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Abstract: The fluid resonance of a moonpool freely heaving in a beam sea is studied by an in-house constrained interpolation profile 
(CIP) code. Generally, the moonpool behaves as in the piston mode with a narrow opening. The numerical studies are carried out for 
a wide range of the incident waves, and a new secondary resonant region is identified in the low frequency region of the incident 
waves, besides the ordinary main resonant region. Numerical results demonstrate that the horizontal wave forces are significant in the 
secondary resonant region, although the resonant wave elevations are less remarkable than those of the main resonant region. It is 
concluded that the fluid resonance of the low frequency is excited mainly by the heave motion of the moonpool. Parameter studies of 
the moonpool draft and the gap width of the moonpool based on the fluid resonance are also performed. 
  
Key words: Gap resonance, low-frequency incident wave, heave motion, constrained interpolation profile (CIP) 
 
Introduction  

Narrow gaps commonly exist in marine struc- 
tures. When the structures are operated at certain wave 
frequencies, the wave elevation in the narrow gap may 
be greatly enlarged, therefore, leading to a remarkable 
increase of the wave loads. Such phenomenon is 
known as the ‘gap resonance’, which becomes an 
interesting topic due to its importance in engineering 
applications and attracts a great deal of attention in the 
field of marine hydrodynamics. 

The potential-flow-based methods were widely 
used in solving gap-resonance problems of floating 
structures. The boundary element method[1], the higher- 
order boundary element method[2] and the scaled 
boundary finite-element method[3] were implemented 
to investigate the gap-resonance problem. The reso- 
nant frequency for fixed bodies was predicted by 
ignoring the motion response of floating structures. 
With these methods, the resonant free-surface eleva- 
tion in the gap and the wave forces on the floating 
bodies are always overestimated, due to the ignoring 
of the fluid viscosity and the vortex shedding[4-5]. To 
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overcome this problem, several numerical techniques 
were implemented by using an artificial energy dissi- 
pation term in the potential-flow models[6-8], which 
could improve the accuracy by tuning the artificial 
dissipation coefficient. However, it is not easy to find 
a unique value of the artificial dissipation coefficient 
without experimental data. So far, those artificial 
dissipation coefficients were usually determined based 
on the experimental measurements[9-10]. 

Due to the rapid development of the computa- 
tional techniques in recent years, the computational 
fluid dynamic (CFD) method has become a powerful 
approach to predict both the resonant frequency and 
the wave elevation well[11-12]. The CFD methods in 
principle provide an adequate description of the 
physics of the concerned problem, however, the 
balance between the accuracy and the efficiency of the 
CFD simulations is a challenging topic. While the 
numerical accuracy and efficiency are quite different 
for different CFD solvers, an accurate and efficient 
CFD solver is desirable for engineers and scholars. 
Compared to the conventional upwind scheme, the 
constrained interpolation profile (CIP) scheme pro- 
vides much more accurate numerical results, with a 
third-order polynomial to approximate the unknowns 
on the grid point. This method was firstly proposed by 
Takewaki et al.[13], and then Hu and Kashiwagi[14] 
firstly introduced the CIP method into the field of 
marine hydrodynamics to simulate extremely non- 
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linear free-surface flows. Zhao et al.[15], He[16] applied 
the CIP method to investigate the strong nonlinear 
pro- blems such as the dam break and the seakeeping. 
With the developed CIP method, the resonant 
frequency and the free-surface elevation at the gap of 
two or three fixed side-by-side hulls can well be 
predicted[17]. 

For the gap-resonance problem, most studies 
focused on the side-by-side multiple floating struc- 
tures to serve as the motion-fixed condition. However, 
the floating structures always have motions induced 
by waves. The radiation and diffraction problems of a 
two-dimensional moonpool-type structure were widely 
studied by the analytical methods[18], the experimental 
measurements[18], the viscosity numerical models[12] 
and other methods. The forced oscillation studies can 
provide the fundamental information of the hydrody- 
namic properties of the floating structure, which could 
be used as the basis to study the problems of 
wave-structure interactions[19-20]. However, the forced 
oscillations are still quite different from the motion 
free situation. Some efforts were made by considering 
the wave-induced motion response, for example, the 
floating ship moored beside wharfs[21], the sway-free 
barge near a fixed barge[22], the heaving-free moon- 
pool with a wide gap[6] and a narrow gap[5] in the 
beam sea, and the recessing type moonpool of a 
floating drilling vessel[23]. The moonpool gap- 
resonances under the fixed and motion-free assump- 
tions do show quite different characteristics. 

Although the above studies did provide important 
insights into the gap-resonance problem, most of them 
focused on the resonance of the moderate incident 
waves or the moonpools with a large horizontal 
opening. In view of the fact that the long wave 
excitation also exists commonly in a real application, 
the present study deals with the problem of a two- 
dimensional rectangular moonpool with a narrow gap 
freely heaving under a wide range of the beam sea. 
The fluid resonance in the moonpool is generally 
shown in two forms, the piston mode and the sloshing 
mode[24], while it is always in the piston mode in a 
narrow gap, which is the case in the present study. A 
CIP-based viscous nonlinear numerical wave tank is 
developed for simulating the gap-resonance problem. 
Particular attention is paid to the fundamental 
mechanism of the secondary resonant region by 
investigating the free-surface elevation at the gap and 
the wave loads on the heaving-free moonpool com- 
bined with parameter studies. 
 
 

1. Numerical models 
The fluid is assumed incompressible and homo- 

geneous viscous, the governing equations are given by 
the continuity equation and the Navier-Stokes equa- 
tions, as follows: 
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where i , j  represent the cell address in -x  or -y

directions, iu  is the velocity component in -ix

coordinate direction,   is the density of the fluid, 

p  is the pressure,   is the kinematic viscosity and 

if  denotes the body forces such as the gravity force. 

 
1.1 CIP numerical scheme 

The CIP scheme is an enhanced numerical 
approach to provide a much more accurate numerical 
result compared to the conventional upwind scheme 
by using a third-order polynomial to approximate the 
unknowns on the grid points. This means that to 
achieve a certain computational accuracy, a smaller 
number of grids may be used by the CIP scheme than 
by the conventional high-order upwind schemes. 
Figure 1 shows a schematic comparison between the 
conventional upwind scheme and the present CIP 
method (in one-dimensional case). As can be seen, in 
the upwind scheme, the function profile is constructed 
by a linear interpolation (Fig. 1(a)), whereas in the 
CIP scheme, it is constructed by the third-order 
polynomial fitting (Fig. 1(b)). For the advection com- 
putation of a variable f , both the transportation 

equation of f  and the transportation equation of its 

spatial gradient, = /ig f x  , are used at the same 

time. Here, f  represents each of  , i  and p  

in Eqs. (1), (2), respectively. The transportation 
equation of f  is given as 
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Fig. 1 Principle of the CIP method 
 
    The transport equation of ig  can be obtained by 

differentiating equation (3) 
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    More details about this CIP method can be found 
in Refs. [14, 25, 16]. 
 
1.2 Internal wave maker 
    The internal wave maker using a momentum 
source function[26] is employed to generate the 
targeted waves in the present numerical model. The 

-x coordinate momentum source term mom
xS  can be 

written as 
 

mom 2= (2 )exp( ) sin( )x

D
S g x x t  


                       (5) 

 
where x  is the -x axis, t  is the time,   is the 
angular frequency and   is the source width 

parameter.  The source amplitude D  can be deter- 
mined by 
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where h  is the water depth, k  is the wave number, 
  is the wave direction, 0A  is the wave amplitude 
are the wave parameters used to generate a target 

wave train and 2
1 = / exp( / 4 )I k   . 1 ,   

are the parameters in the Boussinesq equations 
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where z  is a representative velocity vector at a 
position in a depth-averaged model and is usually 
expressed as = 0.530z h  . 

The present numerical model involves the liquid, 
the gap and the solid phases and they represent the 
water, the air and the floating body, respectively. A 
tangent of hyperbola for interface capturing (THINC) 
method is adopted to capture the gas-liquid interface, 
whereas a virtual particle method is used for capturing 
the floating-body surface. More details of the THINC 
scheme and the virtual particle method could be found 
 
 
 
 
 
 
 
 
 

in Refs. [27, 25], respectively. 
 
 
2. Convergence study of the developed CIP model 
 

2.1 Arrangement and mesh generation 
    The computational model for a heaving-free 
moonpool is shown in Fig. 2, which is made up of two 
identical boxes for the simulations. The two parts of 
the moonpool are named Body-A, Body-B for 
convenience. In Fig. 2, h  denotes the water depth, 
B , d  and gB  denote the width of each body, the 

draft of the body, and the width of the narrow gap, 
respectively. It should be noticed that in all 
simulations the body width and the water depth are 
kept constant as = 0.5 mB , = 0.5 mh . Also, the 

incident wave height is kept as 0 = 0.024 mH . 

    Non-uniform meshes are adopted in the current 
simulations to divide the computational domain into 
several subregions to save the computational resource. 
Figure 3 presents the grid arrangement around the 
moonpool. Six refinement zones are employed for 
accurate and efficient simulations. Zone 2 is for the 
free-surface capturing and the incident waves, the 
other Zones around the moonpool directly influence 
the motion response and the hydrodynamic resonance. 
Corresponding verification is detailed in the 
sub-section 2.2. The damping region is always twice 
longer than the incident wave length, where the grid 
size gradually increases to help dissipate the wave 
reflection. Corresponding wave-damping techniques 
can be found in Ref. [14]. 
 

2.2 Convergence study 
The convergence studies with respect to the time 

step and the grid size are carried out using the corre- 
lation factor method. Once a parameter is considered 
in the convergence study, all other input parameters 
are kept constant. Three solutions with the refined 
time step and grid size are obtained. Constant refine- 

ment ratios of 2 , 2 for the grid size and the time 
step are applied, respectively. It should be noticed that 
the mentioned grid size is of the cells around the 
floating bodies (zone 1, zones 3-6 in Fig. 3), since the 
grid arrangement around the free surface has already 
been verified by generating high-quality regular 
waves[28-29]. All tested cases are shown in Table 1. 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 2 Computational domain arrangement 
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Table 1 Setup of grid size and time step for the uncertainty 

verification (constant refinement ratio of 2  for 
grid size and 2 for time step 

Convergence 
setup 

Grid Size ( )x y  Time step 

Fine 1( )S  0.707 mm0.354 mm 0 / 4000T  

Medium 2( )S  1.000 mm0.500 mm 0 / 2000T  

Coarse 3( )S  1.414 mm0.707 mm 0 /1000T  

 
The present study follows the procedure 

suggested by Wang et al.[30] to estimate the numerical 
uncertainty of the developed numerical model. It is 
assumed that the iterative errors are negligible com- 
pared to the convergence errors. The present study of 
a heaving-free moonpool excited by regular incident 
waves focuses on the gap-resonance phenomenon, the 
free-surface elevation at the gap (briefly, the gap 
elevation) and the response amplitude operator of the 
heaving-free moonpool (briefly, the heave RAO) are 
selected as the variables for the procedure. The 
variations of the gap elevations and the heave RAOs 
between the shown grid arrangements (Table 1) for 
the input parameter can be calculated as: 
 

21 2 1=S S                                                                    (9) 
 

32 3 2=S S                                                                  (10) 

 
    The convergence ratio is defined as follows 
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where 1S , 2S  and 3S  are the solutions from the 

fine, medium and coarse cases, respectively. The 
convergence ratio is the key to judging the conver- 
gence conditions: (1) Monotonic convergence 0 <(

< 1R ) , (2) Oscillatory convergence ( < 0R , < 1R ), 

(3) Monotonic divergence > 1R( ) , (4) Oscillatory 

divergence ( < 0R , > 1R ). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Numerical uncertainties are predicted by calcula- 
ting the error based on the oscillation with the 
maximum and minimum solutions under the condition 
(2), the errors and the uncertainties cannot be estima- 
ted under the conditions (3), (4), under the condition 
(1), the numerical errors and uncertainties can be 
estimated by the generalised Richardson extrapolation 
as follows: 
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where 
1RE *  is a one-term numerical error, p  is the 

order of accuracy, r  is the specific refinement ratio 
for the input parameter. To account for the effects of 
high-order terms on the error and uncertainty estima- 
tes, a correction factor is employed as follows 
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where estp  is an estimate for the limiting order of 

accuracy. Therefore, Eq. (12) can be improved by this 
correction factor as 
 

1
= REC  *

                                                                   (15) 

 
    The uncorrected uncertainty δ and the corrected 
uncertainty c  are determined by the following 

equations depending on the distance of the solutions 
to the asymptotic range as follows: 
 

1
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Fig. 3 (Color online) Computational grid around moonpool 
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1

2= 2 4 1 + 0 1c REC  *[ . ( ) . ] , 1 < 0 25C .           (17a) 

 

 
1

= 1c REC  * , 1 0 25C  .                           (17b) 

 
    A typical incident wave frequency of = 1.80kh  
with the wave height of 0 = 0.024 mH  is adopted 

with the moonpool settings as = 0.252 md , =gB

0.05 m , as presented in Fig. 2. Numerical uncertainty 

estimations based on the time step and the grid size 
are shown in Table 2 (the subscript T  represents the 
estimation of the time step) and Table 3 (the subscript 
G  represents the estimation of the grid size), 
respectively. Corresponding gap elevation and heave 
motion in both cases are shown in Figs. 4, 5, 
respectively. The results indicate that with the present 
numerical model, the monotonic convergence is 
reached in both cases of the time step and the grid size. 
The gap elevation is sensitive for both the time-step 
resolution and the grid size resolution, and the heave 
motion is more sensitive for the grid resolution. A 
reasonably low level of the uncertainty is observed for 
both the time step and the grid size with respect to the 
two selected solutions. The maximum uncertainty 
level of 3.414% is obtained for the gap elevation in 
the grid-size convergence calculation. 
 
2.3 Validation of the CIP model 

Since the CIP model enjoys a high accuracy in 
predicting the cases with strong-nonlinear wave-body 
interactions[25], the present validation focuses on the 
gap resonance of the fixed moonpool with a quite 
narrow gap using the verified model presented in the 
sub-section 2.2. The computational arrangement is the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (Color online) Convergence study based on time step 
( = 1.80kh , = 0.252 md , = 0.05 mgB and 0 =H

0.024 m ) 

 
same as the experimental settings[31], with = 0.5 mB , 

= 0.05 mgB , = 0.252 md , = 0.5 mh  and 0 =H

0.024 m  as shown in Fig. 2. The comparisons of the 

resonant frequency and the gap elevation for the fixed 
moonpool between the present model and the published 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 2 Numerical uncertainty for time step ( , , 
 

and ) 

Variable 

Solution 
Convergence 

ratio 
Uncertainty 

    
 

( ) 

 

( ) 

 

( ) 

 2.065 2.001 1.823 0.357 1.025 3.075 0.683 

 0.261 0.260 0.257 0.515 0.178 1.348 0.390 

 
Table 3 Numerical uncertainty for grid size ( , , 

 
and ) 

Variable 

Solution 
Convergence 

ratio 
Uncertainty 

    
 

 

 

 

 

 

 2.038 2.001 1.638 0.101 1.809 3.414 1.605 

 0.261 0.260 0.255 0.208 0.409 0.711 0.302 



 

 
 

652

 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5 (Color online) Convergence study based on grid size 
( = 1.80kh , = 0.252 md , = 0.05 mgB  and 0 =H

0.024 m ) 

 
data are shown in Fig. 6, and the corresponding 
detailed data and the relative errors are shown in 
Table 4. The relative errors are calculated as follows: 
 

exp
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Fig. 6 (Color online) Comparison of gap elevation for the fixed 
moonpool between the present calculation results and 
the published data ( gH  is the computed wave elevation 

at the narrow gap, 0H  is the height of the incident 

waves) 
 

 
Table 4 Comparison of resonant frequency and amplitude 

for the fixed moonpool between the present results 
and the published data 

 kh  1 /% 0/gH H  2 /%

Experimental 
results[31] 

1.552 - 5.0365 - 

Viscous 
model[9] 

1.643 5.811 4.5558 9.544

Open FOAM[11] 1.541 0.721 4.7721 5.250
Present CIP 

model 
1.550 0.169 4.9780 1.162

 
where   is the relative error between the experi- 

mental and numerical results, exp  is the experi- 

mental result and i  is the - thi  numerical result, 

including both the resonant frequency and the gap 
elevation. 

It is indicated that the developed CIP method 
gives results in better agreement with the published 
experimental data[31] than other viscous models[9, 11], 
for all incident wave frequencies. Especially the rela- 
tive differences of the resonance frequency and its 
amplitude are only 0.169%, 1.162%, respectively. It is 
shown that the present CIP-based model is powerful 
in solving the hydrodynamic resonance of the moon- 
pool with a narrow gap. 
 
 
3. Numerical results and discussions 
 
3.1 Hydrodynamic resonance for heaving-free moon- 

pool of different gap widths 
 
3.1.1 Gap resonance of the moonpool 

With the notations used in Fig. 2, this moonpool 
consists of two identical rectangular bodies namely 
Body-A and Body-B, and = 0.252 md , = 0.5 mB , 

= 0.5 mh  and 0 = 0.024 mH . The gap width be- 

tween these two bodies is chosen to be a variable and 
its influence is to be investigated with =gB 0.03 m, 

0.05 m and 0.07 m, corresponding to the ratio of the 
gap breath to the body breath of 0.06, 0.1 and 0.14, 
respectively. It should be pointed out that in the 
present study, only the heave motion of the moonpool 
is considered. 

Figure 7 shows the non-dimensional wave eleva- 
tion in the narrow gap (briefly, the gap elevation) with 
different gap widths. The gap elevation obtained by 
the STAR-CCM+ with = 0.05 mgB  is also shown in 

Fig. 7 for validating the results in the lower frequency 
region. These two models give results in good 
agreement in predicting the resonant frequencies and 
amplitudes, here, we focus on the lower frequency 
region. More details of the numerical model based on 
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the STAR-CCM+ can be found in Ref. [5]. The gap 
elevation and the relative error between the two 
numerical models are listed in Table 5. Reasonable 
agreement is reached between them, the relative errors 
are always less than 4%, which provides further 
validation for the present CIP results, since the 
STAR-CCM+ is based on the finite volume method, 
whereas the CIP model is based on the finite 
difference method.  

To highlight the phenomenon in the lower 
frequency region of the incident waves, the results for 
the fixed moonpool with the arrangement of =gB

0.05 m  are shown for a comparison. Figure 7 indi- 

cates that the fixed moonpool has only one resonant 
region of the fluid resonance, whereas for the heaving- 
free moonpool, two such regions can be identified. It 
is noted that the two kinds of moonpools are both in 
the piston mode. The resonant region with a higher 
wave frequency shows a larger resonant magnitude for 
the fluid resonance, which is called the “main resonant 
region” for convenience. While the other one, which 
locates in a lower frequency region with a weaker 
amplitude, is called the “secondary resonant region”  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

for convenience. Detailed resonant frequencies and 
amplitudes under all presented conditions are given in 
Table 6. For the heaving-free moonpool, the fluid 
resonance in the main resonant region is more 
sensitive to the change of the gap width, while the gap 
width affects little the fluid resonance in the 
secondary resonant region, these three curves are 
almost identical when kh  is less than 1.3. For the 
heaving-free moonpool, the resonant frequency in the 
main resonant region increases with the decrease of 

gB , which shows a similar pattern as that in the fixed 

moonpool. 
However, there is no secondary resonant region 

in the fixed moonpool, the gap elevation continues to 
decrease and nearly approaches 1 with the decrease of 
kh . The wave energy is almost consumed by the 
wave reflection and the wave transmission, with 
almost none left to excite the gap water[11]. The only 
difference between the simulations of the fixed moon- 
pool and the heaving-free moonpool is that the heave 
motion is allowed in one and not allowed in the other. 
Detailed discussions of the contribution of the heave 
response are presented in Section 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 7 (Color online) Wave elevation in the narrow gap of different gap widths 

 
Table 5 Comparison of the wave elevation at the gap  between the present CIP model and STAR-CCM+ in the 

lower frequency region ( , ) 

 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 

Present CIP model 1.31 1.46 1.53 1.58 1.53 1.42 1.23 1.14 

STAR-CCM+ 1.28 1.40 1.51 1.57 1.48 1.38 1.26 1.14 

Relative error/% 2.48 3.99 1.38 2.78 2.79 2.88 2.38 0.02 
 
Table 6 Resonant frequencies and amplitudes for different gap widths  

     (fixed) 

