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ABSTRACT

A dimensional analysis is presented for piston-mode resonant fluid response between two
identical, fixed, side-by-side barges subjected to Stokes waves. Based on a simplified physical
model, the key parameters governing the resonant response of the water column confined in
the gap are identified. For a two-dimensional deep-water, wave-only configuration, wave
steepness and draft-to-beam ratio are found to be the two principal non-dimensional parameters.
Numerical simulations are performed in a fully nonlinear wave tank over a range of these two
parameters. As the draft-to-beam ratio increases, the non-dimensional resonant wave
amplitude within the gap rises monotonically and then remains almost constant beyond a

certain value. For the considered wave steepness, the resonant response tends to be inversely
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proportional to the wave steepness owing to the quadratic nature of the damping. To this end,

a physics-based empirical formula is subsequently derived to provide a convenient tool for
rapid estimation of resonant fluid response in the considered configuration. Although the
accuracy of this empirical formula depends on the ranges of the governing parameters covered
in the numerical simulations, it demonstrates fairly satisfactory agreement with other existing
experimental and numerical results within similar parameter ranges. It is expected that the
present approach can be extended to three-dimensional gap resonance problems between two
barges where other modes of resonance are predominant.
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1 Introduction
Floating Production Storage and Offloading (FPSO) units and Floating Liquefied Natural Gas
(FLNGQG) facilities have become essential components of the offshore energy supply chain.
Their performance depends on the ability to process and liquefy hydrocarbons onboard and
transfer them safely to carrier vessels in open seas [1]. Side-by-side (SBS) offloading is a
widely adopted configuration, yet under certain wave conditions, piston-mode resonance may
develop in the narrow gap between adjacent vessels. This resonance amplifies the free-surface
elevation and induces strong hydrodynamic coupling, leading to large relative motions and
potential damage to flexible transfer hoses hanging between the vessels. Similar resonance
phenomena occur in other confined marine environments, such as vessel berthing and flow
within ice channels [2]. Gap resonance thus remains a topic of continuing scientific and
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engineering interest, as its nonlinear hydrodynamic behavior governed by, e.g., viscous flow
separation, remains challenging to predict efficiently, while existing experimental and
numerical approaches are often economically or computationally expensive.

In the literature, research on fluid resonance in confined regions with a free surface began with
theoretical analyses based on linear potential-flow theory [3—8]. These studies established
fundamental understanding of modal characteristics and natural frequencies of flow motions
in confined fluid domains. Laboratory experiments were later carried out to validate
theoretical predictions and examine the dependence of resonant responses on geometric and
wave parameters [9—18]. While potential-flow theory can predict natural frequencies of the
flow motion of the water column in the gap with good accuracy, it tends to overestimate wave
elevations due to the neglect of viscous damping in the model [9]. Modified potential-flow
models with empirical damping terms were seen to improve the numerical predictions [11,19—
27], but their accuracy relies on model calibration using experimental or high-fidelity
Computational Fluid Dynamics (CFD) data [28]. With advances in computation, viscous-flow
solvers based on the Navier—Stokes (NS) equations have been employed to study gap
resonance under various configurations [29-39], providing deeper insights into viscous
dissipation and flow separation effects.

Despite these advances, most existing studies address the influence of individual parameters—
such as wave height, draft of the structure, or gap width—on gap resonance [16, 18, 40, 41],
whereas the combined effects of multiple governing factors remain insufficiently explored. In
practice, resonance behavior is jointly influenced by incident wave characteristics, structural
geometry, and gap configuration. Performing exhaustive physical tests or CFD simulations
for all parameter combinations is both time-consuming and costly. Therefore, developing a
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simplified predictive tool that captures the coupled effects of the dominant parameters is of
great practical importance, particularly for preliminary design and feasibility assessments.
Dimensional analysis provides a powerful framework for identifying the key non-dimensional
parameters governing the physics of complex problems such as gap resonances. Once these
parameters are established, existing experimental and numerical data can be interpreted in a
unified framework, enabling the development of simplified empirical correlations that capture
the essential physical trends with minimal computational effort. When properly calibrated and
validated, such formulations can efficiently facilitate engineering applications requiring quick
yet reliable estimates of resonant responses.

In this study, dimensional analysis based on a simplified physical model is conducted to
determine the principal non-dimensional parameters governing piston-mode resonance
between two fixed identical side-by-side barges subjected to incident Stokes waves, from
which it is demonstrated that wave steepness and draft-to-beam ratio are the two dominant
parameters under deep-water, wave-only conditions. These have not been explicitly
demonstrated in earlier studies, which typically only examine the isolated influence of
individual factors, e.g., draft, wave height, or gap width, on the gap resonances, making it
difficult to directly extrapolate the results to other cases with different dimensions. This study
presents the first comprehensive investigation of the combined influence of wave steepness
and draft-to-beam ratio on both the natural frequency and resonant response of the water
column within the gap. Inspired by the analytical solution of the massless-damping-lid (MDL)
model [14, 42-46] with both linear and quadratic damping terms, which yields a simplified
predictive tool capable of representing the key physics documented in the literature, a physics-
based empirical equation is suggested and fitted to elucidate the combined effects of both
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parameters, i.e. wave steepness and draft-to-beam ratio, and to provide efficient predictions
of resonant responses. The proposed formulation is further extended to partially account for
the influence of water depth and validated against existing experimental [16, 18] and
numerical data [36], demonstrating its capability as a practical tool for rapid engineering
evaluation of gap resonance. A two-dimensional (2D) fully nonlinear numerical wave tank
(NWT) based on the commercial CFD software STAR-CCM+, which has been verified and
validated in our previous studies [47, 48], will be used to provide the dataset in fitting the
empirical equation, spanning thirteen draft-to-beam ratios and five wave steepness values.
The remainder of this paper is organized as follows: Section 2 presents dimensional analysis
to identify the key non-dimensional parameters involved in the gap resonance. Besides, the
numerical flow model applied in this work is briefly introduced. Then, the computational setup
of the 2D fully nonlinear NWT is described in Section 3, followed by the introduction of the
designed incident waves in Section 4. Verification and validation work against the NWT and
the applied numerical models are provided in Section 5. Next, numerical results of natural
frequencies of the flow motion of the water column within the gap and its resonant responses,
accompanied by the discussion regarding the influences of wave steepness and draft-to-beam
ratio of the barges on the gap resonance, are presented in Section 6. An empirical formula,
explicitly defining the relationship between the resonant response with the above two
parameters, is suggested, followed by an extension to include the effect of water depth along
with further validation against experimental and numerical results. Finally, concluding
remarks are summarized in Section 7.
2 Methodology
Following the Buckingham z-theorem [49], which emphasizes the importance of examining
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non-dimensional quantities in physical processes, as well as physical scaling laws,
dimensional analysis is carried out in Section 2.1 to identify the non-dimensional parameters
governing the resonant fluid response between two barges in the SBS configuration.

For numerical models (Sections 2.2 and 2.3), a comprehensive 2D fully nonlinear NWT is
established based on the NS equations within the commercial CFD software package STAR-
CCM+. A standard setup routine commonly utilized in both open-source [50, 51] and
commercial free-surface CFD packages [52—-54] is used, as illustrated in Fig. 1. To account
for viscous dissipation, the Unsteady Reynolds-Averaged Navier—Stokes (URANS)
turbulence model is employed within the entire NWT. The interface between the air and water
phases, considered as the free surface in this study, is captured using the Volume of Fluid
(VOF) multiphase model [55]. Two forcing zones are set up near the two ends of the tank,
within which the numerical solutions are combined with a reference regular-wave solution
provided by the applied wave theory. A blending function is employed to ensure the
generation of target waves with high accuracy. Waves generated in the left forcing zone
propagate through the inner domain, interact with the structure, and march into the right
forcing zone at the opposite end of the tank. Within the inner domain, where the structure is
located and wave-structure interaction is simulated, the numerical solutions of the NS

equations remain unblended.
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Figure 1 A sketch of the 2D fully nonlinear NWT with two identical, fixed and SBS barges

in the middle. B; is the breadth of a single barge. By is the gap width. B = 2B, + B, denotes

the characteristic beam length of the barge system. d is the identical draft of the barges. h is

the water depth. x; is the length of the forcing zones. ‘SWL’ represents the still-water level.

