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SUMMARY 
 
A nonlinear time domain seakeeping analysis has been performed for high-speed displacement hulls advancing in head 
seas with regular waves. An hybrid approach has been employed, solving the unsteady hydrodynamic problem in the 
frequency domain and the equations of motion in the time domain.  
A three dimensional Rankine panel method has been used in order to solve the hydrodynamic boundary value problem 
in the frequency domain. Radiation and diffraction forces, supposed linear, have been then transferred in the time 
domain, where Froude-Krylov and hydrostatic forces have been computed considering the actual wetted hull surface at 
each time step. 
Simulations have been performed on hulls derived from the NPL series form. Particularly, the Model 5b catamaran has 
been tested, considering two different hull separation to length ratios (S/L = 0.2 and S/L = 0.4) and the relative 
monohull. Comparisons between simulations, both linear and nonlinear, and experimental results are presented in term 
of heave and pitch motions, evaluated for two different wave steepness. 
 
 
 
1. INTRODUCTION 
 
In recent years, interest on increasingly faster marine 
vehicles has remarkably grown, with a view to achieve 
ships capable of reducing passage time at relatively low 
costs for both goods and passengers transport.  
In the design process of high speed craft, seakeeping 
characteristics turn out to be a very important feature, 
particularly for passenger vessels. 
Even neglecting the viscous effects, a general theoretical 
treatment of ship motions involves a series of very 
complex nonlinear problems. Small perturbation methods 
may be applied in the frequency domain, allowing to 
represent weakly non linear responses under the 
hypothesis of small amplitude motions and waves, 
nevertheless frequency domain formulations are 
generally based on  linearity assumptions and hence are 
unsuitable to predict the behaviour of the ship response 
in heavy weather, particularly when studying thin hull 
forms like that of high speed vessels. Furthermore, taking 
into account non linear effects appears to be crucial for 
the estimation of wave-induced loads. 
Different time domain formulations have been proposed 
in literature in order to include non linear effects in the 
solution of the problem, both in two and in three 
dimensional approaches. Some of them combine linear 
with non linear terms, others apply fully non linear 
potential flow methods. Studies have also been carried 
out in order to treat the viscous flow seakeeping problem, 
solving the Reynold Navier-Stokes equations in the time 
domain (called unsteady RANS). An extensive 
bibliography can be found in literature, but a 
comprehensive classification and review is given in  [1].  
Hybrid approaches (also called “blending methods”) 
have been examined because of the problems associated 
with fully non linear computations. These methods are a 

blend of linear and non linear techniques and are 
generally based on the combination of linear 
hydrodynamic computations with nonlinearities arising 
from hydrostatic and Froude-Krilov forces. These latter 
forces are in fact easy to compute in time domain in their 
intrinsic non linear form, by pressure integration over the 
instantaneous wetted surface. Hybrid approaches are 
used because they are fast and provide results with 
engineering accuracy, allowing long time simulations 
and couplings with other design issues.  
In this paper, a non linear time domain analysis based on 
the foregoing approach has been performed for high 
speed displacement hulls advancing in head seas with 
regular waves. The unsteady hydrodynamic relevant 
quantities in the frequency domain have been evaluated 
using a three dimensional Rankine panel method. Then  
the equations of motion have been solved by 
transforming them into the time domain and evaluating  
Froude-Krylov and hydrostatic forces considering the 
actual wetted hull surface at each time step. Simulations 
have been performed for heave and pitch motions on 
hulls derived from the NPL series form and the results, 
both linear and non linear, have been compared with 
experimental results. The influence of the wave steepness 
on the response amplitude operators have also been 
analyzed and is presented for one of the examined cases. 
 
 
2. MATHEMATICAL MODEL 
 
The hybrid approach to the prediction of ship response in 
time domain is divided into two steps: the frequency 
domain and the time domain analysis. The first step 
allows to evaluate the radiation and the diffraction forces, 
solving the unsteady hydrodynamic problem for a given 
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number of meaningful arbitrary frequencies. The latter 
solves the equations of motion in time domain, gauging 
at each time step Froude-Krylov and hydrostatic forces 
by integration of the hydrostatic pressure over the actual 
wetted hull surface under the incident wave profile. It 
follows from the assumption that nonlinear contributions 
related to radiation and diffraction forces are small 
compared with those related to Froude-Krylov and 
hydrostatic forces. Hence the firsts are supposed linear, 
while the latter are evaluated fully non-linear. 
Since added mass and damping are frequency dependant 
whereas  ship motions are directly evaluated into the time 
domain and non linear effects are included, impulse 
theory is applied in order to transfer the radiation forces 
from frequency domain to time domain [2]. 
It should be noted that the time domain part of the model 
do not depend on the underlying theory of the frequency 
domain solver, even if the accuracy of the time domain 
simulation is strictly related to the solution of the 
unsteady hydrodynamic problem. 
 