The secondary 
resonant region 

 0.80 0.80 0.78 - 

 1.54 1.54 1.54 - 

The main  
resonant region 

 1.79 1.75 1.69 1.55 

 2.19 2.45 2.54 4.98 
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3.1.2 Heave response of the moonpool 
The heave RAOs of the moonpool in three 

different gap widths are shown in Fig. 8. To see the 
influence of the existence of the gap on the heave 
response of the moonpool, a series of cases without 
the gap are shown also in Fig. 8, with the same com- 
putational arrangement except for the gap, i.e., one 
single box with body width 1.050 m and body draft 
0.252 m. 

There is only one maximum value in the no-gap 
case (single body), which is located in the secondary 
resonant region, while the maximum values of the 
RAO occur in both the main and the secondary 
resonant regions for the moonpool. Detailed maxi- 
mum values and their frequencies of the heave RAOs 
are shown in Table 7. In the secondary resonant 
region, the heave RAOs of the moonpool are slightly 
larger than those in the no-gap cases. This may be due 
to the amplified gap elevation. In the secondary 
resonant region, the gap width affects little the heave 
RAO. In view of the fact that the moonpool can freely 
heave under the wave excitation, the Body-A and the 
Body-B heave together, hence the characteristic length 
( )L  of the whole body is equal to = 2 + gL B B . 

While the gap width changes from 0.03 m to 0.07 m, 
the increment ratio of the characteristic length is only 
3.88%, which influences little the heave motion. On 
the other hand, compared to the no-gap case in the 
main resonant region, the relative maximum values of 
the heave RAO occur near the main fluid resonant 
frequencies, which indicates that the fluid resonance 
plays a leading role in influencing the hydrodynamic 
characteristics of the moonpool in the main resonant  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

region. 
 
3.1.3 Wave forces on the moonpool 
    Figures 9(a), 9(c) show the horizontal and 
vertical wave forces on Body-A of different gap 
widths, respectively, whereas Figs. 9(b), 9(d) are for 
Body-B. The wave forces are nondimensionalized as 
follows: 
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                                                             (19) 

 
where   is the fluid density, g  is the gravity 

acceleration, h  is the water depth and 0H  is the 

incident-wave height. 
Again, the wave forces on the fixed moonpool 

are also shown in Figure 9 for comparison. Generally, 
for the heaving-free moonpool, the wave forces in the 
main resonant region are more sensitive to the change 
of the gap width, whereas they are insensitive to the 
change of the gap width in the secondary resonant 
region. As Fig. 9(a) illustrates, there is a wide range of 
the incident wave frequencies (when kh  changes 
from 1.70 to 0.50), in which the Body-A is constantly 
acted by a relatively large horizontal wave force under 
the heaving-free conditions. Although the maximum 
vertical wave force on the fixed Body-A is larger than 
that under the heaving condition, this force quickly 
reduces to a negligible level (when kh  changes from 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 8 (Color online) Heave RAO of the moonpool ( , , ) 

 

Table 7 Maximum of RAO in different gap widths 

   Without gap

The secondary 
resonant region 

 0.70 0.68 0.65 0.65 
RAO 1.216 1.204 1.194 1.160 

The main 
resonant region 

 1.87 1.78 1.75 - 
RAO 0.195 0.255 0.323 - 
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1.45 to 1.20). In brief, once the heaving-free side-by- 
side structures are acted by the incident waves in the 
secondary resonant region, the horizontal wave force 
on the upstream side of the body could be a threat to 
its structure life. Detailed discussion is presented in 
the next section. 

As shown in Figure 9(b), the curves of the 
horizontal wave forces on the heaving Body-B have 
the same trend as the curves of the gap elevation in 
Fig. 7, and the maximum values of these horizontal 
wave forces all occur at the corresponding resonant 
frequencies, respectively. The gap elevation is still the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 
 
 
 
 

Fig. 10 (Color online) Arrangement of computational settings 
(Ele-L at upstream side, Ele-R at downstream side) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 9 (Color online) Comparison of wave forces on the moonpool at different widths of narrow gaps ( , ,

) 

 

 
 
Fig. 11 (Color online) Comparison of the behaviors at Ele-L, Ele-R between the fixed and heaving-free moonpools (  is the 

wave elevation at each monitor, RAO is the response amplitude operator of the heaving-free moonpool, the left axis is 
for the wave elevation, the right axis is for the heave RAO) 
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main factor affecting the horizontal wave forces on 
the heaving Body-B in the secondary resonant region, 
similar to the case in the main resonant region[5]. 
    From Fig. 9(c), it is noticed that in the secondary 
resonant region, another peak can be observed for the 
vertical wave forces on the heaving Body-A, with the 
maximum value near 0.556 at = 1.00kh . As for the 
fixed Body-A, its vertical wave force is a great deal 
larger than that of the heaving Body-A in the 
secondary resonant region, and will not tend to 
decrease with the decrease of kh  in the studied range. 
Figure 9(d) presents a very similar pattern as that in 
Fig. 9(c). Detailed analysis of the fixed moonpool can 
be found in the previous work[17]. 
 
