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Abstract: Ship bow wave breaking is a common phenomenon during navigation, involving complex multi-scale flow interactions.
However, the understanding of this intense free surface flow issue is not sufficiently deep, especially regarding the lack of research
on the impact of scale effects on bow wave breaking. This paper focuses on the benchmark ship model KCS and conducts numerical
simulations and comparative analyses of bow wave breaking for three model scales under the condition of Fr=0.35. The
numerical calculations were performed using the in-house computational fluid dynamics (CFD) solver naoe-FOAM-SJTU, which is
developed on the open source platform OpenFOAM. Delayed detached eddy simulation (DDES) method is utilized to calculate the
viscous flow field around the ship hull. The present method was validated through measurement data of wave profiles and wake
flows obtained from model tests. Flow field results for three different scales, including bow wave profiles, vorticity at various
sections, and wake distribution, were presented and analyzed. The results indicate that there is small difference in the bow wave
overturning and breaking for the first two occurrences across different scales. However, considerable effects of scale are observed on
the temporal and spatial variations of the free surface breaking pattern after the second overturning. The findings of this study can
serve as valuable data references for the analysis of scale effects in ship bow wave breaking phenomena.
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0. Introduction

Bow wave breaking is a common physical
phenomenon for ship sailing in the sea, which causes
energy loss and affects the hydrodynamic perfor-
mance of the ship. The breaking waves are accom-
panied by strong nonlinear effects, such as water
droplets, splashing, and air entrainment. Multi-scale
flow features, including vortices around the free
surface and turbulent flows in the bow region, can
become very intricate. However, the understanding of
this intense free surface flow issue is not yet
sufficiently deep, particularly regarding the lack of
research on the impact of scale effects on bow wave
breaking. As a result, accurately predicting bow wave
breaking phenomena and their scale effects is quite
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challenging.

Ship bow wave breaking has been widely studied
through experimental tests in order to observe and
measure the wave breaking phenomenon and give
better understand the flow behaviors!™. Olivieri
carried out bow wave breaking measurement of
benchmark ship model DTMB 5415 and presented
photo study of wave patterns under different towing
speeds”. Particle image velocimetry (PIV) data at
different cross sections were also provided to
demonstrate the wake performance along with
breaking waves. Drazen further investigated the mean
and RMS value of wave elevation for breaking waves
of a transom stern ship under the ship speeds varies
from Fr=027 to Fr=0.50'. Choi studied the
nonlinearity relationship between the relative wave
elevation of the bow wave and the hull pressure that is
caused by the plunging breaking for a fast ship
model'”. They pointed out that ship bow wave
breaking can be divided into plunging and spilling
type. Wang conducted bow wave breaking measure-
ments of KRSIO Container Ship (KCS) ship with
different trim angles in towing tank!™. Their observa-



tions revealed that bow wave breaking becomes more
intense as the ship’s bow descends. It can be seen that
these experiments play a crucial role in understanding
the flow characteristics of bow wave breaking.
Obtaining detailed flow information through experