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Keywords: Numerical modelling is important in many fluid dynamics applications, yet robust benchmarking is required to
Sloshing quantify uncertainty. This study presents results from a blind comparative benchmark of isothermal sloshing
Faraday waves in a circular tank. Sloshing is relevant to many engineering applications, including offshore shipping, where
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vessel motions can excite internal fluid motion, generating impact loads and affecting stability. A series of
horizontal and vertical excitation cases of increasing complexity are considered. Participant solutions for free
surface displacements are compared against physical model data that was withheld until after submission.
Across all cases, the numerical models generally capture the dominant frequency. Typical errors are 10-15%,
with some participants achieving 2%. For vertical excitation, larger discrepancies occur at the sidewalls,
attributed to over-predicted run-up and difficulties in modelling breaking processes. Most submissions employ
high-fidelity approaches with moderate spread in the results. In addition, an Al-accelerated approach was
submitted, showing promising performance for less severe cases but requiring further development for extreme
conditions. The results highlight that current numerical models capture the primary sloshing dynamics, but
accurate representation of damping remains a challenge. These test cases provide a long-term benchmark for
assessing numerical sloshing models, and are freely available through the CCP-WSI catalogue.
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1. Introduction

Numerical modelling is a vital tool for analysing wave-structure
interaction problems. This has led to the development of a wide range
of computational approaches, which span the full spectrum of model
fidelity, with the choice of method typically driven by the trade-
off between computational efficiency and the level of physical de-
tail included. However, in many offshore applications, substantial un-
certainty remains regarding the appropriate level of model fidelity
required for accurately simulating interactions between waves and
offshore or coastal structures.

The Collaborative Computational Project in Wave Structure Inter-
action (CCP-WSI) Blind Test Series aims to address this uncertainty
and support the advancement of numerical modelling standards. These
comparative studies invite members of the wave-structure interaction
community to voluntarily apply their numerical models to a series
of carefully designed test cases, representing a broad range of wave-
structure interaction complexities. Each case is released as a blind
test, providing sufficient detail for participants to simulate the prob-
lem. Participants submit blind numerical results, without access to
the physical modelling ground truth. Submitted results are then com-
pared with the experimental data, and the full physical modelling
dataset is published, establishing a benchmark for future model devel-
opment. Previous CCP-WSI comparative studies have considered wave
interaction with floating production, storage, and offloading struc-
tures (Ransley et al., 2019), wave energy converters (Ransley et al.,
2020a,b), and floating wind turbines (Yu et al., 2025). The present
study presents the results of CCP-WSI Blind Test Series 5, which focuses
on isothermal sloshing in a circular tank.

Fluid dynamic sloshing is a complex free surface phenomenon aris-
ing from the motion of liquid within partially filled tanks which are
typically subjected to external excitation. Although sloshing can some-
times be quite benign, it can also produce violent responses to even
small disturbances of the tank, particularly at or near resonance. Slosh-
ing related challenges arise in a wide range of applications, including
Liquefied Natural Gas (LNG) cargo tanks onboard ships and Liquid Hy-
drogen (LH2) fuel tanks in aircraft. In offshore shipping, vessel motions
can excite the fluid contained within the tank, generating impact loads
capable of damaging tank walls and modifying ship stability. Simi-
larly, in aviation, fuel sloshing can become strongly coupled with the
aircraft’s global motion and influence its dynamic response. Such cou-
pling presents significant design and operational challenges; therefore,
understanding and mitigating sloshing induced loads and associated
pressure variations is crucial for maintaining system stability.

Researchers have employed several approaches, including analyti-
cal, experimental and numerical methods, to investigate sloshing phe-
nomena. However, because the focus of this paper is on the numerical
modelling of sloshing, the present review is limited to studies that
use computational approaches to simulate sloshing. For a broader and
more comprehensive overview of sloshing theory, experiments and
applications, the reader is referred to Ibrahim (2005), Faltinsen and
Timokha (2009), and Ibrahim (2020).

Numerical models used to study sloshing can broadly be categorised
into non-viscous and viscous formulations. Non-viscous approaches are
typically based on potential flow theory and, owing to their computa-
tional efficiency, have formed the basis of several key studies in the
past (Faltinsen, 1978; Faltinsen et al., 2000; Faltinsen and Timokha,
2001). However, since they neglect viscosity, these models are unable
to capture several important aspects of sloshing, particularly when the
fluid motion is strongly nonlinear or when there is breaking of the
free surface. In contrast, viscous modelling frameworks, most notably
Computational Fluid Dynamics (CFD) solutions of the Navier-Stokes
Equations (NSE), are able to capture the full range of flow physics,
enabling a more accurate representation of the phenomena. As com-
puting capability has improved over recent decades, sloshing research
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has therefore increasingly shifted towards CFD-based numerical inves-
tigation, encompassing both mesh-based and mesh-free techniques. On
the mesh-based side, the Finite Difference Method (FDM) (Chen and
Nokes, 2005; Wu and Chen, 2009; Tuyen et al., 2013; Wu et al., 2013),
and, more commonly, the Finite Volume Method (FVM) (Dias et al.,
2007; Schreier and Paschen, 2008; Peric et al., 2009; Thiagarajan et al.,
2011; Oxtoby et al., 2015; Jéager, 2019; Huang, 2023; Sanapala et al.,
2024) have been used. In mesh-based NSE solvers, accurately repre-
senting the moving phase boundary requires an additional interface
capturing framework. Among the most widely used approaches for
this are the Volume of Fluid (VOF) method (Hirt and Nichols, 1981)
and the Level Set Method (LSM) (Sussman et al., 1994). However,
both of these approaches are not without its limitations. The VOF
method conserves mass inherently, but because the volume fraction
field behaves as a step function it can compromise the accuracy of
the computed interface curvature. On the other hand, the LSM allows
for smoother interface curvature calculations, but it does not conserve
mass as effectively as VOF. Despite these limitations, both VOF and LSM
remain widely popular and continue to be integrated into the standard
FDM and, more commonly FVM, framework. In parallel, mesh-free par-
ticle methods, including the Smoothed Particle Hydrodynamics (SPH)
method (Rudman et al., 2009; Colagrossi et al., 2010; Rafiee et al.,
2011; Shao et al., 2012) and the Moving Particle Semi-Implicit (MPS)
method (Young Yoon et al., 1999; Pan et al., 2008; Kim et al., 2014)
have also been used. The reader is referred to Konar and Das (2025)
for an overview of the latest developments in the numerical modelling
of liquid sloshing.