 
2.1. FREQUENCY DOMAIN ANALYSIS 
 
In the present work a three-dimensional Rankine panel 
method has been employed, which allows to tackle 
problems related to high-speed displacement hulls, 
particularly the speed effects into the free surface 
boundary condition and, considering multi-hull vessels, 
the complex free surface flow pattern between the hulls 
[3]. 
Let define a right handed orthogonal coordinate system 
(x,y,z) advancing at the vessel speed U maintaining the xy 
plane coincident with the undisturbed free surface. x is 
the symmetry axis of the still waterplane and is assumed 
positive astern. The z-axis is positive upwards. Ship 
motions are defined by the instantaneous position of a 
body fixed reference system with respect to the previous 
system, that may be described by a vector ηk(t), with k = 
1,…,6. Under the hypothesis of small amplitude motions, 
ηk(t) can be assess solving the following differential 
equations system: 
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Assuming incompressible and inviscid fluid and 
irrotational flow, the hydrodynamic problems related to 
the determination of the added mass and damping 
coefficients (

jkA and 
jkB ) and of the exciting forces ( )tFj

 

may be solved applying the potential theory. 
Assuming a total velocity potential Φ , which satisfies 
the Laplace equation in the fluid domain Ω : 
 

0=∆Φ    in Ω    (2) 
 
The boundary conditions are imposed over the linearised 
boundaries Ω∂ . Denoting with 

BV
r

 the velocity of a point 

on the hull wetted surface and with n
r

 its outward normal 
vector, the boundary condition on the hull surface SH  is: 
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Over the free surface a kinematic and a dynamic 
conditions are imposed, obtaining: 
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Finally, a radiation condition at infinity must be enforced 
to ensure the uniqueness of the solution. 
The total potential Φ  may be expressed as the sum of the 
potential of a steady base flow 

SΦ  and of a small 

unsteady perturbation potential 
USΦ .   

 

USS Φ+Φ=Φ      (6) 
 
The unsteady perturbation potential may be written as 
superposition of an incident wave potential 

Iφ , a 

diffraction potential 
Dφ  and six radiation potential: 

∑
=

++=Φ
6
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Considering that the incident wave potential can be 
expressed in analytical form, the decomposition of the 
unsteady potential enables to study the total boundary 
value problem solving a set of six radiation problems and 
a diffraction problem.  
 
By using a Rankine source distribution( ),Qσ  each 

potential in (7) may be expressed as: 
  

( ) ( ) ( )∫ Ω∂
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,
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where ( ) QPQPr −=, .  

 
The hull and a part of the free surface are approximated 
with quadrilateral panels, considering a constant source 
strength on each. In this way, all the involved boundary 
value problems are solved in terms of these unknown 
source strengths. 
A suitable  radiation condition is finally posed at the 
forward border of the computational domain.  In the 
present method radiated and diffracted waves are 
considered not to propagate ahead the ship.  So the 
method can be applied for  ωe U/g>0.25. 
Since the free surface computational domain is limited,  
it must be carefully considered in order to avoid wave 
reflection. 
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2.2. TIME DOMAIN ANALYSIS 
 
Considering a ship as an unconstrained rigid body 
subjected to gravity, radiation, diffraction, Froude-Krilov 
and hydrostatic forces and applying the impulse theory 
and Fourier analysis to equation (1), it is possible to 
rewrite the equations of motion as: 
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with  1,...,6=k , where ∞

jk
A  and ∞

jk
B  mean infinite-

frequency added mass and damping coefficients, 
( )tF D

j
are the linear diffraction and ( )tF FKH

j
 the non 

linear Froude-Krylov and hydrostatic forces and 
moments. 

jkh  are the impulse response functions (or retardation 

functions) and can be evaluated by the following 
relation: 
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in which 

eω  is the encounter frequency 

The system of equations (8) is solved in the time domain 
by a numerical procedure. Hydrodynamic radiation  
forces are obtained by convolution with the impulse 
response functions in (9).  Diffraction forces are obtained 
simply transforming in the time domain the 
corresponding frequency domain terms. Froude-Krylov 
and hydrostatic forces, which in the frequency domain 
are considered relative to the mean hull shape and  
linearized, can here be estimated considering the actual 
wetted hull body surface, known at each time step.  
 
