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ABSTRACT 

 

Prediction of the seakeeping performance of a ship in the earlier ship’s design step is 

necessary to ensure the safety of navigation during sailing. To accommodate such a 

demand, this research proposes to analyse the seakeeping performance of a rounded 

hull catamaran. The vertical motion of the catamaran including the heave and pitch 

motions were quantified by her Response of Amplitude Operator (RAO). The 

Computational Fluid Dynamic software was used to develop the model, where several 

effects of various Froude numbers, hull lateral separation ratios and wavelengths on 

the heave, and pitch motions of the rounded hull catamaran have been taken into 

account. The results revealed that the higher Froude number associated with less hull 

lateral separation ratio was proportional to the subsequent increase of her heave and 

pitch motions. In the case of 𝜆/𝐿≤1.0, the seakeeping quality of the rounded hull 

catamaran has been improved and presented in the form of a sufficient reduction of the 

heave and pitch motions. It is shown that the estimated seakeeping performance of the 

rounded hull catamaran greatly depends on the Froude numbers and magnitude of 

wavelength. 

 

INTRODUCTION 

 

A catamaran ship is one of the multi-hull vessel types that geometrically consist of two 

demi-hulls. This inherent configuration offers some advantages compared with mono-

hull ship types in view of the design feasibility and its operation (Srinivas and Srinivas 

[1] Medaković et al. [2]; and Kenevissi et al. [3]. Large deck areas of around 20 to 40 

per cent greater than a corresponding mono-hull have better stability which enhances 

seakeeping characteristics in moderate sea states as reported by Hadler et al. [4], 

Piscopo and Scamardella [5] and Varyani et al. [6]. In addition, Rollings [7] reported 

that catamaran ships deal with less resistance due to presence of the lower draft as 

compared to the monohull ship types.  Dyachkov and Makov [8] reported that one of 

the drawbacks of the catamaran usage is its seakeeping qualities. Because of the 

narrow form of the hulls, the seakeeping qualities (heave and pitch motions) are the 

same as the monohull ship and maybe even worse [9, 10]. Therefore, the analysis of 

the seakeeping performance in the initial stage of the design involving behaviour of 

the heave and pitch motions of the catamaran is necessary to be studied. 

Since the last decades, several researchers have conducted the analysis of the 

seakeeping performance of ships using theoretical and experimental approaches. 

Theoretically, the strip theory methods have been employed to investigate the 
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seakeeping qualities of the catamaran [4]; [11]; [12]; [13]; [14]; [15] and [16]. 

Castiglione et al. [17] conducted a numerical study on the seakeeping characteristics 

of a high speed multi-hull vessel in high sea states. In addition, experimental models 

were tested on the seakeeping characteristics of wave-piercing catamarans in various 

wave headings and wave heights [18]; [19] and [20]. Begovic et al. [21] experimentally 

evaluated the effect of deadrise angle variations along the hull length on seakeeping 

characteristics and chose regular wave tests to get a better insight on motion and 

acceleration properties connected with warped hull forms. In addition, Bouscasse et 

al. [22], Kim et al. [23] and Diez et al. [24] experimentally studied a fast catamaran in 

both regular and irregular waves to assess the nonlinear effects into her hull motions. 

Similar work has been done by Bruzzone et al. [25], where the heave and pitch motions 

behaviour of the catamaran in regular waves were assessed. In particular; however, 

this approach is relatively expensive, time-consuming, and even impractical for 

various seakeeping test configurations. It became obvious that a reliable 

Computational Fluid Dynamic (CFD) approach has become necessary at gaining more 

accurate predictions of the seakeeping performance of the catamaran.  

This paper presents a CFD simulation approach to analyse the seakeeping 

performance of a rounded hull form of a catamaran in regular waves. Here, the 

commercial CFD software so-called the NUMECA FineTM/Marine v3.1-1 was utilised 

by applying the incompressible unsteady Reynolds Averaged Navier Stokes Equation 

(RANSE). This RANSE and continuity equations were discretised by the finite volume 

method based on Volume of Fluid (VOF) to deal with the nonlinear free surface. In 

addition, the computational domain with adequate numbers of grid meshes of the 

catamaran has been carefully determined before simulations. Basically, this was solved 

by means of a mesh independent study to estimate the optimal domain discretisation. 

