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Abstract

Sloshing-mode resonance in the moonpool induced by roll motion excitations is investigated numerically using

the OpenFOAM R© package. Nonlinear characteristics of the sloshing-mode resonance are the main focus of

the present study. When the roll motion excitation has a time-invariant amplitude, a typical softening

spring behaviour can be observed in the variation of free surface amplitude against the excitation frequency,

including the decreased resonant amplitude and the jump frequency. Furthermore, the dimensionless jump

frequency is independent of the moonpool breadth and draft in this situation. The hysteresis phenomenon is

clearly observed under the roll excitation with varying amplitudes, where the phase locked-in mechanism is

the essential reason for this phenomenon. The hysteresis loop is located between two jump frequencies by the

accelerating and decelerating excitations that generate the lower and upper branches, respectively. With the

increase of moonpool breadth, the decreased upper branch frequency and unchanged lower branch frequency

are observed, leading to the increased region of the hysteresis loop. The variation of the moonpool draft has

an insignificant effect on the region of the hysteresis loop.

Keywords: Hysteresis, Fluid resonance, Moonpool, Roll motion excitation, OpenFOAM R©

1. Introduction1

Moonpool is a vertical opening through the deck of offshore structures or the hull of ships. With the2

rapid increase in the development of subsea industry, the use of moonpools to perform marine operations is3

expected to grow significantly. Marine operators have defined goals for the operation, such as the near all-year4

availability for maintenance and repair, and the required operability in severe wave conditions. Specialized5

offshore vessels with moonpools are regarded as one of the key elements to achieve these goals. However,6

the fluid inside the moonpool may experience large-amplitude piston- and sloshing-mode resonances under7

certain wave conditions. The piston-mode resonance features with the free surface heaving up and down like8

a solid body; while the sloshing-mode resonance is alike the fluid motion inside a sloshing tank. Therefore,9

careful design of the moonpool is required to avoid the hazard from the fluid resonance, which is one of the10

main technical challenges in practical engineering.11

Fluid resonance in the moonpool can be considered as the eigenvalue of the corresponding boundary12

value problem. Molin (2001) derived an analytical solution for the fluid resonance in a moonpool via solving13
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an eigenvalue equation based on the linearized potential flow theory, where the piston- and sloshing-mode14

resonant frequencies correspond to the fundamental and higher eigenfrequencies, respectively. Faltinsen15

et al. (2007) reported a semi-analytical method for the two-dimensional piston-like sloshing resonance in16

the moonpool. Zhang et al. (2019) proposed a theoretical model for computing the natural frequencies17

and modal shapes of two-dimensional asymmetric and symmetric moonpools in the finite water depth. An18

experimental measurement was conducted by Fredriksen et al. (2014) to investigate the fluid resonance in a19

moonpool undergoing heave motion oscillations. Jiang et al. (2019a) and Jiang et al. (2021) simulated the20

wave resonance in a moonpool formed by the box-wall and two-box systems, respectively. The behaviour of21

piston-like oscillation by the first-, second- and third-order harmonic components was investigated. According22

to several studies during the past decades, it is established that fluid viscosity and flow rotation play an23

important role in the behaviour of fluid resonance in the moonpool.24

With the development of computing techniques, Computational Fluid Dynamics (CFD) simulations have25

been widely applied to the fluid resonance problem. Fredriksen et al. (2015) investigated the hydrodynamic26

behaviour of a two-dimensional freely floating vessel with a moonpool under wave actions. Feng et al. (2017)27

performed three-dimensional simulations for two side-by-side barges by using a viscous fluid flow wave flume.28

Gao et al. (2019) investigated the hydrodynamic behaviour of a two-box system, by which the harmonic29

analysis of the free surface elevation in the moonpool and wave load on the bodies was conducted. Lu et al.30

(2020) considered the influence of mooring stiffness on the fluid resonance in the narrow gap formed by a31

box-wall system. Numerical simulations were also carried out by Jing et al. (2022) for the fluid resonance32

of a heaving-free moonpool in a wide range of incident waves. Moreover, the essential mechanism of fluid33

resonance in the moonpool can be revealed based on the detailed simulations and discussions. Faltinsen34

and Timokha (2015) quantified a pressure discharge condition in the moonpool opening for considering the35

damping mechanism. Jiang et al. (2018) investigated the wave reflection and transmission coefficients as36

well as the energy coefficient around the resonant frequency, by which the mechanical essence of the gap37

resonance problem was discussed from the perspective of energy dissipation and energy transformation. Tan38

et al. (2019) proposed a viscous damping model for fluid resonance in the moonpool, where the damping39

induced by the flow separation and wall friction was considered by the local and frictional loss coefficients,40

respectively. Milne et al. (2022) conducted a series of experimental measurements on the fluid resonance41

problem, and the vortex shedding from the sharp bilge edge is demonstrated to give rise to a quadratically42

damped free surface resonance.43

The above-mentioned research efforts mainly focused on the piston-mode resonance problem; while the44

sloshing-mode resonance has attracted relatively less attention. Molin et al. (2018) adopted an eigenfunction45

expansion and Garrett’s method for the circular and rectangular moonpool problem, by which the sloshing-46

mode natural frequencies and associated modal shapes were formulated. Chu and Zhang (2021) established47

the theoretical model for sloshing-mode resonance in the moonpool with one or two recesses in the finite48

water depth. Zhang and Li (2022) analysed the fluid resonance in a three-dimensional rectangular and49
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circular moonpool with recesses by an eigenfunction expansions method. Jiang et al. (2023) investigated50

the behaviour of the second-order harmonic induced sloshing-mode resonance in the moonpool, where the51

notable peak value appears due to the superposition of piston- and sloshing-mode resonances. There are52

some similar features between the liquid sloshing in tanks and the sloshing-mode resonance in moonpools.53