This paper summarises the work submitted to the sloshing com-
parative study from a total of 13 contributions. The organisation of
the rest of the paper is as follows: Section 2 describes the sloshing
tank geometry and the experimental setup, and outlines the assessment
criteria provided to the participants, including the blind test parame-
ters; Section 3 gives a brief description of each contributing code and
its underlying numerical approach(es); Section 4 discusses qualitative
behaviour of the flow by comparing a representative numerical model
with experimental recordings using snapshot-based comparisons; Sec-
tions 5 and 6 present quantitative assessments against the experimental
measurements in the frequency and time domains, respectively, includ-
ing an evaluation of numerical errors; and the conclusions from the
comparative study are drawn in the final section.

2. CCP-WSI Blind Test Series 5

The present blind test is ‘CCP-WSI Blind Test Series 5: Isothermal
Sloshing in a Circular Tank’. A cylindrical tank, partially filled with
water, is forced either horizontally or vertically, depending on the
specific case. This section outlines the physical modelling setup, the
sloshing behaviour observed for each case, and specifies the numerical
data requested from participants.

2.1. Physical experiments

Physical modelling was conducted at the COAST Laboratory, Uni-
versity of Plymouth, UK, using a horizontal cylindrical tank made
of transparent cast acrylic (Colville et al., 2025). The tank, with a
diameter of 0.4m and a depth of 0.04m was partially filled with
water under isothermal conditions at 20 °C and atmospheric pres-
sure (1.013bar), giving water and air densities of 998kg/m3 and
1.204 kg/m3, respectively.

A global coordinate system (x, y, z) is defined with the origin at
the tank centre (Fig. 1), where x is horizontal, y is longitudinal, and
z is vertical. Sinusoidal acceleration was applied using an electrome-
chanical actuator for both horizontal and vertical excitations. The fill
level, h, is expressed as a dimensionless ratio /D relative to the tank
diameter, while the excitation amplitude, A, and driving frequency, f,,
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D=0.4m

Fig. 1. Diagram of the CCP-WSI Blind Test Series 5 setup.

are given in millimetres (mm) and hertz (Hz), respectively. For hori-
zontal excitation, the tank starts at the maximum x, with the actuator
initially pushing in the negative x direction; for vertical excitation, the
tank starts at the minimum z, with the actuator initially pulling in the
positive z direction.

The motion of the tank and the liquid free surface were cap-
tured using a high-speed camera and subsequently analysed with an
image-processing algorithm, providing measurements of the tank dis-
placement, the global free surface shape, and the position of the fluid’s
centre of gravity. The maximum resolution of the camera (i.e 1 pixel)
was 0.46 mm. In post-processing, the sidewall is assumed to be 5 pixels
(2.3 mm) inside the wall due to increased noise at the edge of the tank.

2.2. Test cases

Six cases are reported in this work: three horizontal and three
vertical excitation cases, with varying excitation frequency, amplitude
and fill level. The test cases presented in Table 1 were selected from the
broader experimental campaign of Colville et al. (2025), with the aim of
capturing progressively increasing physical complexity, including beat-
ing, Faraday wave formation, free surface breaking, and travelling wave
behaviour. The excitation frequencies were chosen close to the natural
sloshing frequency (or approximately twice this value for vertically
excited cases), where strongly nonlinear free surface responses are ex-
pected. The resulting case matrix was intended to provide a structured
benchmark for assessing numerical approaches across a range of flow
regimes and modelling fidelities, including conditions where simplified
free surface treatments may begin to lose accuracy.

Participants were provided with the experimental details in Sec-
tion 2.1 together with the theoretical input curves used in the exper-
iments (CCP-WSI Working Group, 2025). This included the direction
of excitation, fill level, driving frequency, amplitude and initial tank
position (Table 1). The theoretical natural frequency, calculated based
on the eignvalues of the geometry (Mclver, 1989), and observations
regarding free surface breaking are also included in Table 1 for com-
pleteness, but this information was not provided to the participants
prior to submission.

2.3. Assessment criteria

Participants were asked to provide the vertical coordinate of the free
surface elevation at the left and right sidewalls for all cases. For the
vertical excitation cases, the free surface elevation at the tank centre
(x = 0) was also required. In most cases, the submitted time series
were requested from the start of excitation (n, = 0) and continued
for a specified number of cycles N, as listed in Table 1. Cases H2 and
H3 differed in that only the quasi-steady response, established after 80
cycles (n, = 80), was considered. As the blind test is conducted on a
voluntary basis, not all participants submitted data for every case.
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Table 1

CCP-WSI Blind Test 5 parameters: shorthand ID (ID); excitation direction
(Exc.) - horizontal (H) or vertical (V); fill level (h/D); excitation amplitude
(A); driving frequency (f,); theoretical natural frequency (f,); assessment
criteria start cycle (n,); assessment criteria number of cycles (N); and whether
breaking (Br.) was observed (Y) or not (N) in the experiments. The natural
frequency (f,) and breaking observations were not provided to the participants
prior to submission. All other quantities were known to participants and define
the imposed experimental forcing conditions.

ID  Exc. h/D A fa o no N Br.
[-1 [mm] [Hz] [Hz] [-1 [-1 [-1
HI H 0.3 2.0 1.300  1.203 0 65 N
H2 H 0.3 2.0 1180  1.203 80 17 N
H3 H 0.7 0.5 1450 1471 80 21 N
ViV 0.3 2.0 3790  1.895 0 227 N
V2 v 0.5 4.0 3882 1941 0 116 Y
V3 Vv 0.5 8.0 3882 1941 0 58 Y

2.4. Physical modelling behaviour

The qualitative behaviour observed in the physical modelling was
not disclosed to participants prior to the submission of their numerical
predictions. This section summarises the key features of the experimen-
tal response and outlines the intended motivation for including each
case in the blind test. This information can be used in conjunction with
the physical modelling time series’ data presented in Fig. 2 and image
data presented in Figs. 3 and 4, to aid understanding.

2.4.1. H1

Case H1 is a relatively simple scenario in which the driving fre-
quency was set slightly above the first antisymmetric frequency of the
tank and the excitation amplitude kept deliberately low. This configu-
ration produces a modest liquid free surface response while also giving
rise to a characteristic beating effect (Fig. 2a) resulting from the small
offset between the driving and natural frequencies.

2.4.2. H2

Case H2 investigates a more nonlinear response regime in which
the physical model exhibits a pronounced asymmetry between the side-
walls (Fig. 3). This behaviour, observed consistently in the experiments,
includes a travelling-wave component superimposed on the expected
antisymmetric mode, although the underlying cause of the asymmetry
remains unclear. This corresponds to resonance conditions, yielding the
highest experimental response for the given excitation amplitude.

2.4.3. H3

Case H3 examines a higher filling level in the horizontal configura-
tion. Although the excitation amplitude in this case is small, the liquid
exhibits nonlinear behaviour, with travelling waves present despite
the modest resulting wave amplitudes (Fig. 3). This response is likely
associated with the concave geometry of the partially filled horizontal
cylindrical tank at this fill level.

