLUENT 20.1 is used for solving RANS equation.
Resistance performance is conducted in order to validate the numerical method. The
comparisons of obtained results in resistance performance with experimental data were
demonstrated that the presented numerical method was appropriate. Therefore, virtual
captive model tests as static drift, pure sway, pure yaw, and combined pure yaw with
drift test is conducted in order to obtain hydrodynamic coefficients. The Fourier series
is applied to analyze hydrodynamic coefficients in harmonic motion. Especially, the
coupling coefficients are found at combined pure yaw with drift angle.

2 Governing Equations and Turbulence Modeling

The homogenous multiphase Eulerian fluid approach is adopted in this study to describe
the interface between the water and air, mathematically. Assumption, the flow around
the ship is incompressible. The governing equations that need to be solved are the
mass continuity equation and momentum equations, which are given in Eqs. (1) and (2)
respectively.

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ uj
∂ui
∂xj

= − 1

ρ

∂p

∂xi
+ ν

∂2ui
∂xi∂xj

− ∂τij

∂xj
+ fi (2)

where ui and uj are the average velocity components; p is the average pressure; ν is
the kinematic viscosity; xi and xj are the ith and jth coordinates in the fluid domain
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respectively; and ρ is the water density; τij = u′
iu

′
j is so-called the Reynolds stress

tensor; u′
i and u′

j are the fluctuating components; fi is the external forces.
In order to capture the wave pattern of the free surface, the volume of fluid (VOF)

method is implemented. A transport equation in Eq. (3) is then solved for the advection
of this scalar quantity, using the velocity files obtained from the solution of the Navier-
Stokes equations at the last time step.

∂q

∂t
+ �∇(q�u) = 0 (3)

Equation (3) gives the volume fraction q for each phase in all computation cell where
2∑

k=1
qk = 1; u is the velocity; ∇ is the gradient.

Furthermore, a k−ω SST (Shear Stress Transport)model turbulencemodel is applied
to consider the viscous effects. In this turbulencemodel, k is the turbulence kinetic energy
and ω is the dissipation rate of the turbulent energy. The two equation model of a k − ω

SST is given by the following:

∂k
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3 Case Study and Coordinate System

The candidate ship presented in this study isDelft 372 catamaranmodelwith symmetrical
demi-hulls shape that originally used in TU-Delft by Van’t Veer (1988). The model
hull of Delft 372 catamaran is depicted in Fig. 1 and the main particulars are given in
Table 1.

Fig. 1. Delft 372 catamaran geometry
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Table 1. Main particular of Delft 372 catamaran

Main particular Symbol Unit Full scale Model scale

Scale – 1.00 33.33

Length perpendiculars Lpp m 100.00 3.00

Beam overall BOA m 31.33 0.94

Beam demi-hull b m 8.00 0.24

Distance between center of the demi-hull H m 23.33 0.70

Separation distance s m 15.33 0.46

Draft T m 5.00 0.15

Vertical center of gravity KG m 11.33 0.34

Longitudinal center of gravity LCG m 47.00 1.41

Wetted surface area S m2 – 1.945

Two right-hand coordinate system are adopted to define the kinematic and hydro-
dynamic forces acting on the Delft 372 catamaran as shown in Fig. 2. The earth-fixed
coordinate system o0–x0y0 is set up to define the shipmotion. The body-fixed coordinate
system o–xy is used for computing the hydrodynamic forces. The origin is located at the
intersection of the waterline plane and the center-line plane at the mid-ship section. The
equation of motion for maneuvering ship in 3DOF become:

m(u̇ − vr − xGr
2) = X

m(v̇ + ur + xGṙ) = Y

İzṙ − mxG(v̇ + ur) = N (6)

where m is ship mass; u, v, and r are the surge velocity, sway velocity, and yaw rate,
respectively; u̇, v̇, and ṙ are the corresponding surge acceleration, sway acceleration,
and angular acceleration; Iz is the moment of inertia about the z-axis; X , Y and N
are the resultant forces acting on ship in surge force, sway force, and yaw moment,
respectively; U is the ship speed defined as U = √

u2 + v2; β is the drift angle defined
by β = tan−1(−v/u).