Therefore, the nonlinear behaviour of liquid sloshing in tanks is an important reference to the study of54

sloshing-mode resonance in moonpools. Faltinsen et al. (2000) systematically investigated the behaviour of55

liquid sloshing problem, where the nonlinear characteristics can be confirmed analytically and experimentally.56

Ockendon and Ockendon (2001) described the influence of nonlinearity on the liquid sloshing in tanks by using57

a nonlinear mass-spring equation. Nonlinear behaviour in the liquid sloshing problem can be explained by58

a cubic term in the nonlinear mass-spring system. In fact, the first and most popular nonlinear mass-spring59

model was established by Duffing (1918) over a hundred years ago. In order to describe the dependence of60

resonant frequency on the driving amplitude, the cubic nonlinear term is added to the classical harmonic61

driven oscillator. The resulting (Duffing) equation reads,62

ẍ+ 2δẋ+ ω2
nx+ εx3 = F cosωt, (1)

where F and ω are the excitation amplitude and excitation frequency of the harmonic driven system. x is63

the displacement of the oscillation, δ is the viscous damping coefficient, and ωn is the natural frequency.64

ε is the coefficient of the nonlinear term, which is a constant in this equation. Depending on the sign of65

the parameter ε, the nonlinear resonant frequency shifts to a value lower than that of a linear mass-spring66

system for a softening spring (ε < 0) or a higher value for a hardening spring (ε > 0). The shift of the67

resonance frequency and the corresponding bending of the resonance curve are the key features of Eq. (1)68

(see Kovacic and Brennan 2011 for a monograph on the Duffing equation). Fig. 1 shows the sketch of the69

behaviour of a linear spring (ε = 0), a softening spring (ε < 0) and a hardening spring (ε > 0). Furthermore,70

the solid and dashed lines in the figure stand for the stable and unstable parts in the softening and hardening71

spring solutions, respectively. In practical engineering, the response abruptly changes between the stable and72

unstable solutions at a certain frequency that is commonly called the jump frequency (dash-dot lines in the73

figure).74

Several previous work was developed for the nonlinear sloshing flow motion based on the above mass-75

spring theory. Hill (2003) conducted a weakly nonlinear analysis for the transient evolution of two-dimensional76

standing waves in a rectangular basin. The hardening spring behaviour of sloshing flow was formulated in77

the water of general depth, which is valid for the ratio of the water depth to the tank length above the78

‘critical depth’ (0.162). Gardarsson and Yeh (2007) explored the liquid sloshing behaviour in the shallow79

water depth, experimentally. It was observed that the nonlinear characteristics of sloshing responses in the80

rectangular tank and the sloping bottom tank behave like the hardening and softening springs, respectively.81

Gurusamy and Kumar (2020) performed the experimental study on the nonlinear sloshing frequency in the82

shallow water depth. Nonlinear characteristics such as the resonance shift and jump frequency were reported,83

where the resonant frequency affected by the nonlinearity is sensitive to the excitation amplitude and the84

3

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
8
0
8
5
0



Accepted to Phys. Fluids 10.1063/5.0180850

Figure 1: Typical amplitude-frequency curves for the Duffing equation with different nonlinear term coeffi-

cients.

ratio of the water depth to the tank length. Based on the nonlinear vibration theory, the sudden change at85

the jump frequency is associated with the phenomena of hysteresis. Hysteresis is the name of a system where86

the output depends on not only the input but also the history of past inputs. The bifurcation, which is the87

origin of hysteresis, results from the cubic term in the nonlinear mass-spring equation. It is speculated that88

the phenomenon of hysteresis can be found in the liquid sloshing problem. Gurusamy and Kumar (2020)89

conducted the laboratory measurement for the hysteresis of the liquid sloshing in rectangular and sloping90

bottom tanks in the condition that the ratio of the water depth to the tank length is 0.038. The modal91

characteristics of hydraulic jumps in the sloshing flow of shallow water depth were further investigated in92

Gurusamy et al. (2021). Liu et al. (2022) estimated the influence of the length scale on the Kelvin-Helmholtz93

instabilities by using the critical Richardson number. An experimental measurement by Bäuerlein and Avila94

(2021) showed the low-amplitude sloshing obeys the Duffing equation. A bending of the response curve in95

analogy to a softening spring was observed, with the growing hysteresis as the driven amplitude increases.96

Miliaiev and Timokha (2023) further investigated the viscous damping effect on the nonlinear sloshing flow97

motion. It was confirmed that the free surface nonlinearity and viscous damping of the higher natural sloshing98

modes matter, as well as that the damping rates can depend on the steady-state wave amplitude. The above99

efforts indicated that hysteresis has a significant effect on the behaviour of sloshing flow motion, which can100

also further affect the relevant phenomena such as the jump frequency and wave amplitude.101

The previous investigations on the nonlinear behaviour were mainly for the liquid sloshing problem in102

tanks; whereas, to the best of the authors’ knowledge, no studies on the nonlinear behaviour have been103

reported for the moonpool problem. The sloshing-mode resonance in the moonpool exhibits similar charac-104

teristics to the liquid sloshing problem. Therefore, it is believed that the nonlinear behaviour in the liquid105

sloshing in tanks may also appear in the sloshing-mode resonance in the moonpool, which is the motivation of106

this study. In the present work, the sloshing-mode resonance induced by rolling motion excitations is inves-107

tigated. Nonlinear free surface responses in the moonpool are simulated and analysed. The softening spring108

behaviour of the free surface amplitudes in the moonpool induced by fixed-amplitude roll motions is reported.109
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Hysteresis phenomena are revealed for the first time by increasing and decreasing the roll motion amplitude110

near the resonant condition, which can significantly affect the free surface elevation in the moonpool around111

the resonant frequency.112

2. Mathematical Formulation113

The governing equations for the mass and momentum conservations in incompressible turbulent flows114

with a Re-Normalization Group (RNG) model in the Arbitrary Lagrangian-Eulerian (ALE) reference system115

can be given as,116

∂ρ

∂t
+

∂ρui

∂xi

= 0, (2a)