2.4.4. V1

Case V1 considers vertical excitation of the liquid, where the driving
frequency is set to twice the first symmetric natural frequency of the
tank. Assuming the forcing amplitude is large enough, this condition
produces nonlinear free surface waves, known as Faraday waves (Ben-
jamin and Ursell, 1954). These waves exhibit a sub-harmonic re-
sponse, with the free surface oscillating at half the imposed forcing
frequency (Colville et al., 2025). Under these conditions, the liquid
remains quiescent for an extended initial period, exhibiting little ob-
servable sloshing (Fig. 2d). Once the instability is triggered, however,
the wave amplitude grows quickly. Accurately predicting the timing of
this onset poses a significant challenge for numerical models, making
this case a test of their ability to capture the transition from a stable
liquid state to developed liquid sloshing.
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Table 2
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Summary of the numerical model setups for the data provided to CCP-WSI Blind Test Series 5. ID is the naming convention used in this work. Setup Ref. is
the reference to a paper associated to the blind test setup, where available. For the dimension of the numerical tank (Dim.), 3DS is a 3D tank with a symmetry
condition. Free Surface treatment (Free Surf.) is either potential free surface (PFS), volume of fluid (VOF), level-set method (LSM) or auxiliary function (AF).
Surface tension (Surf. Tens.) is included (yes) or neglected (no). For the time step (4¢), a condition dependent on the Courant condition (C) is adaptive, otherwise
it is it fixed to the stated value. Turbulence treatment is either laminar (Lam.), RANS, LES, artificial viscosity (AV) or Riemann stabilisation (RS). The number of
cells/particles used for each case is also presented (x10°). Note the physical modelling image data includes approximately 594x10° pixels inside the tank.

Setup Code Free Surf. Turb.  Turb. # of Cells or Particles (x10°)

D Ref. Name/Ref. Dim. Surf. Tens. A4r Treat. Model H1 H2 H3 V1 V2 V3

FDM1  Gu et al. (2025) NEWTANK (Lin et al., 2016) 2D VOF No C<01 LES _Sinﬂ?fosnGnSSky 8 8 8 8 147 -

FVM1 - OpenFOAM (ESI OpenCFD, 3DS PFS No C <003 Lam. - 11 11 82 11 57 57
2023)

FVM2  Kim and Yang (2025) Star-CCM+ (Siemens Digital 3D VOF Yes C=<05 RANs RediZble g0 g0 g0 g0 80 80
Industries Software, 2026) k—e

FVM3a - OpenFOAM (ESI OpenCFD, 3D VOF No C<05 Lam. - 79 79 79 79 79 79
2023)

FVM3b - OpenFOAM (ESI OpenCFD, 3D VOF Yes C<05 Lam. - 79 79 79 79 79 79
2023)

FVM3c - OpenFOAM (ESI OpenCFD, 3D VOF No C<05 RANS k- SST 79 79 79 79 79 79
2023)

FVM3d - OpenFOAM (ESI OpenCFD, 3D VOF Yes C<05 RANS k-—wo SST 79 79 79 79 79 79
2023)

FVM3e - OpenFOAM (ESI OpenCFD, 3D VOF No C<05 RANS k-¢ 79 79 79 79 79 79
2023)

FVM3f - OpenFOAM (ESI OpenCFD, 3D VOF Yes C<05 RANS k-¢ 79 79 79 79 79 79
2023)

FVM4a Wang et al. (2025) DXFlow (Wang and Dong, 2024) 2D VOF Yes C<04 Lam. - 8 10 - - - -

FVM4b Wang et al. (2025) DXFlow (Wang and Dong, 2024) 2D VOF Yes C<02 Lam. - - - - 72 - -

FVM4c Wang et al. (2025) DXFlow (Wang and Dong, 2024) 2D VOF Yes C<0.1 Lam. - - - - - 162 -

FVM4d Wang et al. (2025) DXFlow (Wang and Dong, 2024) 2D VOF Yes C<0.1 RANS RNG k—¢ - - - - - 128

FVMb5a Brown et al. (2026) OpenFOAM (ESI OpenCFD, 3DS VOF Yes 0.2ms RANS k—wo SST 500 500 500 500 500 -
2022)

FVM5b  Brown et al. (2026) OpenFOAM (ESI OpenCFD, 3DS VOF Yes 0.1 ms RANS k- w SST - - - - - 5,600
2022)

FVM6  (Tan et al., 2025) 8§:§2§§}V2$§; 3D  VOF Yes C<025 RANS rl\?glf;ei 2,000 2,000 2,000 2,000 2,000 2,000

FVM7 Qin and Gong (2025) OpenFOAM (The OpenFOAM 2D VOF No 0.1s RANS k—w SST 143 143 143 143 143 143
Foundation, 2015)

FVMS8 Zeng et al. (2025) OpenFOAM (ESI OpenCFD, 2D VOF Yes C <02 Lam - 50 50 50 50 50 50
2018)

GNN1 Zhang et al. (2025) ISPH_GNN (Zhang et al., 2024) 2D AF No 1ms Lam. - 1.3 1.3 - - - -

SPH1 Chen et al. (2025) DualSPHysics (Dominguez et al,, 3D - No C<02 AV a=0.04 468 468 - 468 614 614
2022)

SPH2 - DualSPHysics+ (Zhan et al., 2D - No C<02 RS - 25 - - 25 25 -
2025)

SPH3 Ma et al. (2025) DualSPHysics (Dominguez et al., 2D LSM No 0.2s AV - 112 112 112 112 112 112
2022)

2.4.5. V2 (Table 2), which will be used throughout this work, and can be cross-

Case V2 is similar to V1, with the driving frequency at twice the first
symmetric frequency of the tank to incite Faraday waves. Compared
with V1, the fill level is higher and a slightly larger wave amplitude
develops, the characteristic rapid wave growth under vertical accelera-
tion is present (Fig. 2e). Accurately capturing both the timing and the
amplitude of this response remains a significant challenge for numerical
models.

2.4.6. V3

Case V3 represents the most challenging vertical configuration,
characterised by high-amplitude Faraday waves, rapid wave growth
and the onset to wave breaking (Fig. 4). The experiments reveal higher-
order modes, adding complexity to the initial liquid response. Captur-
ing both the primary wave behaviour and the higher modes presents a
stringent test of the predictive capability of numerical models.