2.1

Dimensional analysis

As a premise, the fluid density (p) and gravitational acceleration (g) are considered as
constants. Six dimensionless parameters are prone to be relevant to this gap resonance
problem: kA, kh, kB, d/B, B, /B and Re. Here, k and A are the wavenumber and wave
amplitude of the incident waves, respectively. h denotes the water depth. B = 2B + B,
represents the beam of the two barges, where By is the breadth of a single barge and By
is the gap width. d is the identical draft of the barges. Re represents the Reynolds
number. In this study, we start with a deep-water condition with sufficiently large kh,
while in Sections 6.3.2 and 6.3.3, a simple correction will be introduced to partially
account for the water-depth effect, with validation against the existing experimental and
numerical results. The Reynolds number has relatively less effect as the flow separation

will occur at the sharp edges regardless of the Re value for the applied barge
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configuration when Froude-scaling the present model-scale study to full-scale realistic
SBS offloading operations, as will be illustrated in the following Section 5 and
Appendix E. Consequently, only four parameters are left (kA, kB, d/B, B;/B) of
concern in the following dimensional analysis.

Only the resonant piston-mode response is considered and the non-resonant conditions
are of less interests in practice, Eq. (1) from Molin [4] is introduced here as a reference
to determine the natural frequency of the flow motion of the water column within the

gap-.

g

O | M

where g is the gravitational acceleration and C is a constant slightly larger than 1.0 [4].
To simplify, C is set equal to 1.0 in this study. Free-decay tests in the fully nonlinear
NWT are also used to estimate the natural frequency for piston mode response, which

will be introduced in the following context.

Then both sides of Eq. (1) are normalized by multiplying \E:
o, - \/E N I B \/E
" g d+3?9[§+1n(%)] g (2)

and a non-dimensional natural frequency is obtained:

_ 1
Wn = |3 Bga| B \|' 3
J A E“n(ﬁ)] 3
According to the linear dispersion relation, the natural frequency can be written as:
w? = gk, tanh(k,h), 4)

where k, is the wavenumber corresponding to the natural frequency. Since the
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considered k,, h in this study is sufficiently large and thus tanh(k, h) = 1, Eq. (4) can

be transformed by substituting w,, with its dimensionless counterpart w,:
2

(@ J2) = ghn ()
Both sides of Eq. (5) are then square-rooted:

@y, - \/% = Jgk,. (6)
Finally, Eq. (6) is combined with Eq. (3):

1 J—
j;ff:-; e 7

As seen in Eq. (7), when resonance occurs, k, B can be determined by the other two

parameters d/B and B, /B. Furthermore, we will only consider very narrow gaps in this
study, and thus B, /B affects marginally the natural frequency of the flow motion of the
water column in the gap, as will also be discussed in Section 6.1.1, and subsequently the
resonant gap response. Therefore, the left-hand side of Eq. (7) becomes \/B_/d as B, /B
is sufficiently small, and thus the draft-to-beam ratio d /B is the only primary parameter
that determines k,B. In summary, wave steepness kA and d/B are the two most
important parameters governing the hydrodynamic interaction in the present study.
Their influences on the natural frequency of the flow motion of the water column
confined in the gap and its response at resonance will be extensively investigated in
Section 6.
2.2 Numerical flow models
2.2.1 Governing equations

The governing NS equations are expressed as [56]:
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0 _
24V (7)) =0, ®)

0(pD)
at

+V- (po®%) =~V pl+ V- (T +Ty) + pg + qy. )
Here, p is the fluid density. ¥ = (&, w) is the mean velocity vector of the fluid
points. t represents the time. @ denotes the outer product. p is the mean pressure
and I is the identity tensor. g is the gravity vector. g4 denotes the source term in
the momentum equations and is non-zero within the forcing zone. T represents the
mean viscous stress tensor and T, denotes the Reynolds stress tensor [57].
The eddy viscosity model is applied to solve T, and hence provides closure of the
governing equations Egs. (8) and (9). The turbulent eddy viscosity p; is used to
model the stress tensor as a function of mean flow quantities, known as the
Boussinesq approximation [58]:

Ty = 208 — 5 (ueV - DI (10)
In this study, pu; is solved using the standard low-Re k-¢& turbulence model to
decrease the turbulent viscosity near the free surface [59] with all-y+ wall treatment,
which provides more choices of damping functions to be applied in the viscous-
affected regions near walls [60]. Two additional transport equations for the kinetic
energy k; and the turbulent dissipation rate ¢ are introduced [61]:

a(pk _
25 4 V- (k) = V- | (u + g—;) Vke| + P — p(e — 20). (11)

29 4 V- (pew) = V- (u + %) Ve] +Tiecglpg — Corfop (Ti - ;—z) (12)

where oy, 0., C¢q1, Cep are model coefficients. P, and P, are production terms. T,
(= k/¢) is the large-eddy time scale. f, is a damping function. &, is the ambient
turbulence value in the source terms that counteracts turbulence decay [62], which

then introduces a specific time-scale Ty. The default values in STAR-CCM+ are
10
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applied for all these parameters related to the turbulence model [56].
To capture and update the free surface, the VOF method is employed, where the

volume fraction « in grid cells is defined as:

0, 1n air
a=+¢ 0<a<l, at the surface (13)
1. in water

Then the spatial variation of any fluid property f, e.g., the density p and the
dynamic viscosity u, can be represented as a weighted average of the quantities in
both phases:

f = afwater + (1 = Q) fair, (14)
in which the subscripts “water” and “air” denote the properties of the corresponding
phases, respectively.

A transport equation for the volume fraction of water « is to be solved when only
water and air phases are considered, which reads:

3—f+v-(av) =0, (15)
and volume fraction of the air phase is adjusted to ensure that the sum of the volume
fractions of the two phases is 1. For all the simulations in the present study, « = 0.5
is adopted to mark the free surface.
2.2.2 Wave forcing

A wave forcing technique in STAR-CCM+ is applied to generate waves and absorb
wave reflections by smoothly enforcing the prescribed nonlinear solution over a set
distance through modulating q4 in the source term [54]. The wave forcing applies

only to the momentum equations in Eq. (9) and q can be represented as:
qp = —vp(P — ¢°). (16)
11
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2.3

Here, y denotes the forcing coefficient. Its optimum value y,p to achieve the best
wave absorption can be determined according to the procedure suggested by Peri¢
and Abdel-Maksoud [63]. ¢ represents the current numerical solution of the
momentum equations and ¢* is the prescribed incident-wave solution. The velocity
and volume fractions of the incident waves are defined based on the applied wave
theories within the forcing zones. The length of the wave forcing zone xf can
typically be chosen as A < xy < 24 [64]. Here A is the incident wavelength. The

forcing coefficient varies smoothly within the forcing zone as follows:

*

y(x™) = ~Ymax COS (ﬂ: )9 (17)

in which ¥, 4« 18 the maximum value of the forcing coefficient. x* is the normalized
distance from the cell considered to the boundary in the direction of wave
propagation with respect to the length scale of the forcing zone.
Numerical implementations
The above governing equations, Egs. (8), (9), (11), (12) and (15), are solved in STAR-
CCM+ using the finite volume method, with all integrals approximated by the midpoint
rule. The resulting coupled system of equations is then linearized and solved by an
iterative implicit unsteady segregated solver, using a multigrid method. The second-
order upwind scheme is applied for the convection terms, and the temporal discretization
scheme is also of second-order accuracy. Eight inner iterations are performed in each
time step to solve the governing equations for all the simulations in this study. A Courant
number C; (= cAt/Ax) < 0.2 is guaranteed near the free surface to satisfy the Courant-
Friedrichs-Lewy (CFL) condition. Here, ¢ denotes the celerity of incident waves. Ax

and At represent the spatial and temporal resolution, respectively. For more details on

12
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the schemes and solvers regarding the numerical model, interested readers are referred
to the book [65] or the STAR-CCM+ user guide [56].
3 Computational Setup of the Numerical Wave Tank

