
Gap resonanes analyzed by a domain-deomposition methodTrygve Kristiansen1,2 and Odd M. Faltinsen1

1Department of Marine Tehnology and Center for Ships and Oean Strutures,Norwegian University of Siene and Tehnology, Trondheim, Norway
2 MARINTEK, Trondheim, NorwayCorresponding author: trygve.kristiansen�ntnu.noIntrodution. Gap resonane problems have beenaddressed in reent years both by industry (Bunniket al. (2009)) and in more aademi works (Kris-tiansen and Faltinsen (2009), Molin et al. (2009),Lu et al. (2010), Sun et al. (2010)). Examples areship-by-ship operations, moonpools and LNG arri-ers alongside terminals. Traditional panel methodsmay greatly overestimate the �uid and body motionsaround the gap resonane frequenies. The reason isthat linear damping from radiated waves may be smallompared to the damping provided by �ow separatione.g. at bilge keels.Our objetive is to develop a physially basedmethod whih is fast relative to solving the ompleteproblem with a Naviér-Stokes solver (CFD), and om-parable in time with potential �ow solvers.We are at the moment developing a time-domainnumerial wavetank based on domain-deomposition.The main part of the wavetank has linearized poten-tial �ow, but we inorporate the e�et of �ow sepa-ration using CFD in a submerged domain around thebody. The thought is that potential theory is best atpropagating waves, while the CFD inorporates �owseparation e.g. at bilge keels.The present domain-deomposition method is in-spired by the study in Kristiansen and Faltinsen(2008); gap resonane problems are well modelled bylinearized free-surfae onditions, as long as �ow sep-aration is inluded.The present work is two-dimensional, but themethod is diretly appliable for a three-dimensionalimplementation.Theory. Consider a losed two-dimensional wave-tank �lled with inompressible water as in Figure 1.We assume that in most of the wavetank the water isinvisid, but visous near the ship bilges. The basiequations are the Bernoulli equation in the invisiddomain Ω0 and the Naviér-Stokes equations in the

visous domain Ωv,
∂ϕ

∂t
+ 0.5∇ϕ · ∇ϕ = −
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ρ
p− gz in Ω0, (1)

∂u

∂t
+ u · ∇u = −
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ρ
∇p− gk̂ + ν∇2

u in Ωv, (2)along with the requirement of ontinuity of mass,
∇ · u = 0. (3)Here, u = (u,w) is the �uid veloity, ϕ is the velo-ity potential, g is the aeleration of gravity, k̂ is theunit vetor in the positive z−diretion, ρ is the waterdensity and ν is the kinemati visosity. In the invis-id domain u = ∇ϕ, while in the visous domain, uis found from (2). The veloity potential satis�es theLaplae equation ∇
2ϕ = 0.We require that (a) the normal veloity and (b)the pressure are ontinuous along the boundary thatseparates the two domains.We further assume that the �uid �ow everywhereaway from sharp orners is well desribed by lineartheory, so we neglet the nonlinear term in (1). Weintrodue the aeleration potential ψ = ∂ϕ

∂t
whihalso satis�es the Laplae equation. In the invisid do-main we then have the free-surfae problem desribedby

∂ϕ

∂t
= ψ in Ω0,

∂ζ

∂t
=
∂ϕ

∂z
on z = 0,

ψ = −gζ on z = 0,

∂ψ

∂n
= U̇w on SB0,

∇
2ψ = 0 in Ω0,

(4)
where ζ(x, t) is the free surfae elevation, U̇w is theloal body aeleration and SB0 is the mean bodyposition. For onveniene we denote p̃ = −p/ρ − gz.
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Ω0 ΩvFigure 1: Sketh of numerial wavetank. The omputa-tional domain is �xed and denoted Ω0 + Ωv.
PSfrag replaementsCFD domainBodyPotential theory domainNumerial beah

(a) Whole wavetankPSfrag replaementsCFD domainBodyPotential theory domainNumerial beah
(b) Zoom around strutureFigure 2: The numerial wavetank with two domains.Blue: Invisid domain Ω0. Red: Visous domain Ωv.Now (1) and (2) are