3. Numerical models

This section summarises the numerical modelling approaches used
by each of the participants. Each method is provided a unique ID

referenced to this section. Note that due to the large number of meth-
ods, similar and relatively high-level information is provided for each,
and is summarised in Table 2. As part of the blind test exercise, par-
ticipants were also invited to submit accompanying papers describing
their numerical approaches in greater detail. Where available, these are
listed in Table 2 as ‘Setup Ref.” and may be consulted by interested
readers for additional information, including details of mesh design, nu-
merical settings, and modelling choices. Readers are also referred to the
corresponding ‘Code Ref.’ for further details regarding the underlying
numerical methods and software implementations.

3.1. FDM1

NEWTANK (Liu and Lin, 2008; Lin et al., 2016), a virtual bound-
ary force (VBF) code, was used to solve the incompressible spatially
averaged Navier-Stokes (SANS) equations in a 2D domain discretised
by FDM. Turbulence is represented using an LES model, and the free
surface is handled using VOF. Surface tension is neglected. Two meshes
were considered, depending on case: a coarser mesh consisting of
86,052 cells; a finer mesh with 147,852 cells. Simulations were run on a
single core of a 13th Gen Intel i9-13900H, requiring typical runtimes of
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Fig. 2. Time series from physical modelling for each case. Data presented is
for the right sidewall vertical displacement. Note that cases H2 and H3 focus
on the quasi-steady state and hence do not start at the temporal origin of the
experiments.

10-20 h on the coarser mesh, and 48 on the finer mesh. Time stepping
is adaptive and is based on a maximum Courant number of 0.1.

3.2. FVM1

OpenFOAM-v2312 (Weller et al., 1998; ESI OpenCFD, 2023) so-
lution using the potentialFreeSurfaceFoam application to solve the
incompressible RANS equations in a 3D symmetry domain discretised
by FVM. Simulations were run in laminar mode. Surface tension is
neglected. The free surface boundary uses a condition that calculates
the change in surface elevation at each time step based on the volume
flux in the cells at the free surface boundary. The pressure field is then
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modified due to the change in free surface elevation via the hydro-
static pressure equation. Depending on the case, the model employs
11,000-82,000 cells, with simulations run on a desktop requiring a
runtime of 1-5hours on a single core. Time stepping is adaptive based
on a maximum Courant number of 0.031.

3.3. FVM2

Simcenter STAR-CCM+ 23.06 (Siemens Digital Industries Software,
2026) solution for the incompressible RANS equations in a 3D domain
discretised by FVM. Turbulence is represented using the Realizable k—¢
turbulence model and the free surface is handled via the VOF method.
Surface tension is included. The simulations consisted of 80,000 cells,
with simulations run on an in-house HPC service requiring 10 hours
on 16 cores. Time stepping is adaptive based on a maximum Courant
number of 0.5.

3.4. FVM3

OpenFOAM-v2312 (Weller et al., 1998; ESI OpenCFD, 2023) solu-
tion using the interFoam application to solve the RANS equations in
a 3D domain discretised by FVM. Six model variants were supplied:
a laminar configuration without surface tension (FVM3a) and with
surface tension (FVM3b); k —w SST turbulence model without (FVM3c)
and with (FVM3d) surface tension; and k — e turbulence model without
(FVM3e) and with (FVM3f) surface tension. Surface tension is modelled
via the Continuum Surface Force model (Brackbill et al., 1992). The
free surface is modelled using the VOF method. All variants use 78,600
cells (resolution of 4 mm), with simulations run on a workstation (CPU:
Intel Core i19-14900K, RAM of 125 GB) and requiring approximately
1-2hours. Adjustable time stepping is utilised based on a maximum
Courant number of 0.5.

3.5. FVM4

DXFlow (Wang and Dong, 2024), which is an open-source code de-
veloped at Ningbo University based on the OpenFOAM-v2006 (Weller
et al.,, 1998; ESI OpenCFD, 2020) solution, was used with the DX-
IsoFlow application to solve the incompressible RANS equations in a
2D domain discretised by FVM. Except for the V3 case, where the RNG
k — ¢ model was used (FVM4d), all simulations were run in laminar
mode (FVM4a-c). Surface tension is included, and the free surface is
captured using the VOF method. The mesh size varies between cases,
ranging from 8,000 to 162,000 cells, with details provided in Table 2.
Simulations were run on a workstation (CPU: AMD Epyc 7763, RAM of
512 GB) with typical runtimes of 1-10 hours on 4 cores, depending on
the intensity of the sloshing. Time stepping is adaptive and is based on
a maximum Courant number, which was 0.4 for H1-H2 (FVM4a), 0.2
for V1 (FVM4b), and 0.1 for V2-V3 (FVM4c).

3.6. FVM5

OpenFOAM-v2212 (Weller et al., 1998; ESI OpenCFD, 2022) solu-
tion using the interFoam application to solve the RANS equations in
a 3D symmetry domain discretised by FVM. Turbulence is represented
using the k — w SST turbulence closure model and the free surface is
handled via the VOF method. Surface tension is included. Two model
variants were provided: the coarser mesh case (FVM5a) with 500,000
mesh cells and the finer mesh case (FVM5b) with 5,600,000 mesh cells.
Simulations were run on Archer2, the UK national supercomputing
service, with typical runtimes of 10-18h (FVM5a) and 27 h (FVM5b).
Time stepping is fixed with a step size of 0.2ms and 0.1 ms for FVM5a
and FVM5b, respectively.
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Fig. 3. Qualitative comparison of the physical and numerical response cycle for the global free surface for each horizontal excitation case (left to right: H1,
H2, and H3). For each comparison, the physical result is on the left and the numerical response, achieved using FVMS5, is on the right. Both the physical and
numerical results show a single representative response cycle. The cycle indices may differ, however, due to differences in excitation onset.
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Fig. 4. Qualitative comparison of the physical and numerical response cycle for the global free surface for each vertical excitation case (left to right: V1, V2, and
V3). For each comparison, the physical result is on the left and the numerical response, achieved using FVMS5, is on the right. Both the physical and numerical
results show a single representative response cycle. The cycle indices may differ, however, due to differences in excitation onset.
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3.7. FVM6

OpenFOAM-v2212 (Weller et al., 1998; ESI OpenCFD, 2022) so-
lution using the interFoam application to solve the RANS equations
in a 3D domain discretised by FVM. Turbulence is represented using
Modified RNG k — e turbulence closure model and the free surface is
captured via the VOF method. Surface tension is included. The model
employs 2,040,000 cells, and the simulations were run on Archer2, the
UK national supercomputing service, using 2 nodes (2 x 128 cores)
with runtimes ranging from 100h (H1) to 150h (V3). Time stepping
is adjustable with a maximum Courant number of 0.25.