In addition, the hydrodynamic forces acting on the ship hull are expressed as the
below equation:

XH = X0 + Xuu + Xuuu
2 + Xuuuu

3 + Xvvv
2 + Xrrr

2 + Xvrvr

YH = Yv̇v̇ + Yṙ ṙ + Yvv + Yvvvv
3 + Yrr + Yrrrr

3 + Yvvrv
2r + Yvrrvr

2

NH = Nv̇v̇ + Nṙṙ + Nvv + Nvvvv
3 + Nrr + Nrrrr

3 + Nvvrv
2r + Nvrrvr

2 (7)
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Fig. 2. Coordinate system

4 Virtual Captive Model Test

The maneuvering characteristics of the high-speed catamaran are estimated by perform-
ing a virtual captivemodel test in order to get the hydrodynamic force. The computational
conditions are depicted in Table 2.

Table 2. The computational conditions.

Case Froude number (-) β(deg.) vmax(m/s) rmax(rad/s)

Resistance 0.1–0.8
*interval 0.05

– – –

Static Drift 0.45 −10°–10o

*interval 2o
– –

Pure Sway 0.45 – 0.179, 0.269,
0.358, 0.448

–

Pure Yaw 0.45 – – 0.366, 0.448,
0.529, 0.610

Combined Pure
Yaw-Drift

0.45 2°, 4°, 6°, 8o – 0.366, 0.448,
0.529, 0.610

4.1 Static Drift Test

The ship travels through the tank in oblique flow due to a given drift angle β in static
drift test. The configuration in Fig. 3 and mathematical model Eq. (8) described static
drift test:

X = X0 + Xvvv
2

Y = Y0 + Yvv + Yvvvv
3

N = N0 + Nvv + Nvvvv
3 (8)
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Fig. 3. Configuration of static drift test

4.2 Harmonic Test

The harmonic test includes pure sway, pure yaw, and combined yaw with drift test.
Pure sway test, the ship moves through the tank on straight-ahead course while it is

oscillated from side to side. The pure sway motion expresses in terms of the velocities
u = constant while r = 0 and v oscillates harmonically. The linear acceleration coeffi-
cients such as Yv̇ and Nv̇ will be estimated in this test. The configuration in Fig. 4 and
hydrodynamic forces in Eq. (9) determined for pure sway motion:

X = X0 + Xvvv
2

Y = Y0 + Yv̇v̇ + Yvv + Yvvvv
3

N = N0 + Nv̇v̇ + Nvv + Nvvvv
3 (9)

Fig. 4. Configuration of pure sway test

In harmonic motion, the Frourier series method (Sakamoto et al. 2012) is ultilized
to simplify the mathematical models Eq. (9). Since hamonic motion are prescribed by
sine and cosine function, hence hydrodynamic forces can be rewritten as Fourier series
with angular frequency ω:

f = f0 +
3∑

n=1

fcn cos(nωt) +
3∑

n=1

fsn sin(nωt) (10)

On the other hand, the harmonic forms are determined by replacing the motion
equation (v = −vmax cosωt, v̇ = v̇max sinωt) into Eq. (9).

X = X0 + Xc2 cos 2ωt

Y = Yc1 cosωt + Ys1 sinωt + Yc3 cos 3ω

N = Nc1 cosωt + Ns1 sinωt + Nc3 cos 3ω (11)
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Pure yaw test, the shipmoves through the tankwhile it conducts a pure yawmotion,where
it is forced to follow the tangent of the oscillating path. The termof velocities is expressed
that v = 0, while r and u oscillate harmonically. The hydrodynamic coefficients as Xrr ,
Yṙ , Yr , Yrrr , Nṙ , Nr , and Nrrr are estimated in the test. The configuration Fig. 5 and
hydrodynamic forces in Eq. (12) defined for pure yaw motion:

X = X0 + Xrrr
2

Y = Y0 + Yṙ ṙ + Yrr + Yrrrr
3

N = N0 + Nṙṙ + Nrr + Nrrrr
3 (12)

Fig. 5. Configuration of pure yaw test

Combined yaw and drift is described the same as with pure yaw test, however, a
drift angle is set on the motion in order to obtain a drift angle relative to the tangent of
the oscillating path. The terms of velocity represents v �= 0 and constant, while r and u
oscillate harmonically. The coupling hydrodynamic coefficients as Xvr , Yvvr , Yvrr , Nvvr ,
and Nvrr are estimated in this test. The combined pure yaw with drift test is described in
Fig. 6 and hydrodynamic forces are shown in the below equation:

X = X0 + Xvvv
2 + Xrrr

2 + Xvrvr

Y = Y0 + Yvv + Yvvvv
3 + Yrr + Yrrrr

3 + Yvvrv
2r + Yvrrvr

2

N = N0 + Nvv + Nvvvv
3 + Nrr + Nrrrr

3 + Nvvrv
2r + Nvrrvr

2 (13)

Fig. 6. Configuration of combined yaw and drift

Corresponding to pure sway test, the harmonic forms of pure yaw and combined yaw
and drift are obtained by substituting motion equation (r = rmax sinωt, ṙ = ṙmax cosωt)
into Eqs. (12) and (13). Finally, coefficient of hamonic test can obtain from Fourier
seriers as shown in Table 3.
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The obtained hydrodynamic forces are non-dimensionalized by ship speed, ship
length and water density as follows,

u′ = u

U
; v′ = v

U
; r′ = rL

U

X ′ = X

0.5ρU 2L2
; Y ′ = Y

0.5ρU 2L2
; N ′ = N

0.5ρU 2L3
(14)

5 Numerical Modeling

In order to simulate the virtual captive model tests, the CFD software ANSYS Fluent
2020R1 is applied. Incompressible unsteady RANS with k−ω SST turbulence model is
used for simulating two-phase volume of the fluid technique. The volume of fluid (VOF)
method is applied to capture the position of the free surface. In addition, a SIMPLE
algorithm solves for pressure-velocity coupling. The y + value of 30 is estimated for
Reynolds number of 7.3E+6.

The catamaran is covered by a rectangular domain to simulate the captive model test.
According to Practical Guidelines for ship CFD Application (ITTC 2011) the dimen-
sions of the domain are chosen to be able to avoid backflow and side flow. Additionally,
boundary conditions are needed to assign for ensuring the physical characteristics of a
fluid problem. Thewall boundary condition represents the object’s surface, it is so-called
no-slip wall. Pressure-inlet with open channel flow is required to start the calculation.
Pressure-outlet with open channel flow is usually treated as a far-field condition, where
flow properties are almost unchanged and hydrostatic pressure is specified. The sym-
metry condition indicates that the normal velocity and gradients of all variables at the
symmetry plane is zero. The mesh generation for calculation is shown in Fig. 7.

Fig. 7. Mesh generation
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6 Results and Discustions

6.1 Validation

First at all, in order to estimate well the calculation of catamaran, a validation of the
numerical method is conducted by comparing the results of CFD simulation with exper-
imental results performed by Broglia et al. (2014). Resistance performance is simulated
with a range of Froude numbers from 0.1–0.8. The comparison of the results in Figs. 8,
9, 10 and 11 shown the consistency between CFD and the experiment. Consequently,
the CFD numerical method is appropriate to simulate the captive model tests.

Fig. 8. The total resistance Fig. 9. The resistance coefficient

Fig. 10. The sinkage Fig. 11. The trim

6.2 Hydrodynamic Forces

After validation the virtual captive model test is performed. The Froude number of 0.45
is selected for simulating high-speed catamaran. The reason for this selection due to fast
increasing resistance and trim angle at this point as illustrated in Figs. 8, 9, 10 and 11.
Moreover, sinkage is largest at Froude number 0.45 in Fig. 10.

