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A B S T R A C T 

Parametric roll of sliip is a rare event occurring in specific conditions, but it can cause the dynamic roll 

instability. Since this phenomenon is dependent on ship speed and wave frequency, the development of roll 

motion and the resultant added resistance which can cause speed change should be considered simultaneously 

when parametric roll occurs. This paper considers a numerical study on the added resistance of a modern 

containership under parametric roll. A time-domain Rankine panel method adopting a weakly nonlinear 

formulation is adopted to obtain ship motions and added resistances in waves. Seakeeping computations in 

regular head-sea conditions are performed wth and wlhout parametric roll, and the increment of added 

resistance is investigated mth regard to the components classified in the dkect pressure integration method. 

Furthermore, according to the decouphng phenomena between the components ofthe vertical motions and the 

roll motion, a correlation betiveen the parametric roll and the added resistance is derived. Lastly, a simple 

prediction method for the added resistance in irregular parametric roll motion is suggested based on the 

correlation, and its accuracy and efficiency are discussed by comparing the prediction with the results of the 

direct numerical computation. 

1. I n t r o d u c t i o n 

Prevention of the parametric rol l phenomena, which is one of the 

dynamic stability problems of ships, has been a matter of concern, 

because the resonant roll motion is excited rapidly during several 

encounter periods of waves. Although there have been attempts to 

examine a direct control on the roll motion, such as the application of 

the bilge keel and the active fin stabilizer (Levadou and van't Veer , 

2011) , and the U-tank (Holden, 2011) , the operational guidance for a 

ship crew's decision-support system can serve as a prior counter-

measure in order to avoid vulnerable environmental and operational 

conditions to the phenomena (Song et al . , 2013) . T h e conditions are 

directly related to the encounter wave frequency; therefore, the forward 

speed and the heading angle of ships should be controlled for its 

prevention. 

W h e n the excitation of parametric roll starts under the vulnerable 

conditions, the speed of ship is changed simultaneously due to the 

added resistance occurred in the phenomena. Therefore, in order to 

tackle vulnerabilities relevant to the parametric roll , the speed var ia ­

tions should be accounted in numerical simulations. T o this end, the 

accurate prediction of the added resistance induced by the large-

amplitude roll motion is also required. I n other words, \vith regard to 

the parametric roll phenomena, the added resistance of a ship is 

considered in terms of the dynamic stability in waves, not the efficiency 

during ship operations. 

Historically, the added resistance due to waves has been ^videly 

investigated because the actual performance of ships i n seaways is 

determined by the resistance. Several previous researchers conducted 

experiments for the added resistances on the typical ship models such 

as the series 60 models (Gerr i t sma and Beukelman, 1972) , the S175 

containership (Fuj i i and Takahash i , 1975) , and the Wigley models 

(Jour nee, 1992) . I n the cases of analytical and numerical approaches, 

two major methods have been introduced to analyze the added 

resistance problem. F irs t , a far-field method, which was originally 

derived b y Maruo (1960) and further refined by N e w m a n (1967) , is 

based on a momentum conservation theory. T h i s method is s imple and 

efficient that does not involve solving a boundary value problem for the 

pressure acting on a body. I n the method, however, there are 

difficulties in handhng a proper control surface. Alternatively, a near-

field method, w h i c h represents direct integration of the second-order 

pressure on the body surface has also applied to the calculation of 

added resistance. O n e o f t h e advantages of the near-field method is the 

decomposition of added resistance, which enables the physical ob­

servation by a component analysis and an extension to considerations 

for nonlinearities in the phenomenon. Falt insen et al . (1980) validated 

the computation results obtained by the near-field method, and 

formulated a simplif ied asymptotic approach to enhance the results 

for short waves. Grue and Biberg (1993) also adopted the method along 
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with the frequency-domain wave G r e e n function to evaluate the 

resistance induced by waves on a floating body advancing with a small 

speed. I t should be noted that most of the researches in the early stages 

were based on the linear potential theories; hence, the effects of 

nonl inear free surface flows and hul l geometries were not included. 

Recently, nonlinear approaches using computational fluid dynamics 

( C F D ) s imulation have been applied owing to the development of 

computing power. A simulation method called the W I S D A M - X was 

used by Or ihara and IVIiyata (2003) a n d Or ihara et al. (2008) to 

examine the added resistance for different bow shapes above the mean-

water level. I n this method, the Reynolds-averaged Navier-Stokes 

equation ( R A N S E ) was solved using a finite volume method ( F V M ) 

in an overlapping grid system. Furthermore, Yang (2015) developed a 

Cartesian-grid-based method for solving the E u l e r equation, and 

investigated the effects of the nonUnear bow waves on the added 

resistances for different wave amplitudes. I n the operation of a large 

modern ship, the major issues are not only the efficiency of reducing 

greenhouse gas emissions, but also the performance of ships in rough 

seas. Therefore, the trend of adopting the nonlinear simulation is 

expected to continue. However, there have been limitations in the 

application of the C F D methods,, because of high computational costs 

a n d a strong dependency on the grid system. 

I n the case of parametric roll phenomena, the t ime-domain 

simulations for nonlinear ship motions have been conducted. T h e 

most important parameter in the numerica l s imulation is an accurate 

prediction of the t ime-varying nonlinear restoring forces in waves. For 

an efficient computation, a weakly nonlinear approach, which considers 

the partial nonlineaiities of hul l geometry, was used in many previous 

research efforts. F o r example, France et al. (2003) and Shin et al. 

(2004) appUed the Rankine panel method ( R P M ) to evaluate not only 

the susceptibility criteria but also the amplitude of roU motion for large 

containerships. Spanos and Papanikolaou (2007) analyzed the para­

metric roll of a fishing vessel in regular waves using the impulse 

response function ( I R F ) method. K i m and K i m (2011b) developed a 

multi-level analysis, which include level-by-level appUcations of an 

analytical formula based on the metacentric height ( G M ) variation, the 

I R F method, a n d the R a n k i n e panel method to compare the properties 

of each method. 