117

∂ρui

∂t
+

∂ρ(uj − um
j )ui

∂xj

= ρfi −
∂p

∂xi

+ µe

∂

∂xj

(

∂ui

∂xj

+
∂uj

∂xi

)

, (2b)

where ui is the velocity component in the ith direction, um
i is the velocity component due to the mesh118

deformation in the ALE frame. p, ρ and fi are the pressure, fluid density and external body force, respectively.119

µe is the effective dynamic viscosity with µe = µm +µt, µm the fluid molecule viscosity and µt the turbulent120

viscosity. The RNG k − ε two-equation formulations are adopted for closing the governing equations, which121

gives rise to,122

µt = Cµ

k2

ε
, (3)

where Cµ = 0.09 is a theoretical model constant, and the time-dependent advection-diffusion equations for123

the turbulent kinematic energy k and its dissipation rate ε can be written as,124

∂ρk

∂t
+

∂ρ(uj − um
j )k

∂xj

=
∂

∂xj

(

µt

σk

∂k

∂xj

)

+ µt

(

∂ui

∂xj

+
∂uj

∂xi

)

∂ui

∂xj

− ρε, (4a)

125

∂ρε

∂t
+

∂ρ(uj − um
j )ε

∂xj

=
∂

∂xj

(

µt

σε

∂ε

∂xj

)

+ C1ε
ε

k
µt

(

∂ui

∂xj

+
∂uj

∂xi

)

∂ui

∂xj

− ρC2ε
ε2

k
, (4b)

where the model constants C1ε, C2ε, σk and σε are 1.42, 1.68, 0.71942 and 0.71942, respectively. Note that126

the model constants are derived theoretically in the RNG turbulent model (Yakhot and Orszag, 1986; Yakhot127

and Smith, 1992).128

The Volume of Fluid (VOF) method (Hirt and Nichols, 1981) is adopted in this work to capture the free129

surface motion. The fractional function of VOF, denoted by ϕ, in a computational cell is defined as,130

ϕ =























0, in air,

0 < ϕ < 1, on free surface,

1, in water.

(5)

It satisfies the following advection equation,131

∂ϕ

∂t
+ (ui − um

i )
∂ϕ

∂xi

= 0. (6)
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In this work, the contour of the fractional function with ϕ = 0.5 is used to represent the interface between132

the water and air phases. In the computations, the fluid density and effective viscosity are averaged by using133

the available frictional function,134

ρ = ϕρW + (1− ϕ)ρA, (7a)

135

µe = ϕµeW + (1− ϕ)µeA, (7b)

where the subscripts W and A represent the water phase and air phase, respectively.136

In the present numerical wave flume, the reflection wave is eliminated by means of a spongy layer. That137

is, an artificial damping force is introduced in the body force term of Eq. (2b),138

fi = gi +Ri (8)

where gi is the gravitational acceleration, and Ri is the artificial damping force. Note that the damping force139

is only activated in the vertical direction y for the present two-dimensional problem for the sake of numerical140

stability. Herein, the horizontal component is Rx = 0, while the vertical component Ry takes the following141

form (Lu et al., 2010),142

Ry = −ks

(

x− x0

Ds

)2
yb − y

yb − yh
· v (9)

where x and y are the Cartesian coordinates of the node, x0 is the coordinate of the starting point of the143

spongy layer, v is the vertical velocity component, yb is the elevation of the seabed and yh is the flume height.144

ks is an empirical parameter determined by trivial numerical tests beforehand and Ds is the total length of145

the damping zone in the direction of wave propagation. In this study, ks and Ds are 15 and 3 m, respectively,146

by which the internal wave reflection can be absorbed.147

The governing equations (2a)-(2b) and VOF equation (6) are solved using the finite volume method148

integrated in the OpenFOAM package. The velocity and pressure are decoupled by the Pressure Implicit149

with Splitting of Operators algorithm (PISO, Issa 1986). The Euler method is used to discretize the transient150

term. The convection term and diffusion term are discretized by the Gauss Limited Linear method and Gauss151

Linear Corrected method, respectively. For the details of the numerical implementations in OpenFOAM, see152

Jasak (1996) and Rusche (2003). The numerical computations always start from the still state, which means153

the static water pressure and zero velocity are specified as the initial conditions. The no-slip boundary154

condition is imposed at the solid wall, including the body surface and seabed surface. At the upper boundary155

of the numerical wave flume, a reference pressure p = 0 and the velocity condition for ∂u
∂n

are implemented156

with n the outward normal unit vector. At the two ends of the spongy layer, zero velocities are applied157

considering that the waves are damped out there by the spongy layer. In the present numerical simulation,158

the time increment is automatically determined according to the Courant-Friedrichs-Lewy (CFL) condition,159

∆t ≤ Cr ×min{
√

Se/|ue|}, (10)
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where Se and |ue| are the area and absolute velocity in a computational cell, respectively. The numerical160

tests in this work confirmed that the use of Cr = 0.20 can produce stable and accurate results.161

The classical linear potential flow model is also adopted in this study for the purpose of comparison.162