A 2D fully nonlinear NWT, as shown in Fig. 1, is established in STAR-CCM+ to study the
effects of wave steepness kA and draft-to-beam ratio d/B on the gap resonance. The length
of the tank is determined based on the considered incident wavelength A. The velocities and
volume fractions of wave incidence are prescribed based on the fifth-order Stokes wave
solution [66] in the wave-forcing zones at both ends of the flume, each length of which is set
to one incident wavelength. A pressure outlet is applied to the top boundary, with specified
values as the atmospheric pressure. Only one layer of meshes is employed along the transverse
direction of the 2D NWT, with the symmetry boundary conditions applied on both side walls
of the flume. A slip wall condition is imposed on the sea bottom, while a no-slip wall condition
is applied to both barge surfaces. The Cartesian coordinate system is located at the middle of
the flume and aligned with the SWL, with waves propagating along the x-axis and elevating
along the z-axis. Two identical, fixed and SBS barges are positioned at the center of the wave
flume and symmetrical to the origin. Numerical simulations start from the state where
theoretical solutions of the incident fifth-order Stokes waves are predefined and evolve with
time.
A trimmed mesh is utilized throughout the entire domain, with a typical configuration
illustrated in Fig. 2. To accurately capture the wave elevation, 20 mesh cells per wave height
are employed along the vertical z-direction near the free surface with a size of Az. The mesh
size along the wave propagation (x-direction) within the free surface refinement, denoted as
Ax, is chosen to maintain an aspect ratio of Ax/Az = 4. Finer meshes are also adopted to

13
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record the near-barge flow field and the flow separation at the sharp corners of the barges.
Meshes are further refined within the narrow gap to better resolve the wave elevation. The
prism layers are extruded from the barge surfaces to resolve the boundary layer, with the near-

wall y+ value strictly below 1.

(a)

Figure 2 Mesh configuration: (a) around the barges; (b) close to the gap.

For the free-decay model to determine the natural frequency of the flow motion of the water
column in the gap, wave incidence and forcing zones are absent. The same trimmed meshes
are utilized. All the dimensions of the barges and the gap within are consistent with those in
the wave dynamic system.

4 Wave Conditions

In numerical simulations, fifth-order Stokes waves are employed as the incident waves in this
study. Five values of wave steepness (k,A = 0.02,0.025,0.03,0.035 and 0.07) and thirteen
draft-to-beam ratios d /B ranging from 0.15 to 1.00, leading to a total of 65 combinations, are
considered to study the flow motion of the water column within the gap and the resonant gap
response. The wave conditions are marked by scatters in Fig. 3 together with the existing wave
theories, confirming that all the considered incident waves belong to deep-water waves. When
k,A = 0.02, the group of incident waves hit the threshold between linear and Stokes second-
order waves. As k,A increases, the waves fall entirely into the regime where the Stokes

second-order wave theory is applicable. Separate numerical free-decay tests have also been

14
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carried out to estimate the natural frequencies w,, for different d/B.
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Figure 3 Incident waves considered in the present study (reproduced under the OA CC BY
4.0 license from Le Méhauté [67] ©1976, Springer). Here, H is the wave height and T is the
wave period. h denotes the water depth. The black square, red circle, blue triangle, green star
and magenta diamond represent the incident waves with k, A = 0.02,0.025, 0.03,0.035 and
0.07, respectively.

Considering that the dimensional analysis described in Section 2.1 is based on the linear
dispersion relation, it remains questionable whether the analysis can be applied to the adopted
incident waves where the second-order Stokes wave theory works. To certify, the third order

dispersion relation is also considered:
15
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) 9-100>+90* 2
RN {” sorkA) | (18)

Part 2

where o = tanh(k,,h). The high-order term, Part 2 in Eq. (18), varies between 1.0004 and
1.004 for the five considered k,, A values, meaning that the linear dispersion relation is a good
approximation. Therefore, the present dimensional analysis can be applied to all the
designated incident waves.
5 Verification and Validation

The established NWT and applied numerical models have been verified and validated in our
previous works [47, 48], which are summarized in Appendices A-D. For the mesh
convergence study, less than 1.0 % differences are found for the time-averaged wave
amplitude in the middle of the empty tank, exactly where the gap center is located with barges
in the tank, for three mesh resolutions when compared to the theoretical solution of the fifth-
order Stokes wave theory. For the wave-barge system, the discrepancy falls within 2.3 % for
the coarse, medium, and fine mesh configurations. Therefore, the medium mesh configuration
is applied for all the numerical simulations in this study. The numerical free-decay model is
also validated and the coincident result, showing the largest difference of only 4.1 % with the
experimental data, certifies its applicability to predict the natural frequency of the flow motion
of the water column within the gap. Furthermore, the ability of the NWT to capture the piston-
mode frequency of the gap when resonance occurs under wave-only conditions is justified
against the validated free-decay model. In this section, only the applicability of dimensional
analysis in investigating the considered gap resonance, originally proposed in this study, is
validated. A series of simulations is carried out and the wave-induced responses within the
gap at resonance are compared with the experimental data [16] and other numerical results

16
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[36]. Four combinations of barge draft and gap width are selected. The barge dimension of the
present numerical models is doubled relative to those used by Saitoh et al. [16] and Moradi et
al. [36], corresponding to a geometric scale ratio of 2, while all the key dimensionless
parameters are maintained identical. The beam-to-gap ratio is kept constant as B/B; = 21, in
consistent with the model tests. Only the wave elevation within the gap at resonance is

considered, and the response amplitude is compared in Fig. 4.

T T T T
—— Exp. (Saitoh et al., 2006) or Num. (Moradi et al., 2016)
6 F~©--Num. (present) =
A Check point

o’

0.05 0.10 0.15 0.20 0.25 0.30 0.35
d/B

Figure 4 Normalized wave height in the gap at resonance (Hy), /H, with various draft-to-
width ratios of the barges d/B. (Hg;), is the crest-to-trough wave height in the gap at its
resonance. Hy is the incident wave height. The blue triangle is a checkpoint, representing the
result of the present numerical model using the same size of barge models as the experiments
[16] and numerical simulations [36]. All the other results are based on model setup with twice
the size of those in Saitoh et al. [16] and Moradi et al. [36].

As shown in the figure, the present numerical results agree with both the experimental

measurements and previous numerical solutions. The corresponding relative discrepancies are
17



This is a Just Accepted version, keep updated with https://doi.org/10.26599/O0CEAN.2026.9470018
OCEAN 2026, 2, 9470018

summarized in Table 1. The largest difference of +11.5% is observed at d/B = 0.10. To
further examine possible scale effects, an extra simulation is conducted using the same size of
barge models as the experiments in Saitoh et al. [16] at d/B = 0.24, represented by the
‘Check point’ in Fig. 4. The results show that the observed discrepancies do not originate from
the scale effects, but possibly from the numerical uncertainties in the applied CFD model and
experimental errors in the model tests. As discussed, the satisfactory comparison confirms that
the dimensional analysis introduced in Section 2.1 provides a reasonable basis to investigate
the gap resonance problem under wave-only conditions.

Table 1 Relative difference E (%) of non-dimensional resonant gap responses between the
present model and experimental or other numerical solutions. k,, is the resonant wavenumber
and A, denotes the incident wave amplitude. h represents the water depth. The result in

parentheses at d/B = 0.24 corresponds to that of the ‘Check point’ in Fig. 4.

QB kA, " (Hg)n/Ho (Hg)n/Ho E(%)
(Present) (Exp. or Num.)