F o r realistic simulations of parametric roll motions, the speed 

variation due to resistance caused by severe rol l motion should be 

considered along >vith occurrences and magnitudes of the phenomena. 

Therefore, there have been attempts to develop the surge-roll coupled 

model to account for the interaction between the development of 

parametric roll and the speed variation (Vidic -Pemnovic and Jensen, 

2009) . Also, Breu and Fossen (2010) applied the speed and heading 

control to the coupled model for mitigation of the phenomena. 

However, in most of the previous studies, a relatively simple method 

was applied to estimate the added resistance, considering only for the 

surge added mass and Froude-Krylov a n d restoring forces. O n the 

other hand , to predict the added resistance induced by parametric roll 

more accurately, L u et al . (2015) adopted a roll motion obtained by 

model experiments to a revised formula from the l inear far-field 

method of Maruo (1960) . However, according to a Unear perspective, 

the method d id not consider the nonlinear effects of the large-

amplitude rofl motion. Therefore, an efficient nonhnear approach is 

required to account for the effects on the added resistance. 

I n the present study, the t ime-domain 3 -D Rankine panel method 

developed by K i m et al. (2011) is applied to predict ship motions and 

added resistance of a containership under the parametric roll phenom­

ena. T h e near-field method derived b y Joncquez (2009) and K i m and 

K i m (2011a), w h i c h is the direct pressure integration method for the 

evaluation of added resistance, is modified based on a weakly nonlinear 

approach. I n other words, the higher-order restoring and Froude-

Krylov forces at the actual wetted surface are included to consider the 

nonlinear effects induced by parametric roll motion. Through the 

decomposition analysis according to components of the near-field 

Fig. 1. Coordinate system and notations in Ranldne panel method. 

method, the increased resistance due to the parametric roll i n a regular 

wave is investigated. Also , the correlation bet^veen the parametric roll 

motion and the added resistance is derived based on the decouphng 

phenomena between the components of vertical motions Qieave and 

pitch motions) and roll motion, and the l imitations o f t h e relationship 

are also confirmed by considering the weakly nonlinear coupling in 

large-amplitude ship motions. Ultimately, a simple prediction method 

for the added resistance in irregular parametric roll is suggested based 

on the correlation, and its accuracy and efficiency are discussed in 

comparison wi th the result of the direct t ime-domain simulations. 

2 . M a t h e m a t i c a l b a c k g r o u n d 

2.1. Boundary value problem: Rankine panel method 

Ship motions can be defined in a mean-body fixed coordinate 

considering a ship's advancement with a forward speed, U in waves as 

shown in Fig . 1. Here, A, co, and /? are the wave amplitude, frequency, 

and heading angle, respectively. I n addition, the problem domains, S B 

and S F , denote the body surface and the free surface, respectively. 

W h e n a ship is assumed to be a rigid body, it has s ix degrees of freedom 

( D O F ) with the translation, = (f i, &) , and the rotation, 

TR = iU< ?5' ió); the hnear displacement induced by waves can be 

written as follows: 

s'cx, 0 = & ( ' ) + & ( ' ) X ? . (1) 

T h e l inear potential theory is applied to the ship motions analysis. 

U n d e r the assumption of an incompressible and inviscid fluid wi th 

irrotational motion, the velocity potential, (p satisfies the following 

boundary value problem: 

^(p = 0 in fluid domain (2) 

— = U-li -I /! on Sfl 
dn dl 

dl 
+ V0 V L z - fCv,)', f ) ] = o onz = f(-v,.v, r) 

(lip Vip-Vip on z = f (.V, v, t) 

(3) 

(4) 

(5) 

where d/dt = d/dt - Ü-V and U = ((/ , 0, Ü). I n addition, f and g 

indicate the wave elevation and the gravitational acceleration, respec­

tively. I n this study, the total velocity potential a n d the wave elevation 

are decomposed as follows: 

<P(x,t) = 0(x) + 4>,(t,t) + ,p,i(y,t) (6) 

f ( ? , f ) = f,C?, 0 + (7) 

where <I> is the basis potential which has the order of 0 ( 1 ) . ipi a n d are 

the velocity potential and elevation of incident wave, respectively. 

Simflarly, ipd and are those of disturbed wave, respectively. T h e 

orders of incident and disturbed components are 0 ( E ) . By substitutions 

of E q s . (6) and (7) into E q s . ( 3 ) - ( 5 ) , the hnearized boundary condi­

tions can be derived according to the double-body ( D B ) l inearization, 
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such that: 

dn 

("1. "2. "3) 

(«4, 1(5, »6) 

(«(1, lUj, lili) 

(1114, Ills, «l6) 

—» 
/I 

? X Tf 

(7?-v)(y - V * ) 

(7?.V)(j? X (C/ - V. i ' ) ) 

dll 
onS,, 

dt 

dt 

-> d-0 déi 

(u - y^yvQ = —Q + ^ + {u 
dz^ dz. 

o n z = 0 

(8) 

(9) 

({/ - V<l>)-V<l,j : d0_ 
dt 

1, 

+ (f / - y0).v4>, on z = 0 (10) 

where 5^ is the surface of the mean body, and nij denotes the m-terms, 

which include the coupHng effects between the steady and unsteady 

solutions in the forward-speed ship motions problem. Furthermore, to 

satisfy the radiation condition, a n artificial damping zone is adopted 

around the truncated free surface boundary. T o this end, the kinematic 

free surface boundary condition is modified according to the artificial 

^vave-absorbing mechanism, such that: 

d_ 

dt 

^ 1 dé, 1/2 
o n z = 0 

(11) 

where v is the damping strength, which is expressed as a quadratic 

form with respect to the distance from the starting point of the zone to 

the end of the boundary, because the strength increases gradually 

toward the outer domain. 