The boundary integral equation based on the Rankine source is developed for the problem, which has been163

described in the previous work in Jiang et al. (2019b). The higher-order boundary element method (HOBEM)164

with quadratic isoparametric elements (Teng and Eatock Taylor, 1995) is employed to discrete the boundary165

integral equation, of which the well-known formulation is omitted here.166

3. Numerical Validations167

As shown in Fig. 2, the two-dimensional fluid resonance in a moonpool formed by two identical rectangular168

hulls is considered in this work. The hulls with identical breadth B = 0.360 m and draft D = 0.180 m are169

located in the centre of the wave flume with the water depth h = 1.03 m. The moonpool between the hulls170

has the breadth Bmp = 0.180 m, where extremely large amplitude fluid resonances can be observed as the171

frequency of the hull motion is close to the natural frequency of the fluid bulk. In numerical simulations, a172

Cartesian coordinate system oxy is defined with the origin on the centre of the undisturbed free surface in173

the moonpool. The wave flume of 20 m in length and 1.5 m in height is adopted, where two spongy layers174

of 3.0 m long are situated on both ends of the wave flume for absorbing reflection waves. Four wave gauges175

are equipped to record the wave evolutions, where two of these, G1L and G1R, are situated in the moonpool176

with the coordinates x = ±0.08 m and the other two wave gauges, G2L and G2R, are placed at x = ±1.150177

m, respectively. In this work, the averaged free surface amplitudes between the wave gauges G1L and G1R178

and wave gauges G2L and G2R are denoted as G1 and G2, respectively. The synchronous displacement of179

the twin hulls follows the heave and roll motions, respectively,180

ξh(t) = Ab sin(ωt) (11a)

181

ξr(t) = αb sin(ωt) (11b)

where Ab and αb are the heave and roll motion amplitudes, respectively; ω is the dimensional excitation182

frequency and the corresponding dimensionless excitation frequency is defined as Ω = ω2Bmp/g. The centre183

of rotation is fixed on the centre of the undisturbed free surface in the moonpool for roll motion excitations.184

Numerical convergent tests are carried out by four different mesh schemes. To save computational costs,185

non-uniform meshes are adopted to discretise the computational domain. Roughly speaking, the square fine186

meshes with high resolution are utilized around the hulls to accurately capture the extreme wave resonance,187

especially in the vicinity of the moonpool. The coarse rectangular meshes with a large aspect ratio up to188

1/20 (height/length) are adopted in both the left and right relaxation zones. The square fine meshes with189

intermediate resolution are equipped in the other parts of the computational domain. Details of different190
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Figure 2: Sketch of the definition of the numerical wave flume.

meshes are tabulated in Tab. 1. Typical mesh partitions around the twin hulls are depicted in Fig. 3, which191

is Mesh 1 in Tab. 1.192

Table 1: Detailed information of four different mesh schemes for the mesh convergence study.

Parameters Physical meaning Mesh 1 Mesh 2 Mesh 3 Mesh 4

Nx No. of meshes along moonpool breadth Bmp 20 30 40 60

Ny No. of meshes along box draft D 20 30 40 60

δymin Minimal mesh height on free surface (mm) 6.00 4.00 3.00 2.00

Total number of cells in computational domain 8188 18300 32672 72800

Total number of points in computational domain 16968 37490 66534 147378

Figure 3: Typical computational meshes in the vicinity of the twin hulls .

Fig. 4 shows the free surface amplitudes at the wave gauge G1 in the moonpool by various mesh schemes,193

where the heave motion with Ab = 0.050, 0.0091 m and Ω = 0.50, and the roll motion with αb = 0.05, 0.100194

rad and Ω = 3.00 are considered, respectively. Numerical simulations show that the convergent results can be195

produced by Mesh 3 because very little difference between the results of Mesh 3 and Mesh 4 can be observed.196

Therefore, Mesh 3 is adopted as the baseline for the following numerical simulations in this study.197

The present numerical wave flume is validated against the experimental data in Faltinsen et al. (2007) for198

the twin hulls undergoing heave motion excitations. In their experiment, the moonpool tests were performed199
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Figure 4: Free surface amplitudes in the moonpool at various heave and roll motions for the mesh convergent

test.

in the narrow-wave flume of the Norwegian University of Science and Technology. The flume is 13.5 m long,200

0.6 m wide and 1.03 m deep. The vertical regular oscillating motion of twin boxes was achieved by the201

use of a servo motor connected to a ball screw and rail system. As shown in Fig. 5, the comparison of202

wave responses in the moonpool at G1 and outside of the hulls at G2 under two heave amplitudes Ab = 2.5203

mm and 5.0 mm is conducted, where the linear potential flow solutions are also included for comparison.204

Numerical results suggest that the resonant frequency in the moonpool can be predicted well by both the205

viscous fluid flow and potential flow models. The free surface amplitude Amp/Ab in the moonpool predicted206

by the viscous fluid flow model is found to be in better agreement with the experimental data. However, the207

potential flow model significantly over-predicts the Amp/Ab around the resonant frequency. It is known that208

the assumption of inviscid fluid and irrotational flow in the potential flow model is the major reason for the209

discrepancy. As for the predictions of radiation waves at G2, denoted by Ar/Ab, both the numerical results210

and the experimental data show that the largest radiation wave appears around the resonant frequency of the211

fluid oscillation in the moonpool. The maximal wave amplitude at G2 predicted by the potential flow model212

is slightly larger than those by the experimental test and viscous fluid flow model. The results of phase shifts213

to the excitations in Fig. 5 also show the superior agreement between the viscous fluid flow simulation and214

the laboratory measurement. In the potential flow results, little discrepancy with the experimental results215

can be observed at G1, while it over-predicts the phase shift at the gauge G2 (note that θr in the potential216

flow model is allowed to be larger than 2π in a small range to avoid a sudden jump in the phase shift).217