0.10 0.066 0.21 2.77 3.13 —11.50

0.15 0.052 0.31 3.40 3.66 -7.10

0.24 0.037 0.50 4.71 (4.69) 5.04 —6.55 (—6.94)

0.33 0.030 0.70 5.64 6.08 —7.24

Moreover, a sensitivity study is carried out to demonstrate the Re effect on the resonant gap
response, the details of which are demonstrated in Appendix E. This is achieved by changing
the kinematic viscosities of water and air in the numerical simulations, while all other settings

remain unchanged. As discussed, for the critical case considered in the present study (k,A =
0.02 and g = 0.98), the Re value indeed affects the resonant gap responses when Re =

1.0 x 108, after which the response is less sensitive with Re within the considered Re range

18
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(from 6.7 x 10* to 1.0 x 107). However, the numerical result presented in this study is
derived at a model scale. When Froude scaling to a full-scale ship, the Re value will fall into
the regime where the resonant gap response is insensitive to Re. Therefore, the Reynolds
number has less effect on the response amplitude of free-surface elevation within the narrow
gap at resonance during the realistic scenario of marine operations.
6 Results and Discussions

According to the dimensional analysis described in Section 2.1, two key parameters, wave
steepness kA and draft-to-beam ratio d /B, are identified as the primary factors influencing
the gap response at resonance. To investigate the combined effects of these two parameters, it
is first crucial to accurately determine the natural frequency (w,,). Accordingly, free-decay
tests are conducted in Section 6.1 to examine the isolated effects of gap-to-beam ratio B, /B
and draft-to-beam ratio d/B on w,. Based on the results, a relatively small B; /B is chosen,
lower than which w,, remains sufficiently close to its asymptotic value with B; /B — 0.
Inspired by the MDL model, the isolated and combined effects of d/B and k,A on the
resonant gap response are investigated in Section 6.2 and Section 6.3.1, respectively, with an
empirical fitting equation derived to estimate the resonant gap responses. The obtained
equation is further corrected in Section 6.3.2, following the linear potential-flow theory, to
partially account for the influence of water depth k, h. Finally, the proposed formulation is
validated in Section 6.3.3 by comparison with the experimental data and the results of both

the present and previous numerical models.
6.1 Gap natural frequency

6.1.1 Effect of beam-to-gap ratio B/B,

Ten gap widths By are selected with the identical beam size of each barge B, thus
19
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B = 2B + B, varies with By, leading to the variation of B; /B from 0.005 to 0.048.
The draft of both barges is kept constant as 0.5B;. The normalized natural
frequencies are obtained using the present free-decay model, as shown in Fig. 5.
The solutions by the analytical formula Eq. (1) are also included. It is observed that
the results of the present free-decay model are close to the analytical solutions, with

the largest relative difference of only —1.9% at the maximum B, /B = 0.048.

o, (Blg)*2n
o
T
1

0.10

T
1

0.05 - —

—T+— Free-decay model

--O-- Analytical_Eq.(1)
000 " 1 " 1 " 1 " 1 #
0.00 0.01 0.02 0.03 0.04 0.05

B /B

Figure 5 Non-dimensional natural frequencies of the flow motion of the water
column within the gap with various gap-to-beam ratios B, /B.

In generally, the natural frequency decreases with the gap-to-beam ratio. When the
gap width is relatively small, the strong boundary effect tends to confine the wave
motion within the gap. The path of wave propagation within the gap is also short.
These result in a higher natural frequency. The natural frequency becomes more
sensitive to the increase of gap width. The boundary effects weaken and the

formation of standing waves within a wider gap becomes harder, leading to a
20
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reduction in the natural frequency.

Since the effect of the gap-to-beam ratio on the resonant gap response is not
considered in the present study, an appropriate B, /B should be adopted that yields
an insignificant impact on the natural frequency and thus the resonant gap response.
As shown in the figure, the variation of the gap width will not excessively affect the
natural frequency when B;/B < 0.024, i.e. B/B; > 41. Therefore, the beam-to-
gap ratio B /B is set as 41 in all the following simulations.

6.1.2 Effect of draft-to-beam ratio d /B

For the draft-to-beam ratio d /B, nine different values, varying between 0.049 and
0.44, are considered. Here, d varies solely and B is kept identical. The normalized
natural frequencies are attained from the numerical free-decay tests and compared
with Molin’s analytical formula [4] (see also Eq. (1)) in Fig. 6. Coincident results
are observed, and the numerical results converge more to the analytical ones as the
draft increases. At a lower d/B, i.e. with a small draft, the natural frequency
exhibits a rapid decrease. A small draft means less mass of water confined in the
gap, leading to faster oscillation of gap fluid and, consequently, higher sensitivity
of the natural frequency to the draft. As d/B increases, the rate of decrease slows
down and begins to level off. On the other hand, the natural frequencies obtained
by the present free-decay model are applied in the next Section 6.2 to investigate
the effects of draft-to-beam ratio d /B and wave steepness kA on the resonant gap

response.
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Figure 6 Non-dimensional natural frequencies of the flow motion of the water

column in the gap with various draft-to-beam ratios d/B.
6.2 Gap response at resonance

Numerical simulations are carried out to investigate the isolated effects of the draft-to-
beam ratio and wave steepness on the amplitude of free surface elevation in the gap at
resonance under wave conditions. The beam-to-gap ratio B /By is set constant as 41 and
the water depth is regarded as sufficiently large. Based on the natural frequencies in Fig.
6, the corresponding wavenumbers at resonance can be obtained according to Eq. (6).
6.2.1 Effect of draft-to-beam ratio d/B
Figure 7 shows the normalized wave heights in the gap at resonance under five
values of wave steepness (k,A = 0.02,0.025,0.03,0.035 and 0.07) for a range of
draft-to-beam ratios. At the start, the resonant gap response gradually rises with

d/B. As d/B goes beyond 0.6, the response tends to stabilize at a certain value,
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indicating that the gap resonance is less sensitive to d/B if it is sufficiently large.
This can be attributed to the lower excitation force acting on the gap fluid. When
the barge draft is larger, the wave dynamics become weaker at the level of the gap
entrance, exciting a smaller dynamic pressure there. Overall, five groups of results
with different wave steepness exhibit a similar trend, while the responses for a
smaller k, A are higher than those for larger k,,A. This is due to the presence of

quadratic damping, as will be explained later in Section 6.2.2.

%t |
B
OO il PR R
2k o —E A =0.020_
--0--k,4=0.025
B, =0.030 ]
o=k, A = 0.035
Ir O I A = 0.0707]
1 L 1 L 1 1 1
0.0 0.2 04 0.6 0.8 1.0
d/B

Figure 7 Non-dimensional resonant gap responses H,/H with various draft-to-
beam ratios d /B under waves with different steepness k,A. H is the incident wave
height and A = H/2 is the wave amplitude.

6.2.2 Effect of wave steepness kA
The results of resonant gap responses in Fig. 7 are reorganized and shown in an
alternative form to illustrate their dependence on the wave steepness. As shown in

Fig. 8, the non-dimensional wave heights H, /H within the gap at resonance exhibit
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a nonlinear decrease with increasing k,, A for different d/B. This behavior can be
explained by the MDL model, applied in Fournier et al. [43]. The steady-state
motion response in this model is described by a linear-harmonic-operator (LHO)
system (see Eq. (194) in Newman [68]):

Az3j3(t) + B3snz(t) + C33m3(t) = Fex (1), (19)
where A5 denotes the heave-heave added mass of the lid confined by the two
barges. B33 and (35 are the corresponding damping and restoring coefficients of the
gap-flow system. In case the damping force is nonlinear, B35 is understood as the
linearized equivalent damping coefficient, including all damping sources. F.,(t)
and n5(t) represent the wave excitation force and heave motion of the lid,

respectively.

—0—dIB-0.195
-0~ diB = 0390
O dfB = 0.585-
<= dIB=0.780
s diB=0976

0
0.02 0.03 0.04 0.05 0.06 0.07
kA
Figure 8 Normalized resonant gap responses with various wave steepness k,A for
different draft-to-beam ratios d/B.

A steady-state solution is pursued here, meaning that all transient effects have died
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out due to the presence of damping. The system is subjected to a time-harmonic
excitation force in heave, expressed as Fo(t) = Re{AX3ei“’t}, where w is the
oscillating frequency. Here, Re{-} denotes the real part of a complex number. A is
the incident wave amplitude and X3 is the complex excitation force coefficient per
unit wave amplitude. The imaginary unit is denoted by i. The steady-state solution
to Eq. (19) is time-harmonic at the same frequency as F,,(t), given by n5(t) =
Re{fg ei‘*’t}, where &5 represents the complex heave amplitude of the lid. By
inserting the excitation force and heave response into Eq. (19), &5 can be obtained

as follows:

AX3
—A33(1)2+1333(A)+C33.