T o solve the derived l inear boundary value problem, Green's second 

identity is applied as follows 

/ A - f f f G d S = f f A s - f f A s . 
JJSB dll JJSF dll JJSB dn jJsr dn 

(12) 

T h e Rankine source ( G = 1/7-), which satisfies the Laplace equation 

of E q . (2), is distributed to the discretized boundary surfaces. A s a 

result, the resulting integral equation is converted to an algebraic 

equation for unknown coefficients of physical variables. I n the present 

study, the variables such as the velocity potential, the wave elevation, 

and their normal fluxes at the boundaries are approximated using a B -

spline basis function. Furthermore, through the solutions of the 

algebraic equation, the instantaneous wave elevation and the velocity 

potential at the free surface are computed for E q s . (9) and (10) , 

respectively, b y the time integration method such as a mixed explicit-

implicit scheme. Ultimately, the hydrodynamic force due to the 

disturbed waves is obtained by du-ect integration of the pressure on 

the mean-body smface. T h e details of the numerica l implementations 

of this 3 - D R a n k i n e panel method in t ime-domain can be found in K i m 

et al . (2011) . 

2.2. Equation of motion: weakly nonlinear approach 

T h e equation of motion can be defined for the weakly nonlinear 

ship motion as foUows: 

[ M U f l = ( F F X I N O , , . + {fkes.lNon. + (fk.D.I + (Fviscoml (13) 

where [Af] is the mass matrix of a ship. { fF .K.}Non. and {FRes.}N„n. 

indicate the nonl inear Froude-Krylov and restoring forces, respectively. 

I n addition, { F H . D . } and {iviscous} denote the hydrodynamic force due to 

waves and the viscous damping force, such as a rol l damping, 

respectively. I n the weakly nonlinear approach, the hydrodynamic 

force is obtained according to the l inear boundary conditions, whfle the 

nonlinear Froude-Krylov and restoring forces are evaluated at the 

actual wetted surfaces of the ship in t ime-domain. I n other words, the 

partial nonlinearity induced by the hul l geometry is considered in this 

approach, which is also known as a "blended method" between hnear 

and nonlinear methods (Jensen et al. , 2000) . Therefore, the nonlinear 

problem, such as the parametric roll phenomena, where the prediction 

for the nonlinear restoring force is important can be tackled efficiently 

without a fully nonlinear computation. 

T h e nonlinear Froude-Krylov forces are computed through the 

velocity potential of an incident wave below the mean-water level, while 

the first-order perturbed potential with respect to the wave elevation is 

used above the water level as follows 

iiii(.\,y, z, t) 
—e*'̂  s in( i ( .v - f Ut)cos /i + ky sin fi - o)t) f o r < 0 

• ün{k (.V - I - C//)cos fi - I - ky sin fi - oit) for 0 < z < f . 

(14) 

T h e nonlinear force can be obtained by direct integration of the 

hydrodynamic pressure induced by the incident waves on the exact 

wetted surface as follows: 

{ P F X I N ™ . = - P f f u-vé, + v0-v<j>i + ]-y<Pry<Pi 
JJSR üt 2 

ndS. 

(15) 

Similarly, the nonlmear restoring force is calculated by subtracting 

the l inear hydrostatic force at the mean-body position from the force at 

the actual body position as follows: 

z)ndS pg f f {-z)ndS. 
(16) 

T h e viscous damping force i n rol l motion should be modeled, 

because the amplitude of motion is sensitive to the viscosity o f the fluid. 

T h e viscous force is generally proportional to quadratic of the roll 

angular velocity, but this study adopts a n equivalent hnear damping as 

suggested by H i m e n o (1981) . Because the effects of variation of 

restoring force are more dominant in the occurrence and magnitude 

of parametric roll than those of damping forces, the computations are 

carried out based on a given l inear damping force for an easier 

numerical implementation. 

I n this study, to model the viscous roU damping, a hnear damping 

coefficient which is expressed as the ratio to the crit ical damping for 

roll motion is adopted. 

:2) '^(M44 + /i44_„)C44 (17) 

where J444,„ a n d C44 indicate the infinite-frequency added moment of 

inertia and the l inear restoring coefficient in roll motion, respectively. 

The value of y, wh ich represents the ratio of damping force to the 

critical damping, can be determined by considering the decreasing 

tendency of rol l amphtude in a free-roll-decay experiment. However, 

the ratio is var ied depending on hul l shape, ship speed, and appen­

dages. I n the present study, the values in the range of 0 . 0 3 - 0 . 1 0 which 

are appropriate for a typical hu l l are used to consider the effects of 

different roll damping forces. 

2.3. Prediction of added resistance: weakly nonlinear near-field 

method 

T h e added resistance of a ship is predicted by adopting the near-

field method, namely, direct integration of second-order pressure on a 

body surface. T h e near-field method based on the l inear displacement 

Oinear-motion-based method) was derived by Joncquez (2009) and 

Kirn and K i m (201 l a ) for the time-domain 3 -D R a n k i n e panel method. 

T h e second-order force can be formulated using the perturbation of 

physical and geometrical variables such as l inear displacement, hydro-

dynamic pressure, wave elevation, and normal vector of the surface 

3 
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Table 1 
Classification of components in added resistance. 

Total added resistance 

Formulation 

F2 - (/) + (//) + i m + UV) + (V) + (V/) + iVI!) + {FF.K.)H.O.T. + (̂ ^Res.lH.O.T, 

Linear-motion-based method Weakly nonlinear method 

Component (J) 

Component (11) 

Component (i/i) 

Component {IV) 

Component (V) 

Component (VT) 

Component {VII) 

Higher-order 

Froude-Krylov force, {FF.KLIH.O.T. 

Higher-order restoring force, {FRes.ln.o.T. 