ψ = p̃, (5)
∂u

∂t
+ u · ∇u = ∇p̃+ ν∇2

u. (6)There are two disrepanies in what we model inthe two domains: One is that the invisid methoddoes not handle vortiity. From our experiene so far,it seems that we may handle this in pratie by hav-ing the Naviér-Stokes domain large enough. The putime is not sensitive to the size of the CFD domain.The seond disrepany is that the linearized poten-tial theory does not take into aount nonlinearities,while the Naviér-Stokes solver does via the term u·∇uwhih is essential due to advetion of vortiity. If thefree-surfae �ow beomes �nonlinear�, the two solversdo not really solve for the same physis, and we ex-pet problems. One example is in a losed sloshing

tank, another example is in steep waves. However,in gap resonane problems the �ow is well desribedby linearized free-surfae onditions; the two di�er-ent solvers solve the same physis, and the presentdomain-deomposition method beomes useful.Numerial implementation. We use a fourth orderexpliit Runge-Kutta method to time-step the solu-tion ϕ and ψ aording to (4) in the invisid domain,and u in the visous domain. We use one standardway to solve the Naviér-Stokes equations (2) and (3)numerially, alled the frational step method. In prin-iple, going from time-step n to n+ 1: (A) advetion,(B) apply visosity, and (C) solve Poisson equationand update to a divergene free veloity �eld u
n+1.One may say that the essential roles are for step (B)to reate vortiity along walls, and for step (A) to ad-vet this vortiity into the main part of the �uid. Step(C) is mathematially stated as

∇
2p̃ = ∇ · u

⋆⋆/∆t, u
n+1 = u

⋆⋆ + ∆t ∇p̃, (7)where u
⋆⋆ is the arti�ial veloity �eld after steps (A)and (B), whih is not divergene free, whereas u

n+1is divergene free.If we now look at (5) we see that we may treat p̃and ψ as the same variable. Next ompare the lastequation in (4), and equation (7) and note that p̃ and
ψ are ated upon by the same operator; the Lapla-ian ∇

2. If we hoose the same numerial method tosolve for p̃ and ψ, we may use the same disretizationmethod for both and we obtain one single system ofequations Ax = b for the whole wavetank. This en-sures that both mathing onditions are satis�ed with-out any further exhange of information between thetwo domains. In this way we avoid having an overlap-ping region, and we avoid any bak-and-forth ommu-niation. There is a sharp interfae between the twodomains. To the authors' knowledge, this method toouple potential theory with a Naviér-Stokes solver isnew.We hose to use the Finite Volume Method (FVM)in both domains. We disretize the whole wavetankby retangles (see Figure 2) and assume all variablesto be onstant over eah retangle fae. The methodfor advetion is simply upwinding. This is di�usive,but su�ient for our purpose, where the shed vortiityis important only for about half a wave period. Weall the present ode the dd-ode hereafter.Results. We present three studies; two with ompar-
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PSfrag replaementsCFD domainBodyPotential theory domainNumerial beah () Large appendagesFigure 3: Fored heave of two rigidly onneted boxes with no (left plot), or di�erent sized, appendages.ison against experimental data for validation, and onepurely numerial.Study 1: Moonpool. Two rigidly onnetedboxes are fored to heave. Experiments were arriedout at Marintek in January 2010. The results are om-pared to the present numerial results in Figure 3 (a- ). B = 0.36m, D/B = 0.5, b/B = 0.25, the foredheave amplitude is η3a = 5mm, and the water depthis h = 1.03m. The appendage size s and d are variedbetween the three plots. Ag is the steady-state am-plitude averaged over the gap and Af is the far-�eldamplitude. The results alled �Linear simulations� arealso performed with the present dd-ode with adve-tion and di�usion turned o� (ifd = 0). This reoversthe linear solution.We see that linear theory overpredits by about75%, while the simulations inluding �ow separa-tion (alled �Present dd-ode�) ompare well with themodel tests. This indiates that the present dd-method is appropriate to use in analyzing gap res-onane problems.The appendages have two e�ets: (1) They overpart of the moonpool inlet (the small and large ap-pendages over 20% and 30% of the moonpool inlet,respetively), and (2) they ause stronger vortiitythan a square orner as the �ow �sees� nearly a �atplate.Steady-state was typially ahieved after about 15