Several parameters such as various Froude numbers, wavelengths, and S/L ratios were 

taken into account in the computational simulation. The results were discussed to 

analyse their effects on the heave and pitch motions of the rounded hull catamaran, 

with the purpose of quantifying her seakeeping quality. 

 

METHODS AND MATERIALS 

Governing Equation 

The CFD flow solver on NUMECA FINETM /Marine 3.1-1 was based on the 

incompressible unsteady RANSE in which the solver applied the finite volume method 

to build the spatial discretisation of the transport equations. In addition, the velocity 

field was obtained from the momentum equations while the pressure field was extracted 

from the mass conservation constraint or continuity equation and transformed into a 

pressure equation. Furthermore, the nonlinear free surface flow was treated as the 

interface between air and water, which was assumed to be incompressible and isotropic 

Newtonian fluid. 

 

Conservation Equations 

In the multi-phase continuum, considering the incompressible flow of viscous fluid 

under isothermal conditions; mass, momentum, and volume fraction conservation 

equations can be expressed as (using the generalised form of Gauss’ theorem [26] 
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where 𝑉 is the control volume bounded by the closed surface S with a unit normal 

vector 𝑛⃗  directed outward that moves at the velocity 𝑈⃗⃗ 𝑑 with a unit normal vector 𝑛⃗  . 

The notations of 𝑈⃗⃗  and 𝑝 represent the velocity and pressure fields, respectively. 𝜏𝑖𝑗 

and 𝑔𝑖 define the components of the viscous stress tensor and gravity vector, 

respectively; whereas 𝐼𝑗 is a vector whose components vanish except for the 

component j which is equal to unity. 𝑐𝑖 is the 𝑖𝑡ℎ volume fraction for fluid 𝑖 used to 

distinguish the presence (𝑐𝑖 = 1) or the absence (𝑐𝑖 = 0) of 𝑖𝑡ℎ fluid. Since the volume 

fraction between 0 and 1 indicates the presence of a mixture, the value of 1/2 is selected 

as a definition of the interface. 

 

Turbulence Model 

In the case of a basic computation for turbulent conditions, we proposed the SST 𝑘 −
𝜔 (SST for shear-stress transport) model, which is available inside the ISIS-CFD 

solver code, where 𝑘 is the turbulent kinetic energy and 𝜔 is the specific dissipation 

rate. Menter [27], Menter [28], Menter [29] and Menter [30] reported that the SST 𝑘 −
𝜔 model combines several desirable elements of existing two-equation models. The 

two major features of this model are the zonal blending of model coefficients and a 

limitation on the growth of the eddy viscosity in rapidly strained flows. Spalart and 

Allmaras [31] and Baldwin and Barth [32] highlighted that the SST 𝑘 − 𝜔 model here 

is set to improve the predictions obtained with algebraic mixing-length models to 

develop a local model for complex flows and provide a simpler alternative to two-

equation turbulence models. This means that this turbulent model improves the 

prediction of flows with strong adverse pressure gradients and separation. 

The two transport equations of the model are defined below with a blending 

function 𝐹1 for the model coefficients of the original 𝜔 and 𝜀 model equations and 

written as:  
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where the last source term of Eq. (5) represents the cross-diffusion term that appears 

in the transformed 𝜔-equation from the original 𝜀-equation. Menter and Rumsey [33] 

noted that the production term of 𝜔 is sometimes approximated as proportional to the 

absolute value of vorticity:  
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The auxiliary blending function F1 designed to blend the model coefficients of 

the original k-𝜔 model in boundary layer zones with the transformed k-𝜀 model in 

free-shear layer and free-stream zones is defined as follows [26]. 
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where 𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 {
2𝜌𝜎𝜔2

𝜔

𝜕𝐾

𝜕𝑋𝐽

𝜕𝜔

𝜕𝑋𝐽
 , 10−20}. Here, 𝐶𝐷𝑘𝜔is the cross-diffusion in the k 

− 𝜔 model. 