4. Nonlinear behaviour of fluid resonance induced by fixed-amplitude roll motions218

The validation study in the previous section shows that the present viscous fluid flow model is able to219

reproduce well the scenario of fluid resonance in the moonpool, which is adopted to investigate the free220

surface motion induced by two rectangular hulls undergoing roll motion excitations. Three sets of roll motion221

amplitudes, αb = 0.025, 0.050, 0.100 rad, are considered. Based on the linear potential flow analysis, the222

roll-motion induced sloshing-mode resonant frequency is Ωn = 3.14. In viscous fluid flow simulations, the223

dimensionless roll motion frequencies Ω range from 2.0 to 4.0, where the sloshing-mode resonance in the224

moonpool can be aroused. Finally, all the wave amplitudes presented in this section are evaluated in the225
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(a) Ab = 2.5 mm (b) Ab = 5.0 mm

Figure 5: Comparisons of wave amplitudes and phase shifts at G1 and G2 against the heave frequency for

twin hulls at two different excitation amplitudes.

space-fixed coordinate system.226

Fig. 6 shows the variation of wave amplitude at the wave gauge G1 with the roll motion frequency by the227

present viscous fluid flow model and the linear potential flow model. Numerical results obtained by the two228

different models show remarkably different behaviour in the figure. In the linear potential flow results, the229

significant increase of wave amplitude in the moonpool can be observed at the corresponding sloshing-mode230

resonant frequency which is Ωn = 3.14 in these figures. When the roll motion frequency becomes smaller231

or larger than the resonant frequency, i.e., Ω < Ωn or Ω > Ωn, the continuously increased or decreased free232

surface amplitudes in the moonpool can be observed. It is a typical response behaviour of the linear mass-233

spring system. However, in the results of the viscous fluid flow model, the free surface amplitude abruptly234

increases from a relatively quiet state at the jump frequency and then the amplitude decreases gradually with235

the increase of roll motion frequency. The jump frequency is also the corresponding frequency of the maximal236

free surface amplitude in the moonpool, which is also the sloshing-mode resonant frequency predicted by the237

viscous fluid flow model. Furthermore, the resonant frequency predicted by the viscous fluid flow model is238

smaller than that by the linear potential flow model. The above phenomena indicate that the free surface239

response in the moonpool exhibits a softening spring behaviour, implying that the nonlinearity plays an240

important role in the sloshing-mode resonance under roll motion excitations. This is a realistic physical241

phenomenon and can be simulated by the viscous fluid flow model, correctly.242
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(a) Bmp = 0.120 m, D = 0.150 m (b) Bmp = 0.120 m, D = 0.180 m (c) Bmp = 0.120 m, D = 0.210 m

(d) Bmp = 0.150 m, D = 0.150 m (e) Bmp = 0.150 m, D = 0.180 m (f) Bmp = 0.150 m, D = 0.210 m

(g) Bmp = 0.180 m, D = 0.150 m (h) Bmp = 0.180 m, D = 0.180 m (i) Bmp = 0.180 m, D = 0.210 m

Figure 6: Free surface amplitudes at G1L under fixed-amplitude roll motion excitations with different dimen-

sionless excitation frequencies Ω.
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Furthermore, with the increase of roll motion amplitude, the variation tendency of the relative amplitude243

Amp/αb in the viscous fluid flow results deviate more from the potential flow solutions, including both the244

decreased relative resonant amplitude and the increased resonance shift. For the softening spring system245

in this case, the increased resonance shift is equivalent to the decreased dimensionless resonant frequency246

(or jump frequency). It implies the increased influence of nonlinearity on the roll-motion induced sloshing-247

mode resonance in the moonpool. This increased nonlinear effect with the roll motion amplitude can also be248

explained by the nonlinear vibration theory. For the softening spring system, the decreased jump frequency249

can be generated by Eq. (1) with the increased coefficient |ε| (absolute value) in the cubic nonlinear term.250

The increased coefficient |ε| causes the increased effect of the cubic nonlinear term εx3, further demonstrating251

that the increased roll motion amplitude increases the nonlinear action in the mass-spring system.252

Fig. 7 shows the phase shifts of the free surface in the moonpool at different roll motion frequencies and253

amplitudes. The phase shifts predicted by the linear potential flow model only have two values, that is, π254

and 2π, where the corresponding frequency of sudden change in the phase shift is the resonant frequency. In255

the results of the viscous fluid flow model, the decreased resonant frequency (jump frequency) can also be256

observed, which is in accordance with the results of the free surface amplitudes. Refer to the sketch in Fig. 1,257

the jump frequency is due to the unstable solutions of the Duffing equation. It has the essential difference258

with the saltation in the linear potential flow solutions. Finally, Tab. 2 illustrates the values of dimensionless259

jump frequencies for the free surface responses at different moonpool geometries. For a specific roll motion260

amplitude, the moonpool geometries, including the moonpool breadth and draft, have an insignificant effect261

on the dimensionless jump frequency Ωn. Further comparison in Fig. 6 indicates that the moonpool draft has262

an insignificant effect on the resonant amplitude; while the increased moonpool breadth is able to generate263

the increased free surface amplitude at resonant frequencies.264

Table 2: Dimensionless jump frequencies Ωn of free surface responses in the moonpool under different fixed-

amplitude roll motions. (αb = 0.025 rad / αb = 0.050 rad / αb = 0.100 rad )