3.8. FVM7

OpenFOAM-v3.0.0 (Weller et al., 1998; The OpenFOAM Founda-
tion, 2015) solution using the interFoam application to solve the in-
compressible RANS equations in a 2D domain discretised by FVM.
Turbulence is represented using the k—w SST turbulence closure model
and the free surface is captured via the VOF method. Surface tension
is neglected. The model employs 143,000 cells, and the simulations
were run on a GPU accelerated workstation using 8 cores with runtimes
ranging from 10 h (V3) to 36 h (H3). Time stepping is fixed with a step
size of 0.1s.

3.9. FVM8

OpenFOAM-v1812 (Weller et al., 1998; ESI OpenCFD, 2018) solu-
tion using the interFoam application to solve the incompressible RANS
equations in a 2D domain discretised by FVM. Simulations were run in
laminar mode and surface tension was included. The model employs
50,000 cells, and the simulations were run on a workstation using 16
cores, with runtimes ranging from 3 to 5h. Time stepping is adaptive
with a maximum Courant number of 0.2.

3.10. GNN1

ISPH_GNN (Zhang et al., 2024) was used to obtain a single phase 2D
solution using the incompressible SPH (ISPH) formulation, in which the
Lagrangian form of the NSE are discretised on a mesh-free domain. In
ISPH_GNN, the trained graph neural network (GNN) model is used to
replace solving the pressure Poisson’s equation (PPE), which is the most
time-consuming, in the conventional ISPH. The GNN model was trained
using data generated from dam breaking and sloshing in rectangle
tank case. The air phase was not modelled, and turbulence was not
explicitly simulated. The free surface is handled via auxiliary functions
(AF) related to the particle distribution and the particle density. Surface
tension was neglected. An initial particle spacing of 0.005m and a fixed
time step of 0.001s were employed. The model employs about 1300
particles, and simulations were run on a GPU (NVIDIA GeForce RTX
3090) enhanced workstation, with typical runtimes of 0.35h for the
H1-H2 cases.

3.11. SPH1

DualSPHysics v5.2.2 (Dominguez et al., 2022) was used to obtain a
single phase 3D solution using the weakly compressible SPH (WCSPH)
formulation, in which the Lagrangian form of the NSE are discretised on
a mesh-free domain. The air phase was not modelled. Artificial viscosity
(AV) is used to stabilise the model, with a coefficient («) value of
0.04. Surface tension is neglected. An initial particle spacing (dp) of
0.002m was used, with a speed of sound coefficient of 20. Variable
time stepping was used, controlled via a maximum Courant number
condition of 0.2. The model employs 150,000 to 443,000 fluid particles
and 318,000 boundary particles, and simulations were run on a desktop
workstation equipped with NVIDIA RTX A2000 GPUs (12 GB), with
typical runtimes of 16-60 h for the H cases and 15-42h for the V' cases.
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3.12. SPH2

DualSPHysics+ (Zhan et al., 2025), an enhanced version of Dual-
SPHysics (Dominguez et al., 2022), was used to obtain a single-phase
2D solution using the WCSPH formulation, in which the Lagrangian
form of the NSE are discretised on a mesh-free domain. The air phase
was not modelled. Turbulence was not modelled explicitly; instead, nu-
merical stabilisation of the momentum equation was achieved through
a Riemann stabilisation (RS) term. Surface tension was neglected. An
initial particle spacing (dp) of 0.005m was used, with a speed of sound
coefficient of 10. Time stepping is variable and is controlled by a
maximum Courant number of 0.2. The model employs 25,000 particles,
and simulations were run on a GPU enhanced workstation using 16,384
CUDA cores, with typical runtimes of 0.81 h.

3.13. SPH3

DualSPHysics v5.2.2 (Dominguez et al., 2022) was used to obtain
a multiphase 2D solution using the WCSPH formulation, in which the
Lagrangian form of the NSE are discretised on a mesh-free domain.
Both water and air are modelled as weakly compressible phases, and
the air-water interface is captured using the LSM. Surface tension was
included and turbulence was not modelled explicitly. An initial particle
spacing (dp) of 0.001 m was used, with a speed of sound coefficient of
10. A fixed time step of 0.2s was used. The model employs 112,000
particles, and simulations were run on a GPU (NVIDIA GeFORCE RTX
4060Ti) enhanced desktop workstation using 4,352 CUDA cores, with
typical runtimes of 10h.

4. Qualitative behaviour

Although CCP-WSI Blind Test Series 5 is designed around point-
based quantitative metrics, additional qualitative information can be
valuable for interpreting model performance. In particular, point mea-
surements alone may not fully reflect how well a model reproduces the
global free surface evolution, especially in highly transient or spatially
complex flow regimes. To provide further context for the quantitative
results, video snapshots of the experimental free surface (Figs. 3 and 4)
are therefore included and compared with numerical predictions. This
comparison is restricted to FVMS5, for which full-field free surface data
were available, and should be considered a representative example.
While this free surface data was not requested as part of the blind test,
it is presented here to provide an indication as to the extent that the
overall free surface shape and dynamics are captured by the model.

Considering the horizontal cases (Fig. 3), the free surface is gen-
erally captured well. Prior to the blind test, H3 was anticipated to
be the most challenging horizontal excitation case to simulate due to
the observed nonlinearities in the physical modelling. However, FVM5
captures the qualitative behaviour of the free surface displacements,
exhibiting the travelling wave and nonlinearities throughout the full
response cycle. Case H2 on the other hand does exhibit discrepancies
with respect to the physical result. In the experimental free surface
snapshots, a localised near-wall interface perturbation is visible ad-
jacent to the left sidewall early in the cycle (Fig. 3: H2-a), and a
comparable, somewhat less pronounced offset emerges at the right
sidewall later in the cycle (Fig. 3: H2-f). This is consistent with a
free surface that advances and recedes asymmetrically on the two
walls. By contrast, no analogous feature is present at either sidewall
at any stage of the corresponding numerical sequence, wherein the
interface meets the wall as a single, smoothly varying curve that is near-
symmetrical. Furthermore, the travelling wave is much less pronounced
in the numerical solution (Fig. 3: H2-d and H2-i). For the vertical
excitation cases (Fig. 4), the numerical predictions of the free surface
have similarities in shape to the physical modelling. As the excitation
increases in complexity, there is progressively increased differences in
magnitude of the response, particularly at the sidewalls (Fig. 4: Vl-c,
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Fig. 5. FFTs for the physical free surface displacement data collected at the
right sidewall. The frequency axis is normalised by the driving frequency. Each
subplot represents a different case: H1 (a), H2 (b), H3 (c), V1 (d), V2 (e),
and V3 (f). The stated dominant frequency is calculated as the frequency with
largest magnitude.