It should be noted here that when calculating turbulence quantities, it is 

important to consider an appropriate cell meshing size [34]. This can be explained by 

the fact that during computations using the Navier-Stokes equations, the boundary 

layer near a solid wall contains high gradients. Here, an appropriate estimation of the 

cell meshing size 𝑦𝑤𝑎𝑙𝑙 for Navier-Stokes simulations including turbulence depends 

on the local Reynolds number, which is computed based on the wall variable 𝑦+. 

Referring to [26], the value of 𝑦+ associated with the first node near the wall will be 

referred to as 𝑦1
+, where the equation of 𝑦1

+ can be written as: 

1
wallu y

y 



    (8) 

where 𝑢𝜏 is the friction velocity, 𝑢𝜏 = √
𝜏𝑤𝑎𝑙𝑙

𝜌
= √

1

2
𝜌(𝑉𝑟𝑒𝑓)2𝐶𝑓. It is clear that the 

value of 𝑦𝑤𝑎𝑙𝑙 depends on the value of 𝑦1
+. 

 

In addition, the estimation for 𝑦𝑤𝑎𝑙𝑙  as a function of a desired 𝑦1
+ value is 

obtained using a truncated series solution of the Blasius equation as written in Eq. (9). 

   
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 Note that the reference velocity, 𝑉𝑟𝑒𝑓 , can be taken from the body velocity. 

The reference length, 𝐿𝑟𝑒𝑓, should be based on the body length since an estimation of 

the boundary layer thickness is implied in this calculation. For instance, in the case of 

a marine simulation, one could use the boat length, or the so-called length between 

perpendiculars, as the reference length. This refers to the length of a vessel along the 

waterline from the forward surface of the stem, or the main bow perpendicular member 

to the after surface of the stern-post or main stern perpendicular member.   

 

Heave and Pitch Motion 

The degree of freedom (D.O.F) represents the possible translations and rotation of the 

body. The heave and pitch motions are noted as the translation and rotation, 

respectively along the X, Y, and Z-axes that define the behaviour of the catamaran 

under sailing. The coupled equation of heave and pitch motions are solved in the time 

domain for regular waves. These equations are demonstrated as follows: 

(𝑀 + 𝐴₃₃)
𝑑²ɳ₃

𝑑𝑡²
+ 𝐵₃₃

𝑑ɳ₃
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𝑑²ɳ₅

𝑑𝑡²
+ 𝐵₃₅

𝑑ɳ₅

𝑑𝑡
 + C₃₅₅ = F₃          (10) 
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In these equations, M is the mass of the ship, I55 is the moment of inertia and 

Aij, Bij and Cij are the coefficients of added mass, the damping, and restoring 

coefficients, respectively. Also, F3and F5 are the vertical forces and longitudinal 

moment on the ship, respectively [35]. 

 

Simulation Condition 

Ship Particulars 

In the computational simulation, the principal dimension of the rounded hull catamaran 

composed of two demi-hulls is clearly presented in Table 1. 

 

  Table 1. Principal dimension of a rounded hull catamaran model. 

 

Description Demi-hull Catamaran 

Length, (m) 1.372 1.372 

Breadth, (m) 0.123 - 

Draught, (m) 0.078 0.078 

Wetted surface area, WSA, (m²) 0.2559 0.512 

Volume, (m³) 0.0072 0.0144 

Displacement, (kg) 7.222 14.444 

Vertical center of buoyancy, (m) 0.049 0.049 

 

Simulation Parameter 

Referring to Figure 1, several parametric studies such as effects of the lateral 

separation length ratio (S/L) and various ratios of wavelengths with respect to length 

of the catamaran (/L) with the range of 0.25 to 3.0 associated with various ranges of 

Froude number (𝐹𝑟) from 0.19 to 0.66 were employed in the simulation. The details 

of simulation parameters are completely summarised in Table 2. 

 

 
 

Figure 1. Several parametric studies on predicting seakeeping performance of a 

rounded catamaran model. 
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Table 2. Matrix of computational simulation. 