Bmp = 0.120 m Bmp = 0.150 m Bmp = 0.180 m

D = 0.150 m 2.83 / 2.66 / 2.41 2.82 / 2.66 / 2.42 2.82 / 2.65 / 2.42

D = 0.180 m 2.82 / 2.66 / 2.42 2.82 / 2.66 / 2.42 2.81 / 2.65 / 2.42

D = 0.210 m 2.83 / 2.66 / 2.42 2.82 / 2.66 / 2.42 2.81 / 2.65 / 2.42

5. Hysteresis of fluid response by varying-amplitude roll motions265

Numerical simulations are carried out to further investigate the hydrodynamic behaviour under varying266

roll motion amplitudes. For the purpose of illustration, the geometry of Bmp = 0.180 m and D = 0.180 m is267

adopted. Note that the jump frequencies are Ωn = 2.81, 2.65 and 2.42 for αb = 0.025, 0.050 and 0.100 rad,268

12

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
8
0
8
5
0



Accepted to Phys. Fluids 10.1063/5.0180850

(a) Bmp = 0.120 m, D = 0.150 m (b) Bmp = 0.120 m, D = 0.180 m (c) Bmp = 0.120 m, D = 0.210 m

(d) Bmp = 0.150 m, D = 0.150 m (e) Bmp = 0.150 m, D = 0.180 m (f) Bmp = 0.150 m, D = 0.210 m

(g) Bmp = 0.180 m, D = 0.150 m (h) Bmp = 0.180 m, D = 0.180 m (i) Bmp = 0.180 m, D = 0.210 m

Figure 7: Phase shifts in G1L under fixed-amplitude roll motion excitations with different dimensionless

frequency Ω.
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respectively. In this study, the roll motion excitation with varying amplitudes is defined as follows,269

ξr(t) =























α
(1)
b sin(ωt), t/T < n,

γ(α
(2)
b − α

(1)
b ) sin(ωt), n < t/T < n+m,

α
(2)
b sin(ωt), t/T > n+m, n,m = 1, 2, 3, · · · .

(12)

where T = 2π/ω is the period of roll motion excitation. α
(1)
b and α

(2)
b are defined as the amplitudes of270

the first and second stages in varying-amplitude roll motion excitations, respectively. γ is a linear ramp271

function to modulate the two stages of the varying-amplitude roll motion excitation. The values of n and272

m are used to control the duration of the first stage, transient and second stage. In this study, two types273

of varying-amplitude roll motion excitations, that is, accelerating excitation (α
(1)
b < α

(2)
b ) and decelerating274

excitation (α
(1)
b > α

(2)
b ), are considered. Fig. 8 illustrates a typical varying-amplitude roll motion signal of275

the accelerating and decelerating excitations. In the figure, the roll motion amplitudes of the first and second276

stages for the accelerating excitation are α
(1)
b = 0.025 rad and α

(2)
b = 0.050 rad, respectively; while they are277

α
(1)
b = 0.100 rad and α

(2)
b = 0.050 rad for the decelerating excitation. That is, the difference between the278

accelerating and decelerating excitations is only the first stage amplitude, while the roll motion amplitudes279

of the second stage are the same as each other. To avoid the transients between the two stages, the ramp280

function γ is applied for five wave periods (i.e. m = 5). Numerical simulations have demonstrated that the281

ramp function has an insignificant effect on the results of free surface responses.282

Figure 8: Typical roll motion signals of accelerating and decelerating excitations.

Fig. 9 shows the comparison of free surface evolutions in the moonpool at the wave gauge G1L between the283

accelerating and decelerating excitations at four sets of dimensionless frequencies, Ω = 2.00, 2.45, 2.60 and284

3.00. It is observed that the amplitudes of free surface elevations increase gradually at the initial stage. After a285

short transient, the steady-state evolutions can be observed at the first stage. The amplitudes at the first stage286

between the accelerating and decelerating excitations are different, because different roll motion amplitudes,287

i.e., α
(1)
b = 0.025 and 0.100 rad, can generate different free surface responses in the moonpool. At the second288

stage, the relationship of free surface responses between the accelerating and decelerating excitations shows289

different characteristics at different excitation frequencies, even the accelerating and decelerating excitations290

have the same amplitude at this stage. In Figs. 9a and 9d at Ω = 2.00 and 3.00, the increased and decreased291

free surface amplitudes in the moonpool can be observed during the transient period in the accelerating and292

decelerating results. With the elapse of time, the free surface evolutions by the accelerating and decelerating293
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excitations almost coincide completely with each other. The same roll motion amplitudes, i.e., α
(2)
b = 0.050294

rad, at the second stage are able to generate the same free surface responses in the moonpool, implying that295

there is no hysteresis phenomenon at these two frequencies.296

Fig. 9c shows the free surface evolution in the moonpool at the dimensionless roll motion frequency Ω297

= 2.60. The averaged amplitudes at the first stage between the dimensionless duration of t/T = 25 - 75298

are A
(1)
mp = 8.549 mm and 60.014 mm for the accelerating and decelerating excitations, respectively. At the299

second stage, the steady-state averaged amplitude in the moonpool by the accelerating excitation between300

the dimensionless duration of t/T = 130 - 180 is A
(2)
mp = 18.990 mm. It is very close to the results of the fixed301

rolling amplitude αb = 0.050 rad, where the corresponding averaged free surface amplitude in the moonpool302

is Amp = 19.191 mm. However, in the decelerating results, the steady-state averaged amplitude at the second303

stage is A
(2)
mp = 56.597 mm, which only has a little decrease compared to the amplitude of A