V2-b and V3-h) and centre (Fig. 4: V1-i, V2-g and V3-d). For the most
extreme case the breaking processes are not captured accurately (Fig.
4: V3-i and V3-j), and there are clear discrepancies in the magnitude
of the run-up (Fig. 4: V3-h), the separation of the fluid (Fig. 4: V3-j),
although the bulk of the fluid is reasonably well captured. Given the
complexity of the free surface in this case, however, the discrepancy in
the frame rate (V3: numerical 100 fps; physical 125 fps) could partially
account for some of these discrepancies. Overall, FVM5 compares well
qualitatively with the physical image data, implying that the sloshing
dynamics are captured accurately by the model. Note that this is
simply a representative example that can be used as context for the
quantitative analysis to follow.

5. Frequency-domain analysis

Fig. 5 presents spectra of the physical data for each case, ob-
tained via an FFT approach. The horizontal cases (Figs. 5a—c) exhibit
a dominant frequency near the driving frequency, along with higher
order harmonics. Case H1 (Fig. 5a), exhibits the beating phenomenon
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Fig. 6. Box plots showing the distribution of the errors in dominant frequency
prediction for each test case across the numerical solutions (a). The central
(red) line in each box denotes the median error, the boxes indicate the
interquartile range, the whiskers denote the data range excluding outliers, and
outliers are shown using “+” symbols. Difference between the beat and natural
frequency in case H1 for physical and numerical solutions (b).

arising from the proximity of the driving and natural frequencies. The
dominant spectral peak occurs at the driving frequency near 1.3 Hz,
accompanied by small harmonics at two and three times this value.
A further peak at approximately 1.187 Hz lies close to the first anti-
symmetric frequency of the tank (1.2Hz), indicating clear interaction
between the system’s forced and natural modes. For the vertical cases
(Figs. 5d-f), the dominant fluid response occurs at exactly half the
driving frequency. This confirms the presence of Faraday waves, in
which the free surface oscillates at half the excitation frequency when
the system is driven at twice its natural frequency.

Considering the numerical results, Fig. 6a presents box plots show-
ing the distribution of the errors in dominant frequency prediction for
each test case across the numerical solutions, relative to the physical
data. The median error, indicated by the central (red) line in each box,
for the numerical model dominant frequencies is typically within 0.5%
of the driving frequency, producing a tight distribution with minimal
error. An exception is the case V2, which has a median error of 1.9%
likely linked with the additional noise in the spectra for this case
(Fig. 5e), and larger spread in the results. The vertical cases generally
exhibit slightly larger errors than the horizontal cases, but the majority
of submissions reproduce the half-frequency response characteristic of
Faraday waves.

Fig. 6b presents the difference in beat and natural frequency in
case H1 for each model. Most numerical models capture the natural
frequency of the tank effectively. Interestingly, the physical measure-
ment of the beat frequency contains slightly larger error than many
numerical predictions, likely due to the lower temporal resolution of
the physical imaging (50 fps) compared with numerical outputs, which
commonly use around 100 fps. Nonetheless, the ability of the models to
identify the natural frequency despite it not being specified as an input
condition stands out as a noteworthy result.
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onset of excitation between the physical (black) and numerical (grey) solutions
(a), the data has been aligned such that the maximum displacement in the first
group is aligned (b). This example uses displacement data for the tank centre
(C) from case V1.

6. Time-domain analysis
6.1. NRMSE definition
The Normalised Root Mean Square Error (NRMSE) is used to quan-

tify agreement between participant data and physical measurements.
For horizontal excitation, the amplitude envelope of each signal is
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Fig. 9. NRMSE for the horizontal excitation cases: H1 (a), H2 (b) and H3 (c).
Each group of bars is for a single participant’s solution and represents the
error at the left sidewall (left bar), and right sidewall (right bar). The bars
are coloured by number of cells or particles, depending on method used, with
single hatching representing 2D simulations, double hatching 3D simulations
with a symmetry plane, and no hatching representing 3D simulations. The
dotted lines represent the quartiles of the distribution of numerical results,
which was calculated for an average of the two assessment criteria (left, right)
provided by each participant.

extracted by identifying successive maxima and minima between zero
up-crossings (Fig. 7a). A displacement height, H, is defined as the
difference between each maximum and minimum. The NRMSE is calcu-
lated on H (Figs. 7b and 7c), allowing minor phase variations between
individual peaks to be tolerated while capturing overall differences in
the envelope. The maximum H observed in the experiment is used as
the normalisation value in each case.

6.1.1. Vertical excitation alignment

For vertical excitation, the onset of excitation can differ substan-
tially between models and experiments (Fig. 8a; Section 6.3.1). The
analysis therefore considers the shape of the response once excitation is
observed. This is achieved by aligning the maximum of the first group
of peaks (Fig. 8b) and selecting a set number of cycles before and after
this point, with the number of cycles adjusted according to the duration
of each case. The NRMSE is then calculated on the resulting H variable.
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Table 3

Median, mean, inter-quartile range (IQR) and standard deviation (Std) for the
NRMSE distribution across the numerical solutions. The individual assessment
metrics (left, right, centre) are presented along with the average discrepancy
across the metrics. All values are percentages.

H1 H2 H3 A2t V2 V3

Median 14.03 11.96 12.84 13.62 14.06 30.37
Left IQR 9.36 21.10 6.01 6.63 8.83 15.79
Mean 14.77 19.39 15.08 15.40 15.69 30.34

Std 6.65 17.31 12.22 10.41 8.05 8.95
Median 13.75 34.61 12.72 13.60 14.36 29.15

Right IQR 10.04 21.44 5.33 6.77 10.63 8.91
& Mean 14.51 33.38 15.13 15.69 16.00 29.89

Std 6.57 12.51 11.95 10.30 7.60 7.13
Median - - - 9.47 10.00 11.82

Centre IQR - - - 4.90 6.57 7.28
Mean - - - 11.50 11.35 14.41

Std - - - 10.21 6.30 4.89
Median 13.87 24.50 11.97 12.25 12.06 24.49

Average IQR 9.70 17.55 5.20 5.24 6.87 7.94
8 Mean 14.64 26.38 15.11 14.20 14.35 24.88

Std 6.61 12.46 12.06 10.07 6.61 5.04

6.2. Horizontal excitation results

Fig. 9 presents the NRMSE for the horizontal excitation cases: H1
(a), H2 (b) and H3 (c). Each group of bars is for a single participant’s
solution and represents the error at the left sidewall (left bar), and
right sidewall (right bar). The dotted lines represent the quartiles of the
distribution of numerical results, which was calculated for an average
of the two assessment criteria (left, right) provided by each participant
(‘Average’ in Table 3). Table 3 presents per case statistics for the
distribution of the error: median, inter-quartile range (IQR), mean, and
standard deviation.