 

Froude number, Fr 0.19, 0.28, 0.37, 0.47, 0.56 and 0.66 

Wavelength ratio (𝜆/
𝐿) 

0.25, 0.5, 0.75, 1.0, 1.25, 1.25, 1.50, 1.75, 2.0, 2.25, 2.50, 

2.75 and 3.0 

S/L ratio 0.2, 0.3 and 0.4 

 

Computational Domain and Meshing Generation 

The computational domain of the catamaran’s hull used the unstructured hexahedral 

meshes as shown in Figure 2. There are extra local refinements of mesh added around 

the free surface to capture the waves generated by the catamaran’s hull during 

computation. The local box refinement was also employed surrounding the global 

meshed computational domain and the maximum number of the local box refinement 

was set to be the same as the maximum global number of refinement which is 12. 

Besides, another triangular-like surface was also added, which purpose was to capture 

the effective area in both x and y directions where the Kelvin waves will appear.   

 

 
 

Figure 2. Mesh generation of catamaran. 

 

Based on Table 3, the external (EXT) boundary type condition was assigned to 

treat velocity and pressure conditions. The boundary condition for the top of the 

patches domain was set as ’prescribed pressure’. In this setting, the pressure was 

imposed during the initialisation of the computation, where the updated hydrostatic 

pressure was then applied. This means that the pressure was not constantly 0 (zero) 

during the computation but it dynamically updated due to the cell mesh moving 

vertically towards the free surface position. The boundary conditions for the rounded 

catamaran surfaces were assigned as solid patches, where a wall-function condition 

was employed to these surfaces. 

In this computational simulation, the average duration of every simulation was 

about 70 to 80 hours (4 parallel computations with ∆t=0.001 s) on a HP Z820 

Workstation PC with processor Intel(R) Xeon(R) CPU ES-2690 v2 @ 3.00 GHz (2 

Processors) associated with the installed memory (RAM) of 32.0 GB and 64-bit 

Operating System. Referring to the mesh independent study results, the initial cell 

meshing of 960 with the total number of cell meshing of 2,284,082 have been selected 

in all computational simulations of the symmetrical catamaran model with reasonable 

accuracy of the CFD solution [36]. In the final stage of the CFD simulation, the CF 

Xmin 

Ymin 

Ymax Zmax 

Xmax 
Zmin 
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View package software was used to visualise the wave pattern/ free surface elevation 

for all various configurations of the symmetrical and the staggered catamaran as 

displayed in Figure 3. 

  

Table 3. Computational domain and boundary setting. 

 

Description Distance with respect 

to origin point 

Type Condition 

𝑋𝑚𝑖𝑛 (Inlet) 1.0𝐿𝑚ℎ EXT Far field 

𝑋𝑚𝑎𝑥 (Outlet) 3.0𝐿𝑚ℎ EXT Far field 

𝑍𝑚𝑖𝑛 (Bottom) 1.5 𝐿𝑚ℎ EXT Prescribed pressure 

𝑍𝑚𝑎𝑥 (Top) 0.5 𝐿𝑚ℎ EXT Prescribed pressure 

𝑌𝑚𝑖𝑛 (Side) 1.5 𝐿𝑚ℎ EXT Far field 

𝑌𝑚𝑎𝑥 (Side) 1.5 𝐿𝑚ℎ EXT Far field 

 

 

(a) (b) 

  

Figure 3. CFD visualisation; (a) perspective view, (b) plan view, where F𝑟=0.28, 

S/L=0.2, /L=1.0 and Hw/L=0.027 

 

RESULTS AND DISCUSSION 

 

Referring to Figure 3, the CFD simulations on predicting the seakeeping performance 

on the rounded hull catamaran have been successfully carried out at various Froude 

numbers, S/L ratios and /L ratios. Effects of the parameter studies are presented 

through assessing the magnitude of the heave and pitch motions of the rounded hull 

catamaran. The simulation results are appropriately discussed in Figures 4 to 9. 