(1)
mp = 60.014 mm304

at the first stage. Moreover, the above results indicate that the same roll motion amplitude at the second305

stage, i.e., α
(2)
b = 0.050 rad, generates different free surface responses (A

(2)
mp = 18.990 and 56.597 mm) in306

the moonpool under the decelerating and accelerating excitations. That is, the free surface response at the307

second stage is dependent on the roll motion excitation at the first stage, which is a typical ‘Hysteresis’308

phenomenon.309

Phase shifts at the first and second stages are also considered in Fig. 9c. In the accelerating results, the310

phase shifts at the wave gauge G1L are θ
(1)
mp = 3.386 rad and θ

(2)
mp = 3.392 rad between the dimensionless311

durations of t/T = 25 - 75 and 130 - 180 at the first and second stages, respectively. Again, it is very close312

to the results of the fixed rolling amplitude αb = 0.050 rad, where the corresponding phase shift is θmp =313

3.393 rad. The above results indicate the phase shifts for αb = 0.025 rad and 0.050 rad are nearly the same314

as each other. Therefore, the increase of roll motion amplitude is able to generate the increased free surface315

amplitude in the moonpool when the excitation is from α
(1)
b = 0.025 at the first stage to α

(2)
b = 0.050 at316

the second stage. However, the phase shift between the dimensionless duration of t/T = 25 - 75 in the317

decelerating results is θ
(1)
mp = 5.579 rad for α

(1)
b = 0.100 rad at the first stage, which is very different to θmp318

= 3.393 for the fixed roll motion amplitude αb = 0.050 rad. At the second stage with α
(2)
b = 0.050 rad, the319

corresponding phase shift of the free surface response between the dimensionless duration of t/T = 130 - 180320

is θ
(2)
mp = 5.113 rad. It is much closer to θ

(1)
mp = 5.579 rad at the first stage for the roll motion amplitude α

(1)
b =321

0.100 rad, but quite different to θmp = 3.393 for the fixed roll motion amplitude αb = 0.050 rad. This implies322

the phase shift at the second stage is locked by that at the first stage, leading to the corresponding free323

surface amplitude at the second stage being nearly the same as that at the first stage. This is the essential324

reason for the above ‘Hysteresis’ phenomenon of free surface amplitudes in the moonpool under decelerating325

excitations.326

Fig. 9b shows the comparison of free surface evolutions in the moonpool between the accelerating and327

decelerating excitations at the dimensionless roll motion frequency Ω = 2.45. The free surface amplitudes are328

A
(1)
mp = 6.434 and A

(2)
mp = 13.046 mm in the accelerating results at the first and second stages, respectively;329
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(a) Ω = 2.00

(b) Ω = 2.45

(c) Ω = 2.60

(d) Ω = 3.00

Figure 9: Time histories of free surface evolutions in moonpool for Bmp = 0.180 m and D = 0.180 m under

accelerating and decelerating excitations.
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while the corresponding phases shifts are θ
(1)
mp = 3.325 and θ

(2)
mp = 3.371 rad, respectively. In the decelerating330

results, the free surface amplitude and phase shift at the first stage are A
(1)
mp = 67.203 mm and θ

(1)
mp = 5.408331

rad, respectively. At the second stage, the free surface amplitude and phase shift between the dimensionless332

duration of t/T = 105 - 120 are A
(2)
mp = 58.621 mm and θ

(2)
mp = 4.342 rad, respectively, which are different333

to the results of A
(2)
mp = 13.046 mm and θ

(2)
mp = 3.371 rad at the second stage by the accelerating excitation.334

This indicates the free surface response in the moonpool is dependent on the roll motion excitation at335

the first stage, implying the hysteresis phenomenon happens. However, the phase shift θ
(2)
mp = 4.342 rad336

between t/T = 105 - 120 is not very close to θ
(1)
mp = 5.408 rad at the first stage, which is not the locked-in337

phenomenon, strictly. Moreover, the above hysteresis phenomenon only lasts about 15 waves, that is, between338

the dimensionless durations of t/T = 105 - 120 in Fig. 9b. Then, the free surface amplitude decreases rapidly339

and the steady-state value is A
(2)
mp = 13.485 mm after a short transient. Correspondingly, the phase shift of340

the steady-state free surface response becomes θ
(2)
mp = 3.346 rad. This indicates that the free surface response341

at the second stage under the decelerating excitation is the same as that under the accelerating excitation,342

which is confirmed by the coinciding time signals of the free surface response between the accelerating and343

decelerating results during t/T = 160 - 200 in Fig. 9b. The above phenomenon reveals the ‘Hysteresis’ cannot344

generate a stable effect on wave response in the moonpool at Ω = 2.45. In addition, it also indicates that345

sufficient simulation time is important in this study.346

Figs. 10 and 11 show the variation of free surface amplitudes and phase shifts at the second stage in the347

moonpool with varying-amplitude roll motion frequencies. In the simulations, the roll motion amplitude at348

the second stage is kept at α
(2)
b = 0.050 rad. At the first stage, four sets of roll motion amplitudes, α

(1)
b349

= 0.005, 0.025, 0.100, and 0.150 rad, are adopted. The former two rolling excitations are the accelerating350

excitations; while the latter two rolling excitations are the decelerating excitations. For the purpose of351

comparison, numerical results for the fixed roll motion amplitude αb = 0.050 rad are also included, which is352

indicated as α
(1)
b = 0.050 rad in these figures. Typical hysteresis loop can be observed in the figure, that is,353

free surface amplitudes A
(2)
mp/α

(2)
b and phase shifts θ

(2)
mp/α

(2)
b in the moonpool have different values at some354

frequencies under accelerating and decelerating excitations, respectively. Further comparisons indicate that355

the results between α
(1)
b = 0.005 and 0.025 rad in the accelerating excitations and the results between α

(1)
b356

= 0.100 and 0.150 rad in the decelerating excitations are the same as each other, respectively. That is, the357

accelerating and decelerating processes are able to generate the hysteresis phenomena; while the values of roll358

motion amplitudes at the first stage α
(1)
b in the accelerating or decelerating excitations cannot affect the final359

wave response in the moonpool. The results for α
(1)
b = 0.005 and 0.025 rad are the same as the results for the360

fixed roll motion amplitude αb = 0.050 rad. It can be understood that the fixed roll motion amplitude αb =361