The below figures show the results of hydrodynamic forces acting on catamaran for
all the computed cases, which cover static drift, pure sway, pure yaw, and combined pure
yaw with drift tests.

The catamaran is symmetrical about the vertical center plane, the hydrodynamic
forces actingon thehull in case of static drift are symmetrical in both positive andnegative
drift angles as shown in Fig. 12. The hydrodynamic forces in the case of harmonicmotion
are analyzed using the Fourier series. The added mass coefficients are obtained from
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Fig. 12. Hydrodynamic forces of static drift test

 
Fig. 13. Fitting in-phase values of hydrodynamic forces versus lateral acceleration in pure sway
test

Fig. 14. Fitting in-phase values of hydrodynamic forces versus yaw rate in pure yaw test

in-phase values and damping coefficients are obtained from outphase values. On the
other hand, the coupling coefficients are determined from the combined yaw with drift
by subtracting forces acting on the hull in the single motions from the force acting on
the hull in the combined motions. The obtained hydrodynamic forces are approximated
using least square regression for each mathematical model in order to get hydrodynamic
coefficients. Figures 13, 14, 15, 16 describe the hydrodynamic forces acting on the
catamaran and fitting curves in the harmonic motion. It can be seen that the linear
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Fig. 15. Fitting out-phase values of hydrodynamic forces versus yaw rate in pure yaw test
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Fig. 16. Fitting out-phase values of hydrodynamic forces versus yaw rate in combined yaw with
drift test

Fig. 17. Wave pattern at various drift angle

reactions are fitting very well to the hydrodynamic forces. The wave pattern of static
drift test in Fig. 17 illustrates cause asymmetry wave pattern around the ship which leads
to sway force and yaw moment and as drift angle increases the asymmetry of the wave
pattern is clearly observed. Finally, the hydrodynamic coefficients obtained from CFD
simulation in this study are listed in Table 4.



558 T. L. Mai et al.

Table 4. Hydrodynamic coefficients.

Coefficient Values Coefficients Values Coefficients Values

X ′
0 −2.41E−3 Y ′̇

v −4.92E−4 N ′̇
v 2.71E−4

X ′
u 6.60E−3 Y ′̇

r −2.45E−4 N ′̇
r −8.33E−5

X ′
uu −5.42E−3 Y ′

v −1.36E−2 N ′
v −5.84E−3

X ′
uuu 6.98E−4 Y ′

vvv −4.18E−1 N ′
vvv −6.82E−2

X ′
vv −6.05E−2 Y ′

r −3.01E−2 N ′
r −1.34E−2

X ′
rr 3.07E−3 Y ′

rrr 3.50E−2 N ′
rrr 1.48E−2

X ′
vr −9.15E−6 Y ′

vvr 5.72E−4 N ′
vvr 5.81E−4

Y ′
vrr −7.64E−2 N ′

vrr −1.04E−1

7 Conclusions

In this paper, the CFD numerical method has been utilized for simulating the virtual
captive model test of Delft 372 catamaran at the high-speed conditions. The straight and
oblique motion was simulated in the stationary reference frame. The harmonic motions
were implemented in the dynamic mesh motion using a user-defined function written
by c programming.

The resistance performancewas conducted to validate theCFDnumericalmethod, an
agreement was observed between the CFDmethod and experiment results. Additionally,
the fitting resistance result using the least squaremethodwas found in first-order, second-
order, and third-order terms.

Harmonic motions were performed for obtaining the added mass coefficient in pure
sway and pure yaw test. Especially, the coupling coefficients were estimated in combined
yaw with drift test. The Fourier series was applied for predicting the hydrodynamic
coefficients in the harmonic test. The linear fitting using the least square method was
observed very well to the hydrodynamic forces in the harmonic test.

The estimated coefficients will be used for predicting maneuvering characteristics
in further study.
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