- 20 periods. Eah marker in the �gures is the aver-age of the amplitude over the last 10 periods in a 30period long run. The grid is nearly uniform aroundthe body as shown in Figure 2 and strethed both inthe vertial and horizontal diretions away from theship. We tried di�erent resolutions: 4, 6, 10 and 20grid ells aross the gap. All gave pratially the sameresults. This means the gap resonane problem is notsensitive to gridding, at least for this simple body ge-ometry.Only half the physial domain was modelled dueto symmetry aross the moonpool mid-line. For thewhole wavetank we had nx = 150 and nz = 54 (ap-proximately N = 7300 unknowns). The number oftime-steps per period was 80. The pu-time was re-markably low; running 30 periods (2400 time-steps)took only 73 seonds on a single 2.4GHz pu.Study 2: A ship setion by a vertial wall.A retangular ship setion was moored and free tosway, heave and roll in inoming waves. The set-up is desribed in Kristiansen and Faltinsen (2009).
B = 0.4m, B/D = 4 and the distane to the wallwas b/B = 0.2. The results are presented in Figure 4.The agreement is good between the dd-ode and theexperiments. nx = 168, nz = 30 and N = 4640. Run-ning 50 periods (4000 time-steps) took 140 seonds.Linear theory overpredits by about 300%. In the ex-periments, there was a slight mean drift of about 0.03b
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PSfrag replaementsCFD domainBodyPotential theory domainNumerial beahFigure 4: Ag/A. A retangular box by a vertial wall ininoming waves B = 0.4m, B/D = 4 and b/B = 0.2. A isinoming wave amplitude.away from the wall at resonane. This is not inor-porated in the present dd-ode (linearized boundaryonditions). It seems that the drift is not importantin the present situation, but we an not say so in gen-eral. The nonlinear BEM results seemingly gives animproved result, but we believe this is due to the fatthat the system drifted of resonane; the mean driftaround resonane was about 0.1b − 0.15b.Study 3: Moonpool in urrent. This is likeStudy 1, exept there is also a urrent from left toright. The numerial domain is twie as long as thatused in Study 1 (see Figure 2); both ship setionsare modelled and the tank extends also to the rightof the setions. The results are presented in Figure 5.
nx = 285, nz = 24 andN = 6840. Running 50 periods(8000 time-steps) took about 5 minutes. The Froudenumber is Fn = U/

√

2g(B + b). The main result isthat there is no e�et of the urrent at Fn = 0.01,a small e�et when doubling to Fn = 0.02, while alarge e�et when doubling again to Fn = 0.04.Ongoing and further work. We are presentlyworking on two matters. One is implementing an im-mersed boundary method with loal re�nement in or-der to represent more general body geometries. Theother is to add weakly nonlinear free-surfae ondi-tions beause the gap size may hange due to largemean fores from the large piston-mode motion.We gratefully aknowledge MARINTEK for allow-

1 1.05 1.1 1.15 1.2 1.25 1.3
0

1

2

3

4

5

6

7

8

T [s]

 

 

Fn = 0
Fn = 0.010
Fn = 0.020
Fn = 0.024
Fn = 0.027
Fn = 0.030
Fn = 0.034
Fn = 0.040

PSfrag replaementsCFD domainBodyPotential theory domainNumerial beahFigure 5: Ag/η3a. Fored heave of moonpool in a urrent
U . Simulations by the present dd-ode.ing the use of the moonpool model test data.ReferenesBunnik, T., W. Pauw, and A. Voogt (2009). Hydro-dynami analysis for side-by-side o�oading. InPro. 19th Int. O�shore and Polar Eng. Conf.Kristiansen, T. and O. M. Faltinsen (2008). Appli-ation of a vortex traking method to the piston-like behaviour in a semi-entrained vertial gap.Appl. Oean Res. 30, 1�16.Kristiansen, T. and O. M. Faltinsen (2009). A two-dimensional numerial and experimental studyof resonant oupled ship and piston-mode mo-tion. Appl. Oean Res. 32, 158�176.Lu, L., L. C., B. T., and L. S. (2010). Compari-son of potential �ow and visous �uid models ingap resonane. In 25th Int. Workshop on WaterWaves and Floating Bodies.Molin, B., F. Remy, A. Camhi, and A. Ledoux(2009). Experimental and numerial study ofthe gap resonanes in-between two retangularbarges. In 13th Congr. of Intl. Maritime Ass. ofMeditarranean (IMAM).Sun, L., E. T. R., and P. Taylor (2010). First- andseond-order analysis of resonant waves betweenadjaent barges. J. Fluids and Strut. 26, 954�978.