- A ? 4 K - « 3 + f4y^fe .r) ) ' -^ 

[ y 2 } j sm a 

- P L s vi-iu - i v * ] - v * ({• - (Ö + - Ö - v ) ) - ^ 'IL 
-'lli- y \ 2 ) ) sin a 

-P Jfs„s--'"i'is 

(U - v*)-v(,/i, + it,j) + g(£j -f Uy - fe.v)|-7?K;s 

P fj'^^ (yV(,/l, -h ^,,)-V(#, -f ^ j ) trlS 

- 0 [L ? - v - y - v * + -!-v*-v* -TTirfs 
-"a ( 2 j 

p /?! l - y - v * -1- - v * - v * -Tnrfs 

irPsL, (f - (& + Uy - fe.v))--?—rft 
2 •'"^ sin a 

ri 

sni rt 
-2/'s^i(^'-(&-^^4y-^5-v))-• 

- " 4 , ( - ( ^ - | v * ) - V * j ( f - (Ö + f4V - i5-v)) 

-pJwL^-'^ - ^V*J-V* (C - (Ö -f {4y - fe-^))-;r^ ' 

-P //^^ - (t' - V*)-V#,, [TtidS 

'PJISB^''^ - t / - V * 4--iv*-V* -Tii'K 

- / ) ^ ^ H 7 - V | - Z / - V * 4- | V * - V * -ItdS 

„ rr l'*' Ĉ K.KjNün. + PJ (U - V0)-Witi, [ndS •ll ( 

with respect to the mean-body position. Therefore, the force contains 

only the quadratic components of the hnear solutions. However, i n the 

present weakly nonlmear prediction, the components of the added 

resistance induced by the Froude-Krylov a n d hydrostatic forces are 

replaced by the nonlinear forces at the actual surfaces of the body in 

waves. I n other words, the higher-order forces are considered by 

subtracting the first-order forces from those in E q s . (15) and (16). 

T h e added resistance denotes the mean value of the higher-order force 

in the longitudinal direction of a ship. S imi lar considerations for 

higher-order horizontal drifting effects on a ship in association ivith 

the incident wave can be found i n Zhang et al. (2009) . 

For a physical observation, the added resistance is decomposed into 

nine integral terms as described i n Table 1. Here , Til a n d 7?2, are the first 

order and the second order normal vectors, respectively. 

0 - ^ 6 

& 0 - ^ 4 

- f o fo 0 

"2 2fofo 

2fofo 

0 

• (fo2 + fo2) 

2fofo 

0 

0 

• ( f o ' + fo') 

(18) 

(19) 

I n addition, a in the waterline integral term, (ƒ) indicates the 

incHnation angle of h u l l geometry at the mean-water level as shovm in 

F i g . 2. I f the angle is 9 0 ° , the hul l geometry is vert ical wall-sided. 

General ly, for a typical ship model, the term, (7) is the m a i n contributor 

to the second-order force. Therefore, the effect of the relative wave 

elevation on a body, which is the most important factor i n the 

prediction of added resistance, is included through the value of a , 

considering the variation of hul l geometry near the mean-water level. 

However, for large-amplitude ship motions, the nonlinear effects due to 

fhe geometry become stronger. I n this circumstance, the integral term 

can be obtained more accurately by applying the higher-order Froude-

Krylov and restoring forces, {FP.K.}H.O.T. a n d {FRCJIH.O.T. without 

. A . 

m \ \ m l 'l I'/'-:/ 

' , 
1 Incline angle 

I 1' 

m 
Fig. 2. Definition of inclination angle, 

solving a higher-order boundary value problem. 

3 . A n a l y s i s r e s u l t s 

3.1. Ship model 

T h e present numerica l s imulations are conducted on a 6500 T E U 

containership. T h e geometry of the ship has a large bow flare angle and 

an overhanging transom, which leads to the large variation in water 

plane area according to the relative position of the ship to the wave 

elevation as shown i n Fig. 3. I n the bow section, there is a smaU 

variation in the waterline, while the stern section shows a larger change 

because of the location of wave a n d body shape. T h i s change results i n 

the variation of the transverse stability, w h i c h is represented b y the 

value of the G M . Therefore, it is known that this type of a ship is 

vulnerable to the parametric roll phenomena. T h e principle dimensions 

of the ship model are summar ized in Table 2. AU of the simulations are 

carr ied out in head sea (/? = 1 8 0 . 0 ° ) and at 5 knots forward-speed 

conditions. 

I n appUcations of the R a n k i n e panel method, the discretized panels 

4 
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Fig. 3. Variation in water plane area and transverse stability: A/L = 0.005, X/L = 1.0. 

Table 2 

Principle dimensions of 6500 TEU containership. 

Designation 6500 TEU containership 

LBP (m) 286.30 
Beam (m) 40.30 
Draft (m) 13.13 (AP), 12.97 (FP) 
GM (m) 1.38 
Natural period of roll (s) 30.21 

(a) linear panel 

(b) nonlinear panel 

Fig. 4. Examples of solution grids. 

are distributed on the body and the free surfaces. I n case of the Unear 

body panels, the grids are clustered near the fore and aft body, where 

the flow patterns are more complicated than those near the mid-ship. 

O n the other hand, the number of the l inear free surface panels varies 

according to the length of incident waves. T h e radius of the total 

domain is five times that of the wavelength, which consists of three 

wavelengths for the problem domain and two wavelengths for the 

artificial damping zone. I n addition, the nonUnear body panels are 

modeled up to a certain height above the mean-water level to consider 

Table 3 
Grid systems of hnear panels in grid convergence test. 

Grid number Number of body panels Number of free surface panels 

Grid 1 750 1500 
Grid 2 1500 1500 
Grids 1500 2500 
Grid 4 2500 2500 
Grid 5 2500 4000 
Gride 4000 4000 

the nonlinear geometric effects at the exact wetted surfaces. Fig. 4 

shows an example of the linear a n d nonUnear solution grids. F o r the 

grid convergence test, several grid systems of the l inear panels are 

adopted as described in Table 3. 