0.050 rad can also be considered as the accelerating excitation with α
(1)
b = 0 and α

(2)
b = 0.050 rad. Generally,362

experiments or simulations always begin from the static state in practical engineering, implying that the363

rolling response of the hull is always a zero-angle state. The obtained experimental or numerical results may364

underestimate the free surface amplitudes in the moonpool, leading to a possibly dangerous design at the365
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(a) Bmp = 0.120 m, D = 0.150 m (b) Bmp = 0.120 m, D = 0.180 m (c) Bmp = 0.120 m, D = 0.210 m

(d) Bmp = 0.150 m, D = 0.150 m (e) Bmp = 0.150 m, D = 0.180 m (f) Bmp = 0.150 m, D = 0.210 m

(g) Bmp = 0.180 m, D = 0.150 m (h) Bmp = 0.180 m, D = 0.180 m (i) Bmp = 0.180 m, D = 0.210 m

Figure 10: Free surface amplitudes in G1L under varying-amplitude roll motion excitations at different

dimensionless frequencies Ω.

frequency range of the hysteresis loop.366

The frequency range of the hysteresis loop, which can be identified between two jump frequencies in367

Figs. 10 and 11, is considered. It can be observed that the jump frequency induced by the accelerating368

excitations is larger than that by the decelerating excitations. Correspondingly, the free surface amplitude369

by the accelerating excitations follows the lower branch and the free surface amplitude by the decelerating370

excitations follows the upper branch. The free surface amplitudes and phase shifts by the accelerating excita-371

tions are smaller than those by the decelerating excitations in the region of the hysteresis loop. Furthermore,372

Tab. 3 tabulates dimensionless jump frequencies of the upper and lower branch in the hysteresis loop, where373

the accelerating excitation with α
(1)
b = 0.025 rad and α

(2)
b = 0.050 rad and the decelerating excitation with374

α
(1)
b = 0.100 rad and α

(2)
b = 0.050 rad are illustrated. According to the comparison with the results in Tab. 2375

by the fixed-amplitude excitations, the jump frequencies of the lower branch under the accelerating excitation376

with α
(1)
b = 0.025 rad and α

(2)
b = 0.050 rad is nearly the same as that for the fixed roll motion amplitude377

αb = 0.050 rad. However, the jump frequencies of the upper branch under the decelerating excitations with378
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(a) Bmp = 0.120 m, D = 0.150 m (b) Bmp = 0.120 m, D = 0.180 m (c) Bmp = 0.120 m, D = 0.210 m

(d) Bmp = 0.150 m, D = 0.150 m (e) Bmp = 0.150 m, D = 0.180 m (f) Bmp = 0.150 m, D = 0.210 m

(g) Bmp = 0.180 m, D = 0.150 m (h) Bmp = 0.180 m, D = 0.180 m (i) Bmp = 0.180 m, D = 0.210 m

Figure 11: Phase shifts in G1L under varying-amplitude roll motion excitations at different dimensionless

frequencies Ω.
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α
(1)
b = 0.100 rad and α

(2)
b = 0.050 rad are always lower than that for the fixed roll motion amplitude αb =379

0.100 rad. This is mainly due to that the Hysteresis cannot generate a stable effect on the wave response at380

the corresponding frequencies, which has been explained in Fig. 9b. Finally, Tab. 3 also illustrates that the381

jump frequency of the upper branch decreases with the increase of the moonpool breadth, leading to a wider382

frequency range of the hysteresis loop for a larger moonpool breadth. However, it is nearly independent of383

the moonpool draft in these figures. This implies the influence of the hysteresis would have a wider frequency384

range with the increase of the moonpool breadth in practical engineering.385

Table 3: Dimensionless jump frequencies Ωn of upper and lower branches in the hysteresis loop by the

accelerating excitation with α
(1)
b = 0.025 rad and α

(2)
b = 0.050 rad and the decelerating excitation with α

(1)
b

= 0.100 rad and α
(2)
b = 0.050 rad. (upper branch / lower branch)

Bmp = 0.120 m Bmp = 0.150 m Bmp = 0.180 m

D = 0.150 m 2.60 / 2.66 2.55 / 2.66 2.49 / 2.65

D = 0.180 m 2.60 / 2.66 2.55 / 2.66 2.48 / 2.65

D = 0.210 m 2.59 / 2.66 2.55 / 2.66 2.48 / 2.65

6. Conclusion386

Fluid resonance in the moonpool formed by twin hulls is investigated by using a viscous fluid flow with387

the RNG turbulent model based on the OpenFOAM R© package. Numerical validations are carried out by388

comparison with the experimental and numerical results in the literature, confirming that the present model389

can work well in simulating the moonpool resonant behaviour. Nonlinearity plays an important role in the390

sloshing-mode resonance in the moonpool induced by the roll motion excitation, where a softening spring391

behaviour is reported. With the increase of roll motion amplitude, the increased effect of the nonlinearity392

can be observed. All of these phenomena can be explained by the Duffing equation. Hysteresis phenomena393

are reported in the free surface responses in the moonpool under the excitations with varying roll motion394

amplitudes. The phase locked-in is the essential reason for the results. The accelerating excitation is able to395

generate the lower branch of the hysteresis loop, where the jump frequency is independent of the geometries396

of the moonpool. The decelerating excitation can generate the upper branch frequency of the hysteresis loop,397

where the jump frequency decreases with the increase of moonpool breadth. It leads to the wider region of398

the hysteresis loop for larger moonpool breadths.399
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