Considering case H1 (Fig. 9a), most numerical models provide a
good representation of the sloshing envelope, with the left and right
sidewall elevations showing broadly consistent behaviour across sim-
ulations (Table 3). The mean/median of all the numerical solutions is
approximately 14%, with relatively small spread (IQR 10%; standard
deviation 6%) indicating that this case is relatively insensitive to nu-
merical model choice and setup. There are, however, two solutions
(FVM5a, SPH2) that achieve slightly better agreement (< 5%). There
are no clear setup differences for these two, and is likely to be linked
to capturing the damping more accurately than other models (see
Section 6.2.1).

For case H2 (Fig. 9b), the results for the left sidewall are captured
well by many of the numerical models, with a median result of 12%.
There is considerably more variation (IQR 21%; standard deviation
17.31%) than observed in case H1 (Table 3), indicating choice of model
and setup are more influential in this case. For the right sidewall, most
of the numerical models do not reproduce the asymmetry observed
in the physical modelling (see Section 2.4), and this influences the
NRMSE considerably; The median NRMSE for the right sidewall is 34%,
three times that observed for the left sidewall. Analysis of right-to-
left sidewall amplitude ratios demonstrates that only three solutions
(FVM2, FVM7 and FVMS8) exhibit the same qualitative behaviour ob-
served in the experiments (larger displacements at left sidewall), and
these exhibit a smaller offset in amplitudes. The remaining models
either predict near equal displacements at both sidewalls (5 solutions),
or the opposite trend (smaller displacements at left wall; 7 solutions).
The discrepancy between the qualitative behaviour of the numeri-
cal models needs investigating in future work, along with further
analysis of the physical result, as does the influence of user-defined
parameters.

Case H3 involves a relatively full tank in which a travelling wave
forms along the free surface. Although this configuration is expected

11
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Fig. 10. NRMSE for the vertical excitation cases: V1 (a), V2 (b) and V3 (c).
Each group of bars is for a single participant’s solution and represents the
error at the left sidewall (left bar), centre (centre bar), and right sidewall
(right bar). The bars are coloured by number of cells or particles, depending
on method used, with single hatching representing 2D simulations, double
hatching 3D simulations with a symmetry plane, and no hatching representing
3D simulations. The dotted lines represent the quartiles of the distribution of
numerical results, which was calculated for the average of the three assessment
criteria (left, right, centre) provided by each participant.

to be the most challenging of the horizontal cases, most numerical
approaches perform well. Errors across submissions generally remain
below 15% (median is 12%; Table 3), with relatively small spread
(IQR 5%—-6%) and little notable difference between the left and right
sidewall displacements. Two clear outliers appear, both associated with
laminar 3D simulations carried out on comparatively coarse meshes,
suggesting that mesh resolution and turbulence modelling choices are
likely contributors to the reduced accuracy in these instances.

6.2.1. Beat frequency damping

The beat frequency has been shown to be captured well (Section 5)
but this section considers the damping of the beating. Examination of
the time series for the numerical solutions indicates that not all models
reproduce the damping of the beating response observed in the physical
measurements. To investigate this, the largest peak in each of the first
four groups in the beat envelope were extracted from each submis-
sion, enabling direct comparison of damping behaviour throughout the
simulation. While some models exhibit a more linear decay in peak
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amplitude, others replicate the experimentally observed quadratic-type
reduction. A quadratic fit to the experimental data supports the latter
trend.

One working hypothesis is that differences in dimensionality (2D
versus 3D simulations) and mesh resolution influence the ability to
capture damping, particularly where coarse near-wall cell sizes limit
the representation of wall-related dissipation. This will be considered
further in future work.

6.2.2. Alternative approaches

Although all models are included in the overall assessment, the ma-
jority adopt closely related, widely established approaches (FVM/FDM
with VOF or SPH). Therefore, this section focuses on the two mod-
els that explore alternative formulations whose relative performance
motivates an interesting discussion.

The FVM1 solution, obtained using a Navier-Stokes approach with
a simplified potential flow based free surface boundary condition, has
strong agreement with the physical data for the H1 and H3 cases. The
error is around the 25th percentile for both cases, outperforming many
of the FVM-VOF solutions. However, it does not capture the dynamics
of H2 accurately, exhibiting an error of 49%. Of all cases considered,
H1 is the most naturally suited to the simplified free surface treat-
ment employed in FVM1, owing to its relatively small displacement
amplitudes. In contrast, the performance for H3 is more unexpected,
given the increased complexity of the free surface dynamics, including
a travelling wave and significant nonlinear effects (Figs. 3 and 5). The
error in case H2 is attributed to a significant under-prediction. FVM1
is single phase, with the free surface boundary fixed and an analytical
boundary condition applied. Therefore, the model does not take into
account wetting/drying of cells around the free surface. Given the large
run-up exhibited in H2, this likely contributes to the reduced accuracy
observed for this case. A working hypothesis is that the lower fill level
compounds the issue due to the larger wall curvature.

The GNN1 solution, utilises a graph neural network approach trained
using incompressible SPH. Artificial intelligence offers an exciting op-
portunity to accelerate high-fidelity numerical modelling, which could
potentially be hugely beneficial to many fluid dynamic applications.
The code used to produce GNN1 has been successfully demonstrated
for applications such as solitary waves and dam breaks (Zhang et al.,
2024), and has also been applied to a related sloshing problem in a
rectangular tank. The present blind test therefore provides an oppor-
tunity to assess the approach in a setting where model parameters are
fixed a priori. The model results are promising for case H1, capturing
the amplitude well, leading to an error of 10%. However, when the
time series is considered it is observed that the first beat is captured
well but then settles rapidly towards a steady state, indicating excessive
damping relative to the experiment. For case H2, the model has a much
larger discrepancy, which could be due to lack of training data for the
large amplitudes observed in this case.

6.2.3. User setup sensitivity

With six variations of the FVM3 solution available, their relative
performance can be assessed under an identical, unchanged setup. The
variations use different turbulence treatment: laminar (a,b); k — e (c,d);
and k — w (e,f). For each turbulence model the effect of surface tension
is considered (a,c,e: neglected; b,d,f: included). In H1, the laminar
solution (error 15%) outperforms the RANS solutions (error 25%), po-
tentially due to excessive damping introduced by the turbulence model.
On the other hand, for H2 and H3 the RANS solutions are significantly
better (more than 10% less error) than the laminar. This indicates
turbulence is necessary for these cases. The model results for cases
considered here are relatively insensitive to the inclusion of surface
tension, with the exception of the laminar variant (FVM3a,FVM3b) in
case H3.
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Fig. 11. Box plots showing the distribution of errors in relative onset time for
each of the vertical excitation test cases across the numerical solutions. This
is calculated using the maximum of the first group of peaks, and is relative to
the physical result. The data shown is for the centre of the tank.