3.2. Motion response and added resistance in regular luaves 

Firstly, the responses of tlie vertical motions without the parametric 

roll are validated, because the motions are directly relevant to the 

added resistance, especially, the components depending on the relative 

wave elevation and the radiation. A s there is no experimental data for 

the ship model, computation results of the present Rankine panel 

method are compared with those obtained by the Impulse response 

function ( I R F ) method. T h e present I R F method is based on the work 

of Fonseca and Soares (1998). I n this method, hydrodynamic coeffi­

cients and wave excitation forces are computed by the two-dimensional 

strip theory (Salvesen et al., 1970), and then the fi-equency-domain 

solutions are converted to the t ime-domain solutions b y convolution 

integral. The nonlinear Froude-Krylov and restoring forces are also 

considered according to the weakly nonlinear approach. T h e details of 

appUcations of the I R F method for the same simulation conditions can 

be found in Lee and K i m (2016). 

F r o m Fig. 5, it can be observed that there are good correlations 

bet^veen the amplitudes of the responses computed by the two different 

numerica l methods. T h e phase angles of the responses that affect the 

relative wave elevation are also s imi lar i n the two methods. 

Furthermore, the weakly nonUnear motions are compared to the 

motion in the Unear approach, where l inear restoring coefficients and 

Froude-Krylov forces evaluated at the mean-body position are adopted. 

F o r relatively smaU wave amphtudes (A/L = 0 .005 -0 .010 ) , the weakly 

nonlinear and the l inear motions show a good agreement as weak 

resonances of the vertical motions occur for the slow forward-speed (5 

knots) condition. However, when the wavelength is s imi lar to the 

length o f t h e ship (a)(L/g)'^^ = 2.50), discrepancies between the heave 

motions of the two approaches can be conf irmed due to the large 

variation of the water plane area i n the wave (Fig . 3) . O n the other 

hand, the variation is less effective on the phase angels of ship motions. 

I t is widely known that a second-order value is more sensitive to the 

grid system than a Unear motion response. T o obtain an accurate and a 

converged solution, the grid convergence test for added resistance on 

the ship model is carried out. Fig. 6 shows the computation results of 

the l inear-motion-based method for the grid systems, which are 

present in Table 3. Over the grid system, which is composed of 2500 

and 4000 panels on the mean-body surface and free surface, respec­

tively ( G r i d 5) , the convergent solutions can be seen for the different 

wavelengths. I n addition, because the wave radiation is more dominant 

than the wave diffraction for a long wavelength, the added resistance is 

more stable along with the grid system than that for a short 

wavelength. 

Next, the added resistances obtained by both the Unear-motion-

based method and the weakly nonlinear method are compared as 

shown in Fig. 7. T h e results of the weakly nonUnear method, which are 

not sensitive to the nonUnear panels are slightiy different wi th those of 

the Unear method at the peak of transfer function. T h e r e are two 

reasons for these discrepancies. F irs t , the different heave motions of 
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the l inear a n d nonhnear approaches change the components depending 

on the relative wave elevation and the radiation. Secondly, i n the hnear 

method, the nonlinear effects owing to body geometry are considered 

only us ing the incl ination angle, (a ) , i n the waterUne integral term, 

while the weakly nonlinear method uses the forces evaluated at the 

exact wetted surface. Therefore, the t erm can be different for the 

wavelengths where larger variations of the water plane area occur. 

Except the peak region, the results of the two approaches are s imi lar for 

smaU wave amplitudes, wh ich indicate that the present weakly non­

l inear method provides a consistent prediction compared to fhe Unear 

method. 

3.3. Added resistance in regular parametric roll motions 

T h e s imulat ion of the parametric roU for a regular wave i s 

performed based on the present Rankine panel method along with 
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O Weakly nonlinear. A/L=0.010 

Wetik̂ ' nonlinear. A/t=0 fXlS (aXlf) pineU) 
Weakly lwiainoar.A4,"0.005(6(XK;nuicU) 
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VL 

Fig. 7. Added resistance on ship: linear vs. weakly nonlmear methods. 

the weakly nonUnear approach, and the results are compared with 

those o f t h e I R F method. I n both the numer ica l methods, an impulsive 

roU angle ( 3 . 0 - 1 0 . 0 ° ) is imposed at an instant to model the initial 

disturbance of roU motion, w h i c h are induced by environmental 

conditions such as gusts or currents as shown in Fig . 8. After the 

init ial condition, the regular parametric roU is excited resonantly b y the 

variation of the transverse stability in the wave. Thereafter, the roll 

motion reaches a quasi-steady state as the development of motion is 

bounded by balancing the decreased variation of the nonUnear restor­

ing force and the increased roU damping force at a large heel angel. 

F ig . 9 shows the quasi-steady-state amplitudes computed for condi­

tions of different regular waves and damping forces. T h e wave 

conditions are chosen according to the vulnerable conditions to 

parametric roU phenomena; the wavelength is equivalent to the length 

of a ship, and the encounter wave frequency, cOe is approximately twice 

that of natural roll frequency, a„ and the wave amplitude is larger than 
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Fig. 8. Time histories of regular parametric roU: A/L = 0.005, XjL = 1.35, y = 0.03. 

a certain threshold value. T h e two different numerical methods give 

s imi lar overall trends for the occurrences and the magnitudes of the 

roll motions. The slight discrepancies may result from the different 

methods used for the calculation of the hydi'odynamic forces; the 3 - D 

boundary value problem is solved to obtain the force in the Rankine 

panel method, while the hydrodynamic coefficients calculated by the 2¬

D strip theory (Salvesen et a l , 1970) are adopted in the I R F method. 

T h e natural roll frequency in a wave varies with the different added 

moment of inertia in roll motion, w h i c h leads to different predictions of 

the parametric roU because of the changed vulnerable condition related 

with the wave frequency. 