 

Effect of Froude Number (Fr) 

Referring to Figure 4, the increase of Froude number till up to 0.47 was proportional 

with the increase of the heave motions of the catamaran. It should be noted that the 

heave motion of the catamaran model significantly increased from 0.0063 m to 0.0154 

m as Fr increased from 0.37 to 0.47. Although the pitch motion decreased from 4.31o 

to 3.28o, this condition was prone to degrade the seakeeping performance of the 

catamaran due to the vigorous heave motion responses. This could be explained by the 

fact that the increase of Froude number at 0.47 caused the catamaran to be relatively 

faster than the elevation of the incoming waves (red colour). As a result, the effects of 

resonance and exciting forces due to this incoming wave resulted in the large heave 

motion response of the catamaran (see Figure 5). Furthermore, the heave motion of 
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the catamaran decreased at Fr=0.56, which then inversely increased as well as Fr rose 

up to 0.66. In the case of Fr≥0.37, the heave and pitch motions of the rounded hull 

catamaran tended to gradually increase, indicated by the proportional increase of the 

free surface elevation (red colour). The visualisation of the free surface elevation of 

the rounded hull catamaran in waves associated with the various Froude numbers are 

appropriately displayed in Figure 5. 

 

 

Figure 4. Motion of heave and pitch motions behaviour at various Froude 

number, S/L=0.2, /L=1.0 and Hw/L=0.027 
 

 

Table 4. Behaviour of heave and pitch motions at various Froude numbers. 

 

S/L 
Froude No, 

𝐹𝑟 
Heave motion (m) Pitch motion (o) 

 

 

 

0.2 

0.19 0.0048 3.41 

0.28 0.0055 2.42 

0.37 0.0063 4.31 

0.47 0.0154 3.34 

0.56 0.0112 2.74 

0.66 0.0124 2.73 
 

 

 
 

Figure 5.Wave pattern characteristics of catamaran at various Froude numbers with 

S/L=0.2, /L=1.0 and Hw/L=0.027. 
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Effect of Various Ratios of Wavelengths (𝝀/𝑳)  

The characteristics for the heave and pitch motions of the rounded hull catamaran are 

shown in Figure 6. For the short wavelength condition, the motion amplitude was very 

small compared to others but it was confirmed that the periodic oscillation of the force 

resulted from wave reflection that occurred in both hull forms [37]. Upon increasing 

𝜆/𝐿 from 0.25 to 1.75, the results were considered to have sufficient effect, where the 

magnitude of the heave motion increased by 158% (Table 5); however, the pitch 

motion of the rounded hull catamaran subsequently increased up to 73.3% as 𝜆/𝐿 

increased from 0.25 to 1.5. This possibly occurred due to the vertical motion at the 

bow region of the catamaran which became relatively more stiff in motions [38]. 

Similar to what was conducted by [4], it was generally concluded that the rounded hull 

catamaran was liable to have vigorous vertical motion responses; both of the heave 

and pitch motions within the range of 1.5≤𝜆/𝐿≤1.75. Consequently, these 

unfavourable motions led to degrade the seakeeping qualities. In addition, the effect 

of the increase of wavelength was relatively small upon increasing the further ratio of 

λ/L>2.0. In this case, nonlinear effects play a role for wavelengths comparable or 

larger than the ship length. As displayed in Figure 7, the possible reason is that when 

the value of λ/L became larger, the relative vertical motions of the catamaran with 

respect to the incoming waves dropped to negligibly smaller. In other words, the ship 

behaved like a cork floating in the water. 

 

 
Figure 6. Heave and pitch motions behaviour at various wavelengths (λ/L), 

S/L=0.2, Hw/L=0.027 and 𝐹𝑟=0.47 

 

Table 5. Behaviour of heave and pitch motions at various ratios of/L. 