6.3. Vertical excitation results

Fig. 10 presents the NRMSE for the vertical excitation cases: V1
(a), V2 (b) and V3 (c). Each group of bars is for a single participant’s
solution and represents the error at the left sidewall (left bar), centre
(centre bar), and right sidewall (right bar). The dotted lines represent
the quartiles of the distribution of numerical results, which were calcu-
lated for an average of the three assessment criteria (left, centre, and
right) provided by each participant (‘Average’ in Table 3).

Across cases V1 and V2, most numerical approaches reproduce the
wave shape and amplitudes with good consistency, with a median error
of 12% (Table 3), and relatively small variation between the models
(IQR 5%-6%). An exception, however, is the potential free surface
model (FVM1), which uses a single-phase RANS formulation with free
surface tracking via an explicit elevation field, which performs less
well than the full VOF approaches, particularly for V1. However, it is
noted that for V2 it aligns more closely with the upper range of their
results, which is an outcome that is somewhat unexpected given the
presence of localised breaking and increased run-up at the sidewall.
Given the increased fill level in V2 (Table 1), this may provide further
evidence that the model struggles to capture the run-up in cases with
large curvature (see Section 6.2.2).

As expected prior to the study, case V3 exhibits the highest errors of
all of the cases considered within the blind test. This can largely be at-
tributed to increased discrepancies at the left and right sidewalls, where
there is significant run-up and breaking (Fig. 4), rather than at the
centre of the tank. The centreline response remains comparatively well
captured, but the sidewall elevations show substantial overestimation
across the numerical submissions. This pattern reflects the increased
complexity of the flow in this strongly breaking regime, where detached
fluid fragments, spray, and intermittent overturning make the wall
response highly sensitive to how the interface is interpreted. A key
contributor to the increased sidewall errors is the inherent difficulty
in defining the free surface within breaking regions where the fluid
separates from the main bulk. Since no uniform method for identifying
the free surface was specified in the blind test, differing interpretations
of the interface during breaking likely amplified the scatter observed
in the results.

6.3.1. Onset of excitation

As previously discussed, for the vertical excitation cases the onset
of significant motion occurs only after a prolonged quiescent period
(e.g. Fig. 8). Fig. 11 presents the distribution of the time of the
maximum of the first group of peaks, which was used for alignment
of the vertical excitation time series (Section 6.1.1). For cases V2 and
V3 the numerical models typically exhibit reasonable agreement with
the physical model (median ~ —0.8s ~ 3 tank cycles). For case V1
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Fig. 13. Box plots showing the distribution of errors in maximum crest height
(a) and minimum trough depth (b) for each vertical excitation test case across
the numerical solutions. The data presented is for the centre of the tank.

however, capturing the onset time has been shown to be a challenge for
the numerical models, with significant discrepancies with the physical
modelling (median ~ —38s), and large variability between the setups.
The cause of this sensitivity is unclear, but could be linked with under-
prediction of damping, which is consistent with the over-prediction
of displacements in the vertical excitation cases. Given the smaller
excitation in case V1, any under-prediction in damping will likely
have a more significant impact. It is noted that one numerical model
performed better than the others in this metric (-5 s); this is the SPH2
solution which performed well in all cases considered (H1, V1, and V2).

6.4. Maximum crest height and trough depth

When the analysis is further reduced to the maximum crest height
and maximum trough depth, the spread in error increases noticeably
compared with the full time series evaluation (Fig. 12 and Fig. 13).
Considering only the maximum crest height at the left wall (Fig. 12a),
median errors rise to around 20%, with a clear tendency for numerical
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models to over-estimate the crest. The largest variability occurs in the
strongly nonlinear cases, particularly V3 and H2.

For the maximum trough depth at the left wall (Fig. 12b), the errors
are slightly smaller and more symmetrically distributed about zero,
indicating a mix of over- and under-prediction across models. At the
centre location, both crest (Fig. 13a) and trough (Fig. 13b) estimates
cluster more closely around zero than at the sidewalls, again showing
no consistent bias towards under- or over-prediction. Overall, crest
over-estimation is most prominent at the sidewalls, while behaviour
elsewhere tends to show a more balanced distribution of errors.

7. Conclusions

The numerical results submitted to ‘CCP-WSI Blind Test Series 5:
isothermal sloshing in a circular tank’ are presented and compared with
the corresponding physical data. The assessment metrics focus on free
surface displacement at the sidewalls and at the centre of the tank, with
horizontal and vertical excitation considered independently. The most
common approaches among participants were FVM or FDM combined
with a VOF scheme, and SPH. Most models successfully capture the
dominant frequency in each case, as well as the beat frequency where
applicable; however, the accuracy with which the damping of the
beating is reproduced varies significantly between setups.

For the horizontal excitation cases, the typical error at the left
sidewall is approximately 10-15%, although some participants achieved
improved accuracy in the range of 2-5%. This improvement is not
fully consistent across all cases; nevertheless, solutions FVM5 (an FVM—
VOF approach) and SPH2 (an SPH approach) generally perform well.
Further investigation of these setups is recommended to identify the
factors contributing to their improved performance. One notable outlier
in the results is the case H2 at the right sidewall, which exhibited a
pronounced asymmetry in the physical experiment that is not captured
by the numerical models.

For vertical excitation, accurately capturing the onset of excitation
remains challenging for all numerical models, particularly for case V1,
which represents the least severe forcing. Errors at the centre of the
tank are generally in the range of 5-15%, while errors at the sidewalls
are typically larger, especially in case V3, where significant wave break-
ing occurs (20-25%). In general, damping appears to be under-predicted
across all numerical models, resulting in over-estimated run-up and
free surface elevations. It could be that this under-prediction primarily
arises from limitations in the models’ ability to maintain accurate vol-
ume (or mass) conservation during violent free surface deformations,
as opposed to an inherent deficiency in capturing viscous or turbulent
energy dissipation mechanisms. This requires consideration in future
work, focusing on the energy variation and dissipation rates as opposed
to the free surface point measurements presented here. In the most
extreme case (V3), the median error in maximum elevation reaches
+75%. This behaviour is likely exacerbated by difficulties in tracking
the free surface during separation and aeration events, as well as
inconsistencies in defining the bulk fluid region.

Despite these over-predictions, the qualitative behaviour of the
numerical solutions is generally reasonable. Although full free surface
profiles were not requested as part of the blind test, they were provided
by FVM5. Qualitative comparison with the experimental image data
shows strong similarities in the free surface evolution, suggesting that
the underlying sloshing dynamics are captured. However, further work
is required to accurately reproduce the observed damping. Future
studies will therefore focus on identifying the model parameters to
which the results are most sensitive, using a systematic approach that
isolates individual variables. Additionally, some participants reported
issues related to numerical instability; the inherent limitations of each
modelling approach should also be considered in future work.
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