I n the present study, to investigate the effects of parametric roU on 

added resistance, the numerical s imulations are performed wi th and 

without parametric roll for the same wave condition. F o r the case 

without parametric roll, the impulsive roll angle is not imposed during 

the simulation, and the both hnear and weakly nonlinear approaches 

are adopted for the computations. O n the other hand, in the simulation 

of parametric roll, the impulsive angle is imposed at a certain instant 

for the development of roll motion as shown in Fig . 8. Also, only the 

weakly nonlinear approach w h i c h can consider the variation of 

transverse stability i n waves is applied for the sumilation. I f the 

parametric roll does not occur for a wave condition, the weakly 

nonlinear approach provides the same results regardless of the 

impulsive roll angle since the roll motion converges to zero f r o m the 

initial condition due to damping forces. 

For a vulnerable condition of parametric roll , the higher-order 

surge forces on the ship calculated using the l inear-motion-based 

method and the weakly nonhnear method are compared as shown in 

Fig. 10. I n the hnear method, the sinusoidal solution, w h i c h is 

composed of the products of the hnear physical and geometrical 

quantities of the encounter wave frequency, oscillates two times faster 

(2<0e) than the l inear quantities when the parametric roll is not excited. 

O n the other hand , slight modulations exist in the result of the weakly 

nonlinear method owing to the higher-order (over second-order) 

effects in the nonlinear restoring and Froude-Krylov forces. W h e n 

the heavy parametric roll motion occurs, the behavior of the force is 

changed severely. T h e stronger nonlinear appearances can be seen, and 

the component of, cOe, is dominant in that the roll motion oscillates 

with the natural roll frequency (a)„ = <»e/2). 

F ig . 11 shows the added resistance, that is, the temporal mean value 

of higher-order surge force. F o r the wave conditions where parametric 

roll does not occur, only the computation results without the phenom­

ena are plotted. F o r the vulnerable conditions (_A/L = 0 .005, y = 0.03, 

A / L = 1 .25-1 .65; A/L = 0.010, y = 0.10, X/L = 1 .05-1 .75 as shovm in 

F ig . 9 ) , the added resistances increase significantly due to parametric 

rol l motions compared to those i n the absence of the phenomena. T h e 

effects o f the nonhnear restoring and Froude-Krlyov forces at the exact 

wetted surfaces for large roll motions are accounted in the increments 

of added resistances based on the weakly nonhnear approach. I t should 

be noted that the increased added resistance is not directly relevant to 

the wave amplitude, because the real values of the increments are 

s imi lar for different regular wave conditions. However, the steady-state 

amplitudes of the roll motions are s imi lar for the two conditions due to 

the different roll damping forces. Therefore, the increased resistance 

induced by the parametric rol l seems to be closely related with the 

magnitude of the resulting roll motion. 

F o r a physical observation, each component of the added resistance 

in the weakly nonUnear method described in Table 1 is investigated as 

shown i n Fig . 12. T h e components with or without parametric roU are 

compared to determine the component that contributes to the i n ­

creased resistance. W h e n the roU motion is not excited, it can be seen 

that the waterUne integral term, (ƒ), and the higher-order Froude-

Krylov force, w h i c h depend on the relative wave elevation, are 

dominant. I n addition, the radiation components, such as (IU) and 

( V ) as observed i n Table 1, have significant influences for relatively long 

wavelengths ( A / L = 1 .0-2 .0) . These components vary significantly 

owing to the parametric roU, a n d stiU remain the m a i n terms in the 

added resistance. T h e largest component is the Froude-Krylov force 

evaluated at the actual wetted surface considering heavy rol l motion. I t 

should be noted that the t erm depending on the kinetic energy of the 

fluid, ( / V ) , becomes the second contributor to the resistance; however, 

this term is not significant i f the parametric rol l does not occur. 

T h e present results of the increased added resistance cannot be 

validated as there are no experimental data and other computation 
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results. I t is merely confirmed that the experimental data of L u et al. 

(2015) for a s imi lar ship model shows s imi lar tendencies ivith the 

results of this study; the increment in the resistance is 3 or 4 times 

under parametric roll motions of approximately 3 0 ° . A s the m a i n 

components, such as ( i ) , ( /ƒ / ) , (TV), and (V) , are dependent on the 

elevation or the velocity potential of the disturbed wave, strict 

considerations for the disturbance should be carried out to obtain an 

enhanced solution. A s shown in Fig . 13, asymmetric and significantly 

severe disturbed waves are generated near the ship; especially in the 

bow region because of the excitation of the parametric roll . I n the 

present study, the l inear potential and the elevation are calculated with 

respect to the mean-body position; hence, there is a hmitation to 

include the nonlinearities in the disturbance induced by the large-

ampUtude motion. Therefore, an application of fully nonUnear compu­

tation, for example, the C F D method may be required for more 

accurate prediction of the terms related with the nonl inear disturbance. 
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(a) without parametric roil (b) with parametric roll 

Fig. 13. Disturbed wave contours around sliip: A/L = 0.010, A/L = 1.35, y = 0.10. 

3.4. Correlation betiueen parametric roll and added resistance 

U n d e r the assumption that the higher-order quantities in the 

present weakly nonlinear approach are neghgible, the added resistance 

can be regarded as a mean value of quadratic components of hnear 

variables. T l i e products of the quantities of the veit ical motions 

(oscillating with w j and the roU motion (oscillating with w,, = 0)^/2) 

are represented by the components ^^nth frequencies of coJ2 (differ­

ence-frequency) and 3coJ2 (sum-frequency) ^vithout a m e a n value. 