3.2 Detailed comparison between fixed and heaving- 

free moonpools 
In Section 3.1, the secondary resonant region of 

the heaving-free moonpool is discussed. In this sec- 
tion a typical moonpool with = 0.05 mgB , =d

0.252 m  is considered. Detailed discussion will 

focuse on the comparison of the fixed and heaving- 
free moonpools. 
 
3.2.1 The leading role of heave response in the secon- 

dary resonant region 
    Two new wave elevation monitors are added into 
the calculation as shown in Fig. 10, namely Ele-L, 
Ele-R, respectively. Ele-L, Ele-R are located at the 
upstream and downstream sides of the moonpool. To 
prevent the numerical oscillation, the areas of the 
length LR = 0.5 gL B  are considered in front of and 

behind the moonpool, and the average value of the 
free-surface elevation of all grids in each area is taken 
as the value of Ele-L, Ele-R, respectively. These two 
areas have been marked in orange color in Fig. 10. 

Figure 11 presents the wave elevations of Ele-L, 
Ele-R for both the fixed and heaving-free moonpools. 
First, we consider the fixed moonpool. At most 
frequencies, the wave elevation of Ele-L is 1.8 times 
greater than the incident-wave height. Before the 
resonance frequency, the wave elevation on the 
downstream side decreases gradually with the increase 
of kh , because of the decreased wave transmission. 
Near the resonant frequency, the wave elevation on 
the upstream side and the downstream side reaches the 
minimum value and the maximum value, respectively. 
The two variation curves are very similar to those of 
the reflection coefficient and the transmission coeffi- 
cient, because near the resonant point, more wave 
energy is used to excite the water resonance in the 
gap[11]. 

Secondly, we consider the heaving-free moon- 
pool. Both Ele-L, Ele-R are greatly influenced by the 
heave response, especially in the secondary resonant  

 
 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 (Color online) Wave elevation in the gap, heave motion 
( )yD  of three typical cases in the secondary resonant 

region (the left axis is for the gap wave elevation, the 
right axis is for the heave motion) 

 
region. For comparison, the heave RAOs are also 
shown in Fig. 11. It can be seen that the heaving 
magnitude of the moonpool in the secondary resonant 
region is much larger than that in the main resonant 
region. The curves of Ele-L, Ele-R get closer to each 
other when the incident-wave frequency is near the 
secondary resonant point due to the heave motion of 
the moonpool, which indicates that the heave response 
dominates in influencing the fluid field. It must be 
emphasized that the wave elevations at the positions 
of the upstream monitor Ele-L and the downstream 
monitor Ele-R reach the minimum value and the 
maximum value, respectively, at both the main and  
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secondary resonant points. The same pattern is ob- 
served as that for the fixed moonpool, which is easy to 
understand from the viewpoint of the conservation of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
energy. It is noted again that the gap resonance pheno- 
menon of the heaving-free moonpool is the coupling 
of the incident-wave-induced excitation and the heave 

 

 
 

Fig. 13 (Color online) Velocity vectors around the narrow gap during a wave period (left side is for the heaving-free moonpool, 
right side is for the fixed moonpool, , , ) 
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response. It is reasonable to conclude that the heave 
response plays a leading role in exciting the secondary 
gap resonance. 

To further confirm the above points, a detailed 
discussion is made for several typical cases of =kh
0.70, 0.80 and 0.90. Figure 12 presents the heave 
motion and the gap elevation of three typical cases in 
the secondary resonant region, i.e., = 0.80kh  is the 
resonant point, =kh 0.70, 0.90 are the other two 
typical cases near the resonant point. It is easy to see 
that the heave motion and the gap elevation have the 
same phase in all three cases. Figure 13 presents the 
velocity vectors around the narrow gap ( = 0.05 mgB ,

= 0.252 md ) during a wave period at = 0.80kh , the 

left subfigures are for the heaving moonpool, the right 
side is for the fixed moonpool, in which, the dashed 
line represents the initial free surface. Figures 13(b), 
13(d) show the two typical moments when the gap 
elevation reaches the peak and through, respectively. 
It is indicated by the heaving-free fluid field that the 
flow near the heaving moonpool is mainly affected by 
the large-magnitude-heaving motion. The vectors in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the fluid field below the moonpool have vertical 
components with the same direction as that of the 
heave motion of the moonpool, whereas generally no 
vertical components are observed for the fixed 
moonpool. The coupling between the incident-wave 
exciting and the heave response affects the resonance 
of the moonpool. In the main resonant region, the 
incident-wave exciting dominates, whereas the heave 
response dominates in the secondary region. 
 