$3 = (20)

Since C33 = w2 - A5 at resonance, the non-dimensional heave amplitude of the

free surface in the gap at the natural frequency can be obtained:

€3] _  |X5]
A wn B33’

21)

Here, B33 consists of two contributions: a linear damping (B;) mainly due to wave
radiation and friction within the boundary layer between the gap flow and the barges,
which can be related to the excitation force coefficient |X3|, and an equivalent

damping (B;) due to quadratic force caused by viscous flow separation. If the
quadratic damping force is F; = —bgnsl|ns|, B; can be estimated as B, =
%bqwnlg%l based on energy conservation. Here, b, is the quadratic damping
coefficient. Therefore, Eq. (21) is rewritten as:

&3l _ | X3 _ | X3
23— = 5 .
A wn(B1+Bq) wnBl+ﬁbqw121|f3|

(22)
Then a quadratic equation of |&;5] is obtained:
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8
quwﬂ&lz+wnBl|E3|—A|X3| =0, (23)
for which the two roots can be analytically defined. Using the deep-water dispersion

relation w;; = gk, and taking only the positive root of Eq. (23), we have:

18l _ 2|X3] — X3
4 ﬁ<31+ /Bf+%qu|X3|> /T ()’ (24)
where the following non-dimensional variables have been defined:
o 21X _ 32 bglXs|
|X;5| = Bifok and a = . (25)

In this study, we consider very narrow gap with sufficiently small B;/B. As a
leading order approximation, the terms |X3|, B; and b, are linearly proportional to
the gap width B, . Therefore, the B;-dependent terms cancel out in the expressions
of |X3| and a respectively, and thus these two parameters are independent on By.
This explains why B,/B is not considered as an important non-dimensional

[€3]

parameter in our dimensional analysis in Sect. 2.1 as long as e is concerned.

In summary, the dependency of % on the wave steepness is explicitly defined in

Eq. (24), where according to our dimensional analysis, the other variables |X;| and
a, are primarily dependent only on the draft-to-beam ratio d/B.

While Eq. (24) represents an exact solution for Eq. (23), two special cases can be
checked. If linear damping dominates, which means B; > B, and thus @ — 0, Eq.

(24) leads to:

1l 1%l 0
=~ 2 o (KA. (26)
The right-hand side of Eq. (26) does not explicitly depend on kA.Therefore, based

on the dimensional analysis in Section 2.1, E%' primarily depends on d/B if linear
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damping dominates.

On the other hand, when B, dominates the damping with B; > B; and thus a > 1,

1§51 1X3| _ [3m _|Xs]
A Jakd) \’89 b (kA)’ @7

depends not only on d/B but is inversely proportional to VkA. In

we get:

&l
A

In this case,
Section 6.3, the combined effects of d/B and kA on resonant gap responses will be
discussed. The form of the solution in Eq. (24) will be utilized to develop an
empirical equation to fit the numerical results in Figs. 7 and 8.
6.3 An empirical equation for non-dimensional gap responses at resonance
6.3.1 Dependence on d/B and kA
Applying a least-square fitting to the numerical results in Fig. 7 for a range of d/B
and kA, an empirical equation can be developed as a quick tool to predict the

resonant gap responses for the considered SBS configuration. As discussed in

Section 6.2.2, the non-dimensional coefficients |X;| and a in Eq. (25) are primarily
. .o d AN . .
only functions of d/B, i.e. |X53| = f; (E) anda = f, (E)' Since wave kinematics

decay with vertical distance to water surface, the wave excitation force coefficient
|X5| decreases monotonically with d/B if B is kept constant, meaning that the
corresponding non-dimensional parameter |)? 3| also decreases with d /B. The same

applies for the linear damping B;. We introduce the following non-dimensional

form for |X3|, B, and by:

& | _ X3l — B 7 _ bg
|X3|_prg’ L™ pgByJBlg and b pBg’ (28)

Based on Eq. (1), the natural frequency w,, is inversely proportional to \/d /B when
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B, /B is sufficiently small. Plugging Egs. (28) and (6) in Eq. (25), we get:

= d) _ 2ixs| _ 2pgBylX;| _21X] 1
Xl = fu (B)—Blm—(slpgagmy(anm)‘ B o’ 29

where |X;|, B; and @, depend primarily on d/B.

Similarly, the coefficient @ = f, (%) can also be expressed as:

d 32 bglX3| 32 |X31b 32 |X3] bg 1
a=f, <_) === l= (30)
B 3m KBj 3m  Bj 3m By By wy

Based on Egs. (29) and (30), we will propose empirical expressions for |)?3| =

fi (%) and a = f, (g) that will be used to fit the numerical results of the CFD

simulations in Fig. 7. When looking at the common term % which appeared in Egs.
l
(29) and (30), since both |X;| and B, decrease with d/B, we will approximate

X d . ..

% ~a; ot a;. Here, a; and a, are constants. In fact, if the incident wavelength
l

is much longer than the dimensions of the structures, it can be shown using the long-

wave approximation (see Eq. (163) in Newman [68]) that both |)? 3| and B, decay

. . —kd _kBE _(T)Zg — . .
exponentially with d/B as e =e " B=¢e¢ "B. For w,, we can write it as
W, = dl according to Eq. (3) where c¢; is another constant. Finally, Eq is

E+Cl
expected to have a very week dependence on d/B. Therefore, we can also
approximate |X3| and « as:

1X3| = (%%"‘az) ’%"‘ €1

T (31
anda = by (0 2+ ;) (G4 ¢, ) el @)+

Therefore, an plausible empirical formula inspired by Eq. (24) could be:
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Gl aE (o) e (32)
W Z(B) 1+ 1+b1(a1g+a2)(%+01)e[ 1(z) +1] “(knA)

where a;, a,, b; and c¢; are the unknown coefficients to be fitted based on the
numerical results in Figs. 7 and 8.

Figure 9 demonstrates the 3D least-square fitted surface of the normalized wave

|f3|

crests = = R(d /B, k,A) in the gap at resonance with a group of d/B and k, A

combinations considered in the present study. The numerical results in Fig. 7

obtained by the present CFD model are also included and denoted as scatters. It is

observed that the fitting performs very well, with the numerical results close to the

fitted surface. The normalized sum of the squares of the residuals, defined by §% =

i [(“g)i“—(%g)i’““‘]
]

num

. . . Hg)\ fit Hyg
data points applied for the fitting. (7) and (7) represent the results by the
l

l

, 1s as small as 0.0007. Here, N = 65 denotes the number of

fitted equation and the CFD simulations, respectively. The fitted coefficients in Eq.
(32) are listed in Table 2. Furthermore, the results in Fig. 7 are again repeated here
in Fig. 10 to compare with the fitted results (represented by curves), which clearly
illustrate satisfactory performance of the empirical fitted equation.

Table 2 Fitted coefficients in Eq. (32) using the least-square fitting to the present

numerical results by CFD simulations.

a; a, by 1

11.19 77.85 62.21 —0.03
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Figure 9 3D fitted surface of the normalized resonant gap response l%‘v’l =

R(d/B, k,A) as function of the draft-to-beam ratio d /B and wave steepness k,A.

The open circles represent the present numerical results displayed in Fig. 7.
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Figure 10 Fitted curves of the normalized resonant gap response li%l

R(d/B, k,A) as function of the draft-to-beam ratio d /B and wave steepness k,A.

The scatters represent the present numerical results displayed in Fig. 7.
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6.3.2

With the empirical formula in Eq. (32) and the coefficients given in Table 2, we can
compare the relative importance of the quadratic damping and the linear damping

by considering the ratio between them:
a 1§31 a
BTl 16 \/7 NG 1851 = 5 () 25 %51 33)

For the considered ranges of d/B and k, A 1s found to vary between 2.72 and

15.52. In general, this ratio becomes larger for larger d/B and k,, A, indicating that
the dominant contribution of quadratic damping is expected under such scenarios.
This can be explained as follows. With a larger d /B, the piston motion of the water
column in the gap makes smaller waves, leading to smaller wave-radiation damping
B, whereas By is insensitive to d/B. On the contrary, B;~bgwy,|&;| will be larger
for a larger k, A, while By is less dependent on k,A.

Modification of fitted equation regarding water depth kh

Since the above-mentioned numerical results and fitted formula are derived under
an infinite water depth. To roughly account for the water-depth effect on the
resonant gap response but without introducing kh as the third non-dimensional
parameter, an extra kh-related term will be explicitly supplemented into the fitted
formula Eq. (32), based on the linear wave theory.