Evidently, the wave excitation force on the heave and pitch motions 

may contain the component of the natural roll frequency due to a 

nonhnear coupling in large rol l motion. However, the radiation is more 

dominant than the diffraction for longer wavelengths; hence the 

nonlinear effects are also negligible. A s a result, the increased 

resistance (,RU,/PR - RWO/PR) is considered to depend only on the 

resulting parametric roll. I n this study, the second-order value is 

assumed to be proportional to the square of the amplitude of the roll 

angle according to the decoupling phenomena based on a Unear 

perspective. As shown i n F ig . 14, the correlation can be va l id when 

the amplitude is smaUer than 3 0 ° . Above this angle, the correlation is 

changed owing to stronger nonUnear effects such as the weakly 

nonhnear coupUng of the vertical and roU motions and the higher-

i 

-
A xa.=<i.'x», 1=0.03 

A/L-0.005.yK).03(fillin;) 
• A/I,=0.0107=0.03 
O A/L=O.OIOrO.IO 

Aa,=0.010ï=0.10(filtiiigl 

A xa.=<i.'x», 1=0.03 
A/L-0.005.yK).03(fillin;) 

• A/I,=0.0107=0.03 
O A/L=O.OIOrO.IO 

Aa,=0.010ï=0.10(filtiiigl 

y 
y 

y 
y 

0 500 1000 1500 -000 

(Ampitude of roll motion)' (degree') 

Fig. 14. Correladon between parametric roll and increased added resistance. 

order (over second-order) restoring and Froude-Krylov forces. 

Furthermore, the relationship is shghtly different according to the 

magnitude of the roU damping force, wh ich can affect the period and 

amplitude of the parametric roll . I n the present study, the viscous 

damping force is modeled by a Unear damping. Therefore, the effects of 

nonUnear damping force on the parametric roU a n d the resulting added 

resistance should be thoroughly examined in the future. B y adding 

nonlinear velocity components to the l inear damping, the present 

methodolog}' can be applied for the examination, and ^vill also provide 

a solution of improved accuracy. 

3.5. Weakly nonlinear coupling phenomena 

I n the weakly nonl inear analysis, the nonhnear couphng bet\veen 

the restoring forces of vertical motions and roU motion is accounted, 

and the variations of roU restoring moments due to waves and vertical 

motions lead to the parametric rol l phenomena. W h e n the amplitude of 

roll motion is not large, the effects of rol l motion on vertical motions 

can be regarded negligible. U n d e r heavy roll motions, however, there 

exist nonlinear coupUng effects of the parametric rol l on the vertical 

motions since the actual wetted surface varies significantly according to 

the roU motions, wh ich affect the stiffiiess for the vertical motions. L u 

et al. (2013) investigated the effects by conducting a free-running 

experiment and a numerica l s imulat ion based on the 3 - D O F coupUng 

mathematical model . Fig. 15 shows the time histories of motions of 

ship under parametric roU. T h e vert ical motions are changed severely 

according to occurrence of the phenomena when the amplitude of roll 

motion is above 3 0 ° . Especial ly, the heave motion varies more greatly 

compared to the pitch motion, and the strong nonUnear behaviors, 

such as subharmonic components, are confirmed. As shown in Fig. 16, 

not only the amplitudes, but also the mean values of vertical motions 

are changed due to the restoring coupUng. These tendencies become 

intensified as the amplitude of the rol l angle increases. 

T h e changed vert ical motions again affect the parametric roU and 

the resulting added resistances. F irs t , the natural roll firequency and the 

variation of transverse stability in waves are changed due to the 

resulting mean values (steady posture of ship in waves) and ampli­

tudes, respectively. T h e s e variations have parametric rol l less divergent 

even for a large wave amplitude (detuning phenomena) since the ship 

gets out of the vulnerable conditions related with the natural roU 

frequency ((U„ = 0)^/2). Spanos and Papanikolaou (2009) confirmed the 

decay of parametric resonance for higher wave steepness, and the 

9 



J. H. Lee. Y. Kim Ocean Engineering 144 (2017) 1-13 

-10 

20 

r 
h 

-20 

•̂ lio 

A A 

A I / A /\ A 
V i \i V V V V 

160 

U U 

170 180 
l(g/L)" 

200 ••"150 

A /' 

160 
u y 
0 180 190 200 

1 

0.5 

S o 
-0.5 

170 180 

-A-,, 

wo/ |!unimcJric roll 
w/ pünuiielrio Kill 

160 170 180 190 200 

170 180 

(a)/l/L=1.50 (b)/l/Z,=1.10 

Fig. 15. Time histories of ship motions: A / i = 0.010, y = 0.10, parametric roll (top), heave motion (middle), pitch morion (hottom). 

detuning effects may be one of the causes of the decaying tendency. 

Secondly, the component of added resistance induced by rol l motion 

can be varied s ince the component depends on the resulting amphtude 

of parametric roll . Also, the components induced by vertical motions 

are affected b y the changed relative wave elevation and the radiation. 

T h e key assumption for the derived correlation between the parametric 

rol l and the increased resistance is the decoupling phenomena, in 

which the resistance of the veit ical motions remains constant with or 

vrithout the rol l motion. Therefore, the changed vertical motions are 

the m a i n reasons for violating the relationship in large roll motions. 

T h i s t rend can be evaluated more accurately based on the weakly 

nonlinear approach than the hnear-motion-based method; therefore, 

the correlation according to a l inear perspective is not appropriate 

when severe roU motion arises. 

3.6. Added resistance in itregular parametric roll motions 

T o generate i rreg iüar waves, the J O N S W A P spectrum with a peak 
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Fig. 17. Time histories of irregular parametric roll. 

enhancement factor, of 3.3 is adopted, a n d the spectrum is 

discretized by randomly distributed 100 wave components. T h e 

significant wave height, Hs and the modal period, Tp are set to 

5.25 m and 16.5 s, respectively, in which the frequency at the peak of 

spectrum corresponds to the vulnerable condition related \vith wave 

frequency ((!>„ = We /2). Fig. 17 shows the time histories of irregular 

parametric roll motions computed using the present method. T h e time 

variable, t is normalized by the gravitational acceleration a n d the 

length of ship as follows; t{glL)^^^. T h e amplitudes of the roll motions 

are continuously t ime-varying without attaining any quasi-steady 

states. I n addition, for the different sets of phases of wave components 

(different realizations), relatively different behaviors of roll motions 

can be seen. I n irregular waves, the s imulation results of the parametric 

roll present strong uncertainties and sensitivities to computation 

parameters, such as the length of the time w n d o w and the discretized 

wave components, owing to the non-Gaussianit ies and non-ergodicities 

i n the nonlinear system. For various conditions for the parameters. 