 
3. NUMERICAL CALCULATION AND RESULTS 
 
In this paper an application of the method described 
above is presented for the prediction of vertical motions 
of a catamaran hull form.  In order to validate the results 
obtained, heave and pitch motions in regular head waves 
have been computed for a catamaran comprehensively 
studied by Molland et al. in [4]. It is characterised by a 
round bilge/transom stern form and is based on the NPL 
Series [5]. Experimental response amplitude operators 
were derived from towing tank tests in regular waves 
performed by Wellincome et al. [6] in the Ocean Basin at 
DERA Haslar, where two different hull separation to 
length ratios (S/L=0.2 and S/L=0.4) have been tested in 
head seas at FN = 0.65 for S/L = 0.2 and at FN = 0.67 for 
S/L = 0.4. 
 

LBP [m] 4.50

B [m] 0.41

D [m] 0.38

T [m] 0.21

CB 0.40

Kyy/LBP 0.26

Model 5b

 
 

Table 1 
Hull main particulars 
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Figure 1 
Mean position demihull with free surface mesh used for 

linear unsteady hydrodynamic calculations 
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Figure 2 
Full demihull surface employed for non linear 

simulations 
 
For the same conditions and hull separations, numerical 
simulations have been carried out, testing also the 
isolated demihull. All the non linear simulations have 
been executed considering a wave steepness (ka, where k 
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is the wave number and a the wave amplitude) of 0.035. 
For the catamaran with S/L = 0.2 simulations with a 
wave steepness of 0.07 have also been performed. The 
main dimensions of the model employed are given in 
Table 1, whereas in Figure 1 the hull and free surface 
panel description used for the frequency part of the 
numerical procedure are shown. Figure 2 displays the 
complete hull geometrical description necessary for the 
non linear calculations in the time domain part. 
 
Figure 3 and Figure 4 report the nondimensional 
amplitude of heave and pitch as function of the 
nondimensional wave frequency of encounter for the 
monohull. Heave and pitch are referred respectively to 
the wave amplitude a and the wave steepness ka.  
Comparing linear with nonlinear results for the wave 
heights considered, which are fairly small, it may be 
noted that the difference between the response amplitude 
operators are generally slight, for both heave and pitch.  
However an appreciable difference is found for the 
resonance peak in heave motion that appears to be grater 
in modulus, in the nonlinear simulation. In addition it 
results related with a lower encounter frequency (the 
same of the pitch resonance peak). This behaviour seems 
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Figure 3 
Heave motions for the monohull  

(FN = 0.65) 
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Figure 4 
Pitch motions for the monohull  

(FN = 0.65) 

to be connected with a non linear coupling of the vertical 
forces due to the pitch motion, which implies an 
increment of the heave motion.  
Figure 5 and Figure 6 report the nondimensional 
amplitude of heave and pitch for the catamaran with    
S/L = 0.2. The linear and non linear numerical results are 
compared with experimental data. Heave appear to be 
well predicted by the model, even if the non linear 
solution turns out to be overestimated. The pitch graph 
shows a worse agreement with experimental data near 
the resonance peak, which results overestimated in both 
linear and non linear simulations. 
Figure 7 and Figure 8 present a comparison of the 
response amplitude operators with two different wave 
steepness (0.035 and 0.07). The first shows a reduction 
of the resonance peak for heave with the increase of 
wave height, while the latter present a considerable 
reduction for a frequency interval after the resonance 
peak. Similar results for heave have been achieved, also 
experimentally, by Fonseca et al. [7] studying the non 
linear vertical motions of the containership S-175. This 
behaviour has been related to non linear effects on the 
vertical motions and on the vertical accelerations at the 
bow. 
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Figure 5 
Heave motions for the catamaran with S/L = 0.2           

(FN = 0.65) 
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Figure 6 
Pitch motions for the catamaran with S/L = 0.2 

(FN = 0.65) 

Session A 256



0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 1 2 3 4 5 6 7 8 9

ωωωωe (L/g)1/2

ηηηη3/a

ka = 0.035 
ka = 0.07  

 
 

Figure 7 
Heave motions for the catamaran with S/L = 0.2. 