For the considered dynamic SBS wave-barge system, the wave excitation force,
Fox (t) in Eq. (19), to induce the oscillation of the gap fluid mainly comes from the
hydrodynamic pressure along the gap entrance [42]. For deep water, the amplitude
of the hydrodynamic pressure of the incident wave at the level of the gap entrance

(draft d) is represented as:
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Paw = pgAe %% cos f. (34)
Here, p is the density of water and 8 is the wave phase. pg,, Will contribute to the

Froude-Krylov part of F.,. However, with finite water depth, the pressure becomes:

h[k(h—d)]
Prw = P % 0s 6. (35)

The ratio between these two pressures is defined as:

e2kh 4 o2kd

,3 _ Pfw _ cosh[k(h—a)] ekd _ (36)

Pdw coshkh T e2khyq
Therefore, the fitted formula Eq. (32) is modified to consider the water-depth effect

on the excitation force as:

& qd -
== =R( 5 knd koh) ~ R (5. knA) B

d d
(a1§+a2) §+C1 e2kh+e2kd (37)

= " T e2khyg -

41
1+\/1+b1(a1g+a2)(g+c1)e[cl(§) +1] “(knA)
Since h > d and k,,d > 0, ( is no less than 1. When k,, h is sufficiently large, f =
1 and thus Eq. (37) becomes the same as Eq. (32) originally developed for deep
water. To show the necessity of considering the effect of water depth, extra
simulations are carried out for various intermediate water depths k,h, and the
numerical results are compared with the modified formula Eq. (37) in Fig. 11. In
these cases, d/B and k,A are kept constant. Notably, k,, varies with water depth,
the values of which are derived from the present free-decay tests. In the figure, the
wave amplitude within the gap at resonance experiences a sharp rise as the water
becomes shallower due to the rapid increase in excitation forces at the level of gap
entrance [35, 36, 69]. The modified equation Eq. (37) follows the same trend as the
CFD results and the difference becomes smaller when the water depth increases,

while the original expression Eq. (32) is independent of water depth and the fitted
32



This is a Just Accepted version, keep updated with https://doi.org/10.26599/O0CEAN.2026.9470018
OCEAN 2026, 2, 9470018

results deviate far from the CFD ones when water is shallower, indicating the
importance of involving water depth in predicting the resonant gap responses. When
comparing the fitted result by Eq. (37) to those of the CFD simulations, a larger
deviation is observed for smaller water depth, with about 19.4% smaller value
obtained at k,,h = 1.89. The reason is that the simple water-depth correction factor
B in Eq. (36) can only account for part of the water-depth effects, which is based

on the vertical decay rate of the Froude-Krylov excitation force.
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Figure 11 Normalized resonant gap responses H,/H with k, h at the draft-to-beam
ratio d/B = 0.488 and wave steepness k,A = 0.02. The black solid line with a
square denotes the numerical results obtained by the present CFD model. The red
dashed line with a circle and the blue dotted line with a triangle represent the values
calculated by the fitted formulas with and without the water-depth modification, i.e.
Eq. (37) and Eq. (32), respectively.

6.3.3 Validation against other experimental and numerical results
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To examinate the applicability of the proposed empirical formula Eq. (37), we
compare its prediction of wave amplitudes in the gap at resonance with other
existing experiments [16, 18] and numerical simulations [36], as listed in Table 3.
The values of d/B, k,A and B /B, are also provided. As demonstrated, the results
derived by the fitted equation agree well with those by experiments and numerical
simulations under large k,h, (e.g., k,h = m). For two deep-water cases (k,h =
7.630 and 9.810), the fitted results are about 12% higher than the numerical
solutions of Moradi et al. [36], which is unexpected. This is attributed partly to the
numerical error in Moradi et al. [36] and partly to the error of the presented
empirical formula. The latter predicts consistently constant non-dimensional
responses for k,,h > 1, which agree with the trend of our high-fidelity CFD results
in Fig. 11. On the contrary, the numerical results by Moradi et al. [36] show a
dramatic decrease at k,h = 7.630 and 9.810, which seems to contradict with the
underlying physics. When the water depth is sufficiently large, the incident and
scattered waves cannot ‘feel’ the presence of the gap, and thus the results should
tend to their deep-water asymptotes. The comparison also shows that Eq. (37) can
predict the resonant gap responses at smaller k, 4, (e.g., k,A < 0.1).

Table 3 Comparison of resonant gap responses by the fitted formula with those by

experiments and numerical simulations under k,h > 7.
Case d/B k,A k,h B/B, Hy/H R E(%)
Saitoh et al. [16] (exp.) 0.102 0.096 4.000 101.00 1.637 1.591 —2.823
Ning et al. [18] (exp.) 0.159 0.136 3.400 21.00 2.200 1.515 -31.14
0.143  0.036 4.449 21.00 2661 2.724 +2.366
0.143  0.036 5932 21.00 2.594 2.723 +4.990

Moradi et al. [36] (num.)
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0.238 0.030 3.693 21.00 3.455 3.262 -—5.588
0.238 0.030 4924 21.00 3423 3.258 —4.811
0.238 0.030 6.173  21.00 3.327 3.253 —2.200
0.238 0.030 7.406 21.00 2.990 3.253 +8.812
0.333 0.026 3.249 21.00 3.966 3.635 —8.335
0.333 0.026 4368 21.00 3.941 3.605 —8.535
0333 0.026 7.630 21.00 3.214 3.606 +12.18
0333 0.026 9.810 21.00 3.222 3.606 +11.90

It should be noted that the fitted relation in Eq. (37) is obtained under the
assumptions of deep water, small wave steepness and large beam-to-gap ratio.
Accordingly, when Eq. (37) is applied to the experimental and numerical cases that
do not satisfy these assumptions, reduced accuracy is expected. For example, Table
3 also presents a case with k,A = 0.136 in Ning et al. [18] where Eq. (37)
substantially underpredicts the response. This bias is likely due to the fact that the
fitting used only numerical results with k,A < 0.07. A broader comparison with
data outside the validity range, captured from Saitoh et al. [16], Ning et al. [18] as

well as Moradi et al. [36], has also been conducted. Across this set, the root-mean-

fit data1?
CORICON

M
/L is approximately 20%. Here,

square error, defined as S =

fit
M = 45 denotes the number of data points involved in this fitting. (%) and
J

H

data
(Fg) represent the results by the empirical formula and the experimental or
J

numerical simulations, respectively.

In summary, we expect that the corrected fitted expression Eq. (37) can be applied
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with confidence for large water depth (e.g., kh = m), small wave steepness (e.g.,
kA < 0.1) and large beam-to-gap ratio (e.g., B/B; > 41). It is also expected that if
more numerical or experimental results, with broader ranges of water depth ratio,
beam-to-gap ratio and wave steepness, are considered in the least-square fitting
process, the prediction by the presented empirical formula will also be applicable
for a larger regime of these key parameters.

6.3.4 Engineering relevance and future perspectives
In practical offshore operations, accurate prediction of fluid resonance in the narrow
gap between vessels is essential for assessing relative motions, evaluating loads on
the fastening system and liquid-transfer hoses, and defining safe environmental
operating windows. However, high-fidelity CFD simulations or extensive physical
model tests that quantify these effects can be computationally expensive and
time-consuming, especially when exploring a broad range of wave conditions or
vessel loading states.
The empirical correlation developed in this work offers a computationally efficient
alternative by providing rapid estimates of resonant amplitudes using only two
primary non-dimensional parameters: wave steepness (kA) and draft-to-beam ratio
(d/B). This enables fast screening analyses to identify combinations of
environmental and geometric conditions that are more susceptible to strong gap
resonance, thereby narrowing the parameter space for subsequent detailed
simulations. Such early filtering is particularly valuable during concept selection
and preliminary layout design stages, where numerous configurations and loading
scenarios must be evaluated.
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Furthermore, the explicit form of the empirical correlation make it suitable for
embedding into lightweight engineering tools or spreadsheet-based calculators used
in industry. It can serve as an inexpensive module within broader offloading
assessment frameworks or time-domain simulation environments, reducing the
need for repeated CFD campaigns during iterative design processes.