3.2.2 Horizontal wave forces on each side of Body-A 
    With the notations in Fig. 10, the upstream side 
and the downstream side of Body-A, Body-B are 
marked as AL, AR and BL, BR, respectively. The 
horizontal wave forces on each side of Body-A, 
Body-B are separated to see why the horizontal wave 

forces ( A
xF , B

xF ) on the heaving-free moonpool are 

much different from those on the fixed one, especially, 

the remarkable large magnitude of A
xF  on the 

heaving-free moonpool at a low frequency. 
Figures 14, 15 present the horizontal wave forces 

on the faces AL AL( )xF , AR AR( )xF  of Body-A for 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Fig. 14 (Color online) Horizontal wave forces and phase difference on the fixed Body-A (the left axis is for the horizontal wave 

forces, the right axis is for the phase difference) 

 

 
 
Fig. 15 (Color online) Horizontal wave forces on the heaving-free Body-A (the left axis is for the horizontal wave forces, the 

right axis is for the phase difference) 
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the fixed and heaving-free moonpools, respectively. It 
is shown that the horizontal wave forces are not 

always larger than AL
xF , AR

xF  for both the fixed and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

heaving-free moonpools. It is easy to understand that 
Fx

A is decided by the coupling of both the magnitude 

and phase superpositions of AL
xF , AR

xF . Therefore,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Fig. 16 (Color online) Time history of horizontal wave forces 
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the phase difference between AL
xF , AR

xF  is also 

shown. The phase of AL
xF  is chosen as the reference, 

the phase difference is defined as 
 

LR L R=                                                               (20) 
 

where L , R  are the phases of AL
xF , AR

xF , 

respectively, LRΔ  is the phase difference between 
AL

xF , AR
xF , which is shown in Fig. 15. 

    The phase difference between AL
xF , AR

xF  is 
also shown in Figs. 14, 15 as with the right axis for 
comparison. It can be seen from Fig. 14 that both 

AL
xF , AR

xF  have a smaller magnitude than those on 
the heaving-free moonpool in the secondary resonant 
region, meanwhile, they also have a large phase 
difference. A

xF  is shown to have a remarkable low 
value. This phase difference decreases with the 

increase of kh , A
xF  reaches its maximum value at 

= 1.6kh , then, the phase difference quickly 

approaches near 0. AL
xF , AR

xF  almost keep the same 

phase after = 1.7kh , which means A
xF  is only 

affected by the magnitudes of AL
xF , AR

xF . Therefore, 

in this range, A
xF  decreases slowly with kh . 

As shown in Fig. 15, AL
xF , AR

xF  almost keep 
the same phase before the main resonant frequency, 
because the heave response plays a leading role in 
affecting the fluid field in this range. Therefore, it is 
easy to understand the remarkable high magnitude of 

A
xF  in this region. When the incident frequency is 

higher than the main resonant frequency, the phase 
difference will increase with kh , and reaches the 
maximum value at = 1.90kh . Also, this phase 
difference quickly reduces to approach near 0 after

= 2.10kh . The existence of the phase difference leads 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

to the rapid decrease of A
xF  after = 1.68kh . To 

show the coupling of the magnitude and phase 

differences between AL
xF , AR

xF  more directly, the 

time histories of A
xF , AL

xF  and AR
xF  are presented 

in Fig. 16 for both the fixed and heaving-free 
moonpools at the typical incident-wave frequencies of 

=kh 0.80, 1.50, 1.90 and 2.10. 
 
3.2.3 Horizontal wave forces on each side of Body-B 
    It is seen from Fig. 9(b) that the difference of the 
horizontal wave force on Body-B B( )xF  between the 
fixed and the heaving-free moonpools is not such 

conspicuous as that of A
xF . Figures 17, 18 show the 

horizontal wave forces on the faces BL, BR ( BL
xF , 

BR
xF ) and their phase difference for the fixed and 

heaving-free moonpools, respectively. As shown in 
Fig. 17, B

xF , BL
xF  and BR

xF  have the same trend in 
the studied range, they all reach the maximum value at 
the resonant point, which can be explained by the 
phase difference. In the range from =kh  0.6 to 2.0, 
the phase difference keeps at a relatively stable and 
small level. Although the phase difference is much 
changed out of this range, the magnitudes of BL

xF , 
BR

xF  approach a very low level. 

    Figure 18 shows BL
xF , AR

xF  and their phase 
difference for the heaving-free moonpool. Similar to 
the fixed cases, a large phase difference happens with 
the very small AR

xF . Therefore, B
xF , BL

xF  are 
almost the same after the main resonant frequency. 
Before the main resonant frequency, the phase 
difference keeps near 0, due to the heave response as 
explained in detail before. The phase difference 
affects little Fx

B. Detailed time histories of B
xF , BL

xF  

and BR
xF  are shown here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 17 (Color online) Horizontal wave forces and phase difference on the fixed Body-B (the left axis is for the horizontal wave 

forces, the right axis is for the phase difference) 
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3.3 Hydrodynamic resonance for the heaving-free 

moonpool with different body drafts 
We have already made the parameter study of the 

gap width with the corresponding discussions of the 
secondary resonant region. The body draft is another 
important factor to influence the gap resonance pheno- 
menon[5], therefore, we make the parameter study of 
the body draft with consideration of the secondary 
resonant region in this section. 
 