 

Ratios of/L Heave motion (m) Pitch motion (o) 

0.25 0.0073 3.63 

0.5 0.008 3.79 

0.75 0.0097 3.57 

1.0 0.0154 3.34 

1.25 0.0166 5.31 

1.5 0.0188 6.29 

1.75 0.0189 5.75 

2.0 0.0126 4.22 

2.25 0.0097 3.91 

2.5 0.0082 4.01 

2.75 0.0086 3.59 

3.0 0.0073 1.66 
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Figure 7. Wave pattern characteristics of catamaran at various wavelengths(𝜆/𝐿), 

S/L=0.2, Hw/L=0.027 and 𝐹𝑟=0.47 

 

 

 
 

Figure 8. Heave and pitch motions behaviour at various S/L ratios, /L=0.2, Hw/L=0.027 

and 𝐹𝑟=0.47  

 

Effect of Various Lateral Separation Ratios (S/L)  

Figure 8 shows the heave and pitch motions behaviour at various lateral separation 

ratios (S/L). Based on the results (see Table 6), the subsequent increase of the lateral 

separation ratios (S/L) from 0.2 to 0.3 had a moderate influence on the entire response 

amplitude motion performances of the catamaran. In general, this increment of S/L 

demonstrated a better seakeeping performance as indicated by the maximum reduction 

of the heave motions and pitch motions amplitude at about 13.8% and 12%, 

respectively. Furthermore, the heave and pitch motions amplitude increased by 5.5% 

and 1.9% as the S/L ratio increased from 0.3 to 0.4. It can be concluded here that the 

amplitude of the heave and pitch motions of the rounded hull catamaran was relatively 

independent or even had a negligible and small influence with respect to that 

increment. Through wave pattern analysis at the increase of S/L from 0.3 to 0.4, the 

wave-making components consisting of pressure forces were prone to significantly 
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reduce (see Figure 9). This means that the transverse waves from the bow travelled 

aft relative to the inner region between the two demi-hulls had not augmented yet. 

Even a significant wave crest (high wave amplitude) was susceptible to cancel out each 

other upon increasing the lateral separation ratios. This means that the increment of 

S/L was becoming less obvious to the seakeeping performance of the rounded hull 

catamaran. 

 

Table 6. Behaviour of heave and pitch motions at various ratios of S/L. 

 

S/L Heave motion (m) Pitch motion (o) 

0.2 0.0188 6.29 

0.3 0.0162 5.53 

0.4 0.0171 5.64 

 

 
 

Figure 9. Wave pattern characteristics of catamaran at various lateral separation 

ratios (S/L), /L=1.5, Hw/L=0.027 and𝐹𝑟=0.47. 

 

CONCLUSIONS 

 

The analysis of seakeeping performance of the rounded hull catamaran in waves was 

successfully carried out using computational fluid dynamic approach which is a valid 

tool in the simulation of seakeeping problems involving complex flow conditions. The 

computational simulations results are presented in the form of response amplitude 

operator, both of heave and pitch motions. Several parametric studies such as effects 

of Froude numbers, the lateral separation length ratio (S/L) and the ratios of 

wavelengths with respect to the length of catamaran (/L) were taken into account. 

The computation results were drawn as follows: 

i) The increase of Froude number up to 0.47 was proportional with the increase of 

the heave motions of the catamaran, where this condition was prone to degrade 

the seakeeping performance of the catamaran. 

ii) In general, the rounded hull catamaran was liable to have vigorous vertical 

motion responses, both of the heave and pitch motions within the range of 

wavelength ratio with respect to the length of the catamaran (1.5≤𝜆/𝐿≤1.75). 

Consequently, these unfavorable motions led to the degradation of seakeeping 

qualities. 

iii) The subsequent increase of the lateral separation ratios (S/L) from 0.2 to 0.3 had 

a more moderate influence on the entire response amplitude motion 

performances of the catamaran as compared to the increase of S/L from 0.3 to 

0.4. It was noted that the maximum amount of the reduction for her heave and 

pitch motions were about 13.8% and 12%, respectively as S/L increased from 

0.2 to 0.3, in which the seakeeping quality of the catamaran improved. 
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NOMENCLATURE 

 

CFD   Computational Fluid Dynamic 

RANSE  Reynolds-Averaged Navier-Stokes Equations 

QS   Quasi-Static 

ITTC   International Towing Tank Conference 

S/L   Lateral Separation Ratio 

 

 