According to the previous studies on 3D gap resonances [23, 29, 70-78], in beam-
sea waves, resonant free-surface responses in the gap contain two primary
contributions: standing waves due to first-mode response and a spatial mean shift
due to end effects. The elevation profile along the gap is always symmetric to the
gap center under beam-sea conditions, with the maximum resonant gap response
occurring at the gap midpoint due to the dominating modal-type response at
resonance. Moreover, in head seas, the response profiles exhibit clearly propagating
wave behavior instead of standing waves, attributed to the boundary conditions at
the open ends of the gap. Clear asymmetric behavior appears as a consequence of
wave—structure interaction, with a much higher value of the most critical resonant
gap response obtained close to the bow than at the gap midpoint.

To develop a similar empirical formula for 3D gap resonances, similar procedures
as presented in this study can be followed, where the length-to-beam ratio must be
introduced as another key non-dimensional parameter. Correspondingly, 3D
simulations covering interested ranges of non-dimensional parameters must also be
performed. Machine learning technique may be used to collect the numerical dataset
and carry out the multi-parameter fitting with the assistance of physical models
regarding 3D gap resonances. The modified formulation can be applied to predict
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the resonant amplitudes of free-surface elevation along the gap under beam-sea
wave conditions, especially at the gap midpoint where critical responses are pursued.
However, in head seas, additional parameters, e.g. wave directions, Froude or
Reynolds numbers, are needed to achieve a satisfactory prediction of resonant gap
responses. Following this procedure, the formulation could also help in establishing
scaling guidelines for converting model-scale resonance behaviour to full-scale
predictions.
To summarize, by linking the derived numerical trends with their practical
implications, the empirical model proposed here provides not only improved
physical insight into piston-mode gap resonance but also a tangible engineering tool
that supports efficient and cost-effective decision-making in the design and
operation of side-by-side offshore systems.
7 Conclusions
A dimensional analysis is conducted to identify the key parameters related to piston-mode
resonances in the narrow gap between two identical, fixed and SBS barges with same drafts.
A 2D fully nonlinear NWT is established using CFD to obtain the natural frequency through
free-decay tests of the flow motion of the water column within the gap. Thirteen barge drafts
and five values of wave steepness are considered to study the combined effects of the draft-
to-beam ratio and wave steepness on the fluid response in the gap at resonance. By utilizing a
simple massless-damping-lid (MDL) model and results obtained by the numerical model, an
empirical expression is proposed to predict the variation of resonant gap response with draft-
to-beam ratio and wave steepness. Furthermore, the empirical formula is modified to partially
account for the effect of water depth and validated against the experimental and other
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numerical results. Through this study, some conclusions can be drawn:

® Six non-dimensional parameters are identified relevant to the 2D piston-mode gap
resonance problem, four of which (wavelength-to-beam ratio kB, gap-to-beam ratio
B,/B, draft-to-beam ratio d/B and wave steepness kA) are considered in the present
study under the wave-only condition at infinite water depth. According to the analytical
solution of the natural frequency as well as the potential flow wave theory, kB is
primarily dependent on B, /B and d/B. Moreover, under the assumption of a small B, /B,
d/B and kA are the two primary factors dominating this hydrodynamic interaction.

® Through free-decay tests, the natural frequency increases first with B/B,, before
stabilizing at larger B/B,. However, a reversed trend is observed for its variation with
d /B, showing a monotonic decrease with d/B.

® Regarding the gap response at resonance, the growingd/B results in the increasing
resonant response for all values of k,A considered in the present study, and then it
remains constant after a certain d/B value. On the other hand, the resonant wave
amplitude in the gap exhibits a nonlinear decrease with k,, A for all the considered d/B.
It can be explained by the functions of damping and excitation force during resonance
through the MDL model, which provides theoretical foundation to suggest an empirical
fitting equation.

® In the fitting equation to predict the resonant response in the gap, an inverse proportion
to \/kn_A is expected for the k,A-related term while the rest terms are assumed as
polynomials of d/B according to the MDL model. The ratio of quadratic damping to
linear damping are dependent on both d /B and k,, A, with a more dominant contribution
of quadratic damping over linear damping under larger d /B and k,A.
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® To include the water-depth effect k,,h, a simplified correction of the fitting formula is
carried out based on linear wave theory. The modified formula predicts the resonant gap
responses well with satisfactory coincidence to the numerical CFD results when the water
depth gets larger.
® By comparison with the results from experiments and other numerical simulations, the
modified formula gives reasonable predictions in the resonant gap response under the
conditions of negligible gap widths, sufficiently deep water, and small wave steepness.
In summary, the present study provides a clarified understanding of the dominant non-
dimensional parameters governing piston-mode gap resonance and the first systematic
analysis of the coupled influences of wave steepness and draft-to-beam ratio on the natural
frequency and resonant response of water column confined in the gap. This work also proposes
a practical two-parameter empirical formulation and its water-depth-corrected extension for
prediction of resonant amplitudes, accompanied by satisfactory validation against
experimental and numerical data. The present results are also extrapolatable regardless of the
actual dimensions of the structures.
In addition to the above scientific findings, the results of this work hold several practical
implications for engineering analysis and offshore design. The proposed two-parameter
empirical relation provides a computationally inexpensive means to approximate resonant gap
responses without resorting to high-fidelity CFD simulations, which are often prohibitively
time-consuming during early-stage design of side-by-side offloading systems. These can also
serve as a rapid screening tool to identify combinations of wave conditions and loading
draughts likely to trigger strong piston-mode resonance, efficiently narrowing the parameter
space before performing more detailed hydrodynamic simulations or model tests. Moreover,
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the empirical formulation can be readily embedded into pre-design tools, e.g., spreadsheet-
based calculators or lightweight numerical modules used within concept-selection workflows,
to provide quick estimates of gap response envelopes for operability assessment, hose load
prediction, or preliminary layout evaluation. The simplicity of the scaling allows it to be
integrated into system-level simulators or time-domain offloading analysis frameworks where
repeated evaluation of gap resonance would otherwise be too costly. With additional
calibration covering broader parameter ranges and potential extension to three-dimensional
configurations, the model may also contribute to scaling guidelines used to map model-scale
experiments to full-scale conditions while maintaining consistency in the dominant
hydrodynamic mechanisms.

Overall, the empirical correlation developed in this study not only enhance the physical
understanding of piston-mode gap resonance but also offer an efficient predictive tool that can
support preliminary design and feasibility assessments for offshore side-by-side operations.
Further dedicated studies are pursued to improve the accuracy within the considered regimes
of the key parameters. It is also expected that more key factors, such as Froude and Reynolds
numbers, can be taken into account to enlarge the applicability of the fitting formula and

possibly extend the formulation to 3D gap resonance problems.
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Three mesh resolutions within the free surface refinement zone, including coarse,
medium, and fine meshes, are employed in the spatial convergence study. The mesh
configurations are listed in Table Al, where Ax and Az are the cell sizes in the
horizontal and vertical directions, respectively. As mentioned in Section 3, Az is kept
constant so that 20 meshes per wave height are maintained while Ax varies to achieve
different mesh resolutions. The incident wave with k, A = 0.02, which combines with
d/B = 0.98 to yield the largest resonant gap response in Fig. 7 among all the adopted
wave steepness, is considered here as an example. It has to be noted that all the other
wave incidences are carefully verified whereas the details are not shown here due to
space limits.

Table A1 Details of the coarse, medium, and fine mesh configurations for free surface
refinement. Here, A denotes the incident wavelength and H represents the incident

wave height.

Mesh resolution (Ax/Az) No. of cells A/Ax H/Az
Coarse (8) 314,600 406 20
Medium (4) 522,600 813 20
Fine (2) 917,800 1,625 20

Figure A1 presents the time histories of normalized wave elevation 7] = 1;/A in the
middle of the NWT (x = 0) (also the center of the gap with the presence of barges)
for three mesh resolutions. The solution based on the fifth-order Stokes wave theory
is also included for comparison. The periodic results for five consistent wave periods
from 12T to 16T are selected. It can be observed that the wave elevation is insensitive
to the mesh resolution, and the results for all three mesh resolutions coincide well with
the theoretical solution. The relative differences of the normalized time-averaged
wave amplitude 77, = n,/A, compared to the theoretical solution, are only —0.90%,
—0.76% and —0.81% for the coarse, medium and fine resolutions, respectively (See
also the summary in Table A2). Therefore, the medium mesh configuration for the
free-surface refinement is applied in all the following simulations regarding the wave-

barge dynamic system to generate the qualified waves.
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Figure A1 Normalized wave elevation 7] = 1; /A at x = 0 for three mesh resolutions

of free surface refinement. T denotes the incident wave period and A denotes the

incident wave amplitude.