3.3.1 Gap resonance and heave response of the moon- 

pool 
To investigate the effects of the body draft on the 

fluid resonance, we consider the heaving-free moon- 
pool with a constant gap width, = 0.05 mgB , for  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
three different body drafts ( =d 0.103 m, 0.153 m and 
0.252 m). Figure 19 shows the computed gap eleva- 
tions for the narrow gap with different drafts, and 
Table 8 lists the resonant frequencies in different 
cases and the corresponding gap elevations.  It is 
shown that the gap elevation is more sensitive to the 
draft in the main resonant region than in the secondary 
resonant region. However, the draft change plays a 
much more important role in the secondary resonant 
region than the factor of the gap width. In the 
secondary resonant region, the resonant frequency 
decreases with the increase of the body draft because 
of the increase of the volume of water in the gap, 
which is similar to the case in the main resonant 
region[5]. At the same time, the resonant magnitude 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Fig. 18 (Color online) Horizontal wave forces and phase difference on the heaving-free Body-B (the left axis is for the horizontal 

wave forces, the right axis is for the phase difference) 

 

Table 8 Resonant frequency and amplitude for different body drafts 

     

The secondary 
resonant region 

 1.00 0.90 0.80 

 1.145 1.267 1.537 

The main resonant 
region 

 3.30 2.50 1.75 

 1.703 1.877 2.445 

 

 
 

Fig. 19 (Color online) Wave elevation in the narrow gap with different body drafts ( , , ) 
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increases with the body draft. Similar to the case in 
the secondary resonant region discussed in Section 
3.2.1, the heave motion has a large amplitude and 
plays a leading role in influencing the gap field. 
    The heave RAOs of the heaving-free moonpool 
are shown in Fig. 20. Similar to the results of the gap 
elevation, the resonant frequencies of the moonpool 
with different drafts show a large shift in the main 
resonant region. However, in the range of 0.20 <

< 1.00kh , i.e., in the secondary resonant region, the 
heave RAO gradually increases with the body draft, 
which actually reflects the magnitude of the vertical 
wave force on the whole moonpool. 
 

3.3.2 Wave forces on the moonpool 
The wave forces acting on the heaving-free moon- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pool with three different body drafts are shown in Fig. 
21. From Figs. 21(a), 21(b), it is shown that the 
horizontal wave forces on each body increase with the 
increase of the draft due to the increment of the wet 
area in general. When the body draft increases, the 
horizontal wave forces change more rapidly with the 
incident wave frequency. Again, the horizontal wave 
forces show a similar trend as the gap elevation curves 
in the cases of all three drafts. 

For the vertical wave forces, it can be seen in 
Figs. 21(c), 21(d) that the vertical wave forces in the 
secondary resonant region are much larger than those 
in the main resonant region. The ratios of the maxi- 
mum vertical wave forces on Body-A in the secondary 
resonant region to those in the main resonant region 
are 1.75, 1.76 and 1.51 for =d 0.103 m, 0.153 m and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 20 (Color online) Heave RAOs of the moonpool with different body drafts (Bg = 0.05 m, h = 0.5 m, H0 = 0.024 m) 
 

 
 
Fig. 21 (Color online) Wave forces on the moonpool with different body drafts ( , , ) 



 

 
 

663

0.252 m, respectively, while the ratios for Body-B are 
2.28, 2.54 and 2.47 for =d 0.103 m, 0.153 m and 
0.252 m, respectively. 
 
 
4. Conclusions 

In this paper, a CIP-based numerical model is 
established for the piston-mode fluid resonance of a 
heaving-free moonpool in the beam sea. The nume- 
rical model is first validated by the correlation factor 
method. A new resonant region of the heaving-free 
moonpool is identified, namely the secondary resonant 
region. Corresponding characteristics of the secondary 
resonant region are discussed. Meanwhile, the para- 
meter studies of the gap width and the body draft are 
conducted, and the following conclusions can be 
drawn: 
    (1) The developed CIP-based numerical model 
enjoys a low level of uncertainty referring to both the 
time step and the grid size. The free-surface elevation 
in the gap is sensitive to both the time-step resolution 
and the grid size resolution, and the heave motion is 
more sensitive to the grid size resolution. 

(2) Two resonant regions for the heaving-free 
moonpool are identified. The main resonant region is 
mainly induced by the excitation of the incident waves 
located near the resonant region of the fixed moon- 
pool. The secondary resonant region is mainly in- 
duced by the heave motion, at a lower frequency than 
that of the main resonant region. 

(3) The extremum value of the free-surface ele- 
vation at the upstream and the downstream of the 
moonpool is always obtained near the resonant fre- 
quencies, for both the main and secondary resonant 
regions. 
    (4) Significant differences of the hydrodynamic 
characteristics between the heaving-free and fixed 
moonpools are observed in both the main and 
secondary resonant regions. Especially, the heaving-  
free Body-A is acted by a large horizontal wave force 
in a wide range of incident-wave frequencies, due to 
the influence of the phase difference between AL

xF , 
AR

xF , which may be a challenge in engineering 
applications. At the same time, the phase difference 
has little impact on B

xF . 
    The present paper focuses on the hydrodynamic 
resonance of a heaving-free moonpool with a narrow 
gap, which is very close to the situation in the actual 
application. The suggested secondary resonant region 
provides a new way to reduce the negative effects of 
the gap resonance in the lower frequency beam sea. 
The characteristics of the heaving-free moonpool are 
shown through the influence of the heave motion on 
the fluid field and the influence of the phase 
difference on the horizontal wave forces. While the 

secondary resonant region is mainly induced by the 
heave response, further research on other kinds of 
movements in the moonpool at the low wave 
frequency is desirable in future. 
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