Comparison of non linear results for two wave steepness 
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Figure 8 
Pitch motions for the catamaran with S/L = 0.2. 

Comparison of non linear results for two wave steepness 
 
 
Figure 9 and Figure 10 report the nondimensional 
amplitude of heave and pitch for the catamaran with    
S/L = 0.4. A comparison between linear and nonlinear 
results shows a similarity with the behaviour observed 
for the monohull. Furthermore, nonlinear simulation 
provides a trend of the heave response amplitude 
operator which seems to be more corresponding to 
experimental data, even if the results appear to be 
overestimated also in this case. 
An harmonic analysis has been performed, applying 
Fourier techniques to the time histories obtained from the 
numerical simulations of the catamaran with S/L = 0.2, 
considering   a   wave   steepness  of   0.07.   The   higher 
 

Table 2 
Harmonic analysis for heave motions with ka = 0.07 

Ampl. Phase Ampl. Phase

2.30 0.0345 140 0.0030 156

3.59 0.0992 78 0.0116 114

5.09 0.0331 -43 0.0029 -30

6.82 0.0134 5 0.0004 -79

Second Harmonic Third Harmonic
ωωωωe (L/g)1/2
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Figure 9 
Heave motions for the catamaran with S/L = 0.4 

(FN = 0.67) 
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Figure 10 
Pitch motions for the catamaran with S/L = 0.4 

(FN = 0.67) 
 

 
harmonic signals, reported in Table 2 and Table 3, are 
referred to the first harmonic, both for amplitude and 
phase. It can be noted that the magnitude of the second 
and third harmonics increases near the resonance 
frequencies, where effects of non linearity are more 
noticeable as the wave steepness raises.   
An example of time histories, which shows heave and 
pitch motions of the catamaran with S/L = 0.2 
considering a wave steepness of 0.07 and a frequency of 
encounter of 3.39 rad/s, is presented in figures 11 and 12 
respectively .  
 
 
 

Table 3 
Harmonic analysis for pitch motions with ka = 0.07 

Ampl. Phase Ampl. Phase

2.30 0.0398 55 0.0065 107

3.59 0.1124 26 0.0131 63

5.09 0.0690 278 0.0064 272

6.82 0.0082 -38 0.0004 -5

ωωωωe (L/g)1/2 Second Harmonic Third Harmonic
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Figure 11 

Heave time history  
(S/L=0.2, ka = 0.07, FN = 0.65) 
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Figure 12 

Pitch time history 
(S/L=0.2, ka = 0.07, FN = 0.65) 

 
 
These time histories show an appreciable asymmetry for 
both heave and pitch, which is assumed to be related with 
the hull form: the catamaran tends to raise more than sink 
and, in this condition, to submerge the bow more than 
emerge it.   
 
 
4. CONCLUSIONS 
 
The paper presents a time domain analysis for heave and 
pitch motions, in head seas with regular waves, 
performed on two catamarans and on the relative 
monohull derived from the NPL series. An hybrid 
approach has been employed, combining linear radiation 
and diffraction forces, transformed from the frequency 
domain, with non linear Froude-Krylov and hydrostatic 
forces,  computed in the time domain. Simulations on the 
catamaran with S/L = 0.2 have been performed with two 
different wave steepness, assessing its influence on the 
response amplitude operators. 
A comparison between numerical results and 
experimental data shows a generally good agreement for 
heave motions, while pitch results to be overestimated 
near the resonance peak.  
In the non linear simulations, a reduction of the heave 
resonance peak with the increase of wave steepness has 

been observed, while pitch present a decrease of 
magnitude for some  frequencies  after the peak value. 
An harmonic analysis has also been performed showing 
an increase of the magnitude of the second and third 
harmonics near the resonance frequencies, where effects 
of non linearity appear to be more appreciable as the 
wave steepness raises. 
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