Table A2 Relative difference E (%) of the normalized time-averaged wave amplitude

fla = Na/A to the theoretical solution at x = 0 of three mesh resolutions for free

surface refinement.

Mesh resolution (Ax/Az)

E(%)

Coarse (8)
Medium (4)
Fine (2)

—0.90
—0.76
—-0.81

Appendix B Mesh Convergence for Wave-barge System

The spatial convergence study is further carried out with barges in the NWT using

three resolutions of refined meshes in the gap, close to the barge corners and the region

around the barges. The meshes in the free surface refinement remain unchanged as the

medium configuration in Appendix A. Similarly, a coarse mesh, a medium mesh and

a fine mesh are employed, the configurations of which are listed in Table B1. Here,

Ag, and Ag, represent the mesh sizes within the gap in the horizontal x- and vertical

z-directions, respectively. The same representation works for those near the barge
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corners (As, and As,) and the region around the barges (Av, and Av,). The same
incident wave and draft-to-beam ratio of the barges as the empty-tank verification,
kn,A = 0.02 and d/B = 0.98, are applied. The beam-to-gap ratio is set up as B/B,; =
41 based on our discussion in Section 6.1.1.

Table B1 Details of the coarse, medium, and fine configurations of mesh refinement
in the gap, near the barge corners and the region around the barges. Here, Ag; (j =
x, z) represents the mesh sizes within the gap in the horizontal x- and vertical z-
directions, respectively. The same representation works for the meshes near the barge

corners As; and in the region around the barges Av;.

rei\:leustlilon No. of cells Ag/Ax Ag/Az Asi/Ax  As:/Az Aw/Ax  Avi/Az
Coarse 737,872 0.375 1.5 0.75 3.0 1.5 6.0

Medium 1,296,592 0.25 1.0 0.5 2.0 1.0 4.0
Fine 3,501,544 0.15 0.6 0.3 1.2 0.6 24

Figure B1 presents the time histories of normalized wave elevations 7j, = 1,4/A in the
gap between two barges under the incident wave for the three mesh resolutions. A
steady state of four wave periods, 32T-36T, is selected for comparison. As shown in
the figure, the free-surface elevations in the gap are close for the three considered
mesh resolutions. Compared to the fine mesh, the relative differences of normalized
time-averaged amplitudes of gap responses 74, = 144/A for the coarse and medium
mesh resolutions are only +2.31% and —1.11%, respectively, as listed in Table B2.
To summarize, the medium mesh configuration is used to refine the barges and the

gap in between for all the later simulations of the dynamic wave-barge system.
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Figure B1 Normalized wave elevation 7j, = 1,4/A in the gap for three resolutions of
mesh refinement within the gap, near the barge corners and the region around the
barges.

Table B2 Relative difference E (%) of the normalized time-averaged wave amplitude

flga = Nga/A in the gap for three resolutions of mesh refinement to the fine mesh

resolution.
Mesh resolution E(%)
Coarse +2.31
Medium -1.11
Fine 0

Appendix C Validation of the Numerical Free-decay Model
A similar NWT to the physical experiments in Saitoh et al. [16] is established with the
same configuration of barge models. In the present numerical free-decay model, an
initial released position of the gap fluid is achieved by user-defined functions for
volume fractions of air and water phases, similar to that applied in Ding et al. [48],
and the natural frequency can be estimated by performing Fast Fourier Transform

(FFT) on the free-decay curve of wave elevation in the gap. Three barge drafts and
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four gap widths are tested, and the normalized natural frequencies are displayed in
Fig. C1, together with the experimental measurements. As displayed, the obtained
results coincide well with the experimental data, except for cases with large drafts and
small gap widths. However, the largest relative discrepancy is only +4.12% at

B/B; = 51.0 and d/h = 0.50, as listed in Table C1. In general, the numerical free-

decay model is qualified to predict the piston-mode frequency of the flow motion in

the gap when resonance occurs.

0.50 T T T T
——Num._d=0.214
--O--Exp. d=021h
—L—Num.,_d=0.31%
0.45 - -v--Lxp. d=031h T
—F—Num._d - 0.50%
--D--Exp._d=0.50%
& 040 | .
n
?-\
S0
=
= - el
5 0.35
0.30 - &
0.25 . L . . L s 1
S 15 25 35 45 55

Figure C1 Non-dimensional natural frequencies of the flow motion of the water
column in the gap between two identical, fixed and SBS barges with an equal draft d.
Here, w, denotes the natural frequency. B and B are the characteristic beam length
and gap width of this configuration of barge system, respectively. The solid and
dashed lines represent the results from the numerical free-decay tests and the physical
experiments, respectively.

Table C1 Relative difference E (%) of the numerically determined non-dimensional
natural frequencies of the flow motion of the water column in the gap, in comparison

to experiments.

B/B, d/h =0.21 d/h =0.31 d/h =0.50
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15.3 +1.27 +1.07 —0.16
21.0 +0.23 +0.40 +0.67
34.3 —0.47 +0.48 +2.64
51.0 +0.29 —0.61 +4.12

Appendix D Validation on Gap Natural Frequency
The ability of the NWT to capture the natural frequency of the flow motion of the
water column within the gap is validated against the above-validated free-decay
model. The NWT setup is kept consistent with that in Ding et al. [47]. A constant wave
steepness kA = 0.035 is maintained. Nine incident wave frequencies are tested and
the time-averaged non-dimensional amplitudes of wave elevation in the gap are
obtained. As demonstrated in Fig. D1, the amplitude reaches the peak at w,, = 0.277.
The corresponding frequency obtained by the free-decay model Wy is also included
in the figure, which coincides with @,,. To summarize, the established NWT is reliable

in predicting the natural frequency of this dynamic system under wave conditions.
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Figure D1 Normalized wave height in the gap H;/H, with a range of incident wave
frequencies. Here, H, represents the crest-to-trough wave height in the gap and H,

represents the incident wave height. w is the incident wave frequency. The black
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dashed line represents the natural frequency wsy derived by the numerical free-decay

model.

Appendix E Reynolds Number Effect on Resonant Gap Responses

Wn

We define the Reynolds number as Re = @, where |r7g| ==

H .
4 denotes the velocity

amplitude of time-harmonic resonant gap responses and v represents the kinematic

viscosity of water. Different definitions of Re may be followed, but it will not influence the

conclusions. As an example, the incident wave with k, A = 0.02, interacts with the barge-

gap system at% = 0.98 to yield the largest non-dimensional resonant gap response in Fig.

7 among all the considered conditions, is selected as an example. Five Re values, ranging

from 6.7 X 10* to 1.0 X 107, are considered, and the non-dimensional resonant amplitudes

of the free-surface elevation within the gap are monitored. As observed in Fig. E1, the

resonant gap response shows a monotonic increase with Re within the considered Re range.

When Re < 1.0 X 105, the response is sensitive to Re. After that, the response rises slowly

with Re. As discussed, the Re value indeed has a significant effect on the gap response at

resonance. A roughly 33.7% difference of response amplitudes between the minimum and

maximum Re values is observed. However, the numerical result presented in the paper

under k,A = 0.02 and% = 0.98 is obtained at a model scale with the barge draft of 2 m,

and thus a Reynolds number Re = 9.4 X 10°5. When Froude scaling to a full-scale case

with a ship draft of, for instance 12.5 m, the Re value at full scale will be

12.5

9.4 X 10° X G

)15 = 1.5 x 107 for this case. It falls within the regime where the

resonant response in the gap is less sensitive to the Re value, with an error of nearly 7.2%,

indicating a dominant flow separation effect. Therefore, the Re effect on the resonant gap

response is little for the cases considered in this study when scaling to the realistic scenario

of marine operations.
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Figure E1 Non-dimensional resonant gap responses % with% = 0.98 under the incident
wave with k, A = 0.02. Re is the Reynolds number. H is the incident wave height and A =
g is the wave amplitude. The red dashed line denotes the Reynolds number in model scale

with (Re)model = 9.4 X 10° and the blue dotted line represents the Reynolds number in
model scale with (Re)g,; = 1.5 X 107.
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