Park et al. (2013) examined the sensitivities by conducting the t ime-

domain simulations based on the I R F method. As previously men­

tioned, the increased added resistance in parametric roll depends on 

the amplitude of roll motion. Therefore, to evaluate the resistance, a 

stochastic analysis through various realizations should be conducted in 

consideration of the uncertainties in the prediction of the parametric 

roll . 

I n this study, a s imple prediction method for the added resistance 

in irregulai- parametric rol l motions is suggested according to the 

correladon derived from the regular computations. By neglecting the 

nonhnear effects, the total added resistance, J?Totai can be resolved into 

the resistances of the vertical motions, i ? ™ and the parametric roll, 

RpR based on the decouphng phenomena as follows 

RjaAHs, Tp, I4) = RYM{HS, Tp) + Rpj^i^i) = 2 H R(m)Si;(a3)dm 4- ytfj' 
Jo 

(20) 

where ü(&)) and S^(o) indicate the normalized added resistance of the 

vertical motions with respect to the square of the wave amplitude and 

the wave spectrum, respectively. T h e i?vM is calculated by the s u m m a ­

tion of the added resistance of each wave component. I n addition, the 

value of fc is a coefficient determined by curve fitting the increased 

20 

(a) without parametric roll 

Fig. 18. Time histories of highi 

added resistance and the square of amphtude of roll , fo' as shown in 

Fig . 14. Fig. 18 shows the t ime histories of the higher-order surge 

forces with or without parametric roll for realization 1. T h e distribu­

tions of the peak values are s imi lar regardless of the occurrence of the 

phenomena while the mean value seems to be changed due to the roll 

motions. According to the t ime-varying amplitude of roll motion, the 

mean also varies as the s imulation progresses. Therefore, to investigate 

the t ime-varying added resistance, the interval mean, w h i c h denotes 

the mean value for ten periods of roll motion (approximately 60.0 in 

normalized time) near a certain instant, is plotted as shown in Fig . 19. 

W h e n the parametric roll is not excited, it can be seen that the interval 

mean is s imi lar to the J?VM- T h e discrepancies between the tivo values 

result fi-om the short length of the time window. O n the other hand, the 

temporal mean, which is the mean for the total previous time history, 

converges to the i?vM in a transient period of ~ 500.0 in normahzed 

time. T h e analysis on the sensitivities of the added resistance on the 

length of the time window and the wave components can be found in 

the study by K i m and K i m (201 l a ) . Dur ing parametric roll , the interval 

mean oscillates according to the development of the parametric roll . I t 

can be seen that this time-varying mean is bounded by the calculated 

value of E q . (20) for the corresponding roll angle, w h i c h indicate that 

the correlation between the increased added resistance and the 

parametric roll can be val id under 3 0 ° of roll motions. I n conclusion, 

without time-consuming irregular computations, the total added 

resistance can be easily predicted by this method i f the distribution 

of irregular parametric rol l is known by an efficient method such as the 

semi-analytic method of Lee and K i m (2016) . 

4 . C o n c l u s i o n s 

T h e added resistance on a containership in regular a n d irregular 

parametric roll is investigated by applying the time-domain 3 -D 

Rankine panel method. T o consider the large-amplitude roU motion, 

a weakly nonl inear approach for the prediction of the added resistance 

is adopted. F r o m this study, the follovving conclusions can be drawn: 

• T h e present weakly nonlinear approach provides a consistent result 

compared with that of the l inear-motion-based method for relatively 

smal ler wave amplitudes. W h e n the wavelength is s imi lar with the 

20 
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Fig. 19. Time histories of added resistance in irregular parametric roll. 

length of ship, slight discrepancies arise, w h i c h indicates that the 

inchnation angle in the hnear method has a hmitat ion i n considering 

the large variation of wetted surface in a wave for the present ship 

model . 

A significant increase i n the added resistance induced by the 

parametric roll motion is confirmed. T h e effects of the nonlinear 

restoring and Froude-Krlyov forces at the exact wetted surfaces for 

large roll motions are accounted in the increment of added 

resistance based on the weakly nonUnear approach. Through the 

decomposition analysis, it is found that the higher-order Froude-

Krylov force and the component related m t h the kinetic energy of 

the fluid are the main contributors for the increased resistance. 

T h e correlation for the increased added resistance a n d the p a r a ­

metric roll is derived according to the decouphng phenomena 

between the vertical motions and the roU motion based on a l inear 

perspective. T h e relationship is verified by curve fitting the incre­

ment and the square of the amphtude of the roU angle. F o r a larger 

roU motion of above 3 0 ° , the correlation can be changed ovring to 

the nonUnear coupling elfects and the contributions of more higher-

order components. I n addition, it is seen that the damping force in 

roll motion can affect the relationship by changing the period and 

amplitude of the parametric roll . 

I t is seen that the weakly nonUnear coupling effects become 

intensified as the amplitude of the roU motion increases. T h e 

changed mean values and amplitudes of vert ical motions can affect 

the variation of the wetted surface, which should be included i n the 

prediction of the parametric roll. Furthermore , the vertical motions 

change the component of the added resistance depending on the 

relative wave elevation and the radiation, which impUes that the 

derived correlation is not vaUd for larger roU motions. 

Based on the correlation, a simple prediction method for the added 

resistance i n irregular parametric roU is suggested. B y comparing 

with the t ime-varying added resistance obtained b y direct time-

domain simulation, it can be shovwi that the method can give the 

boundary value of the added resistance for the corresponding roU 

angle w t h o u t time-consuming irregular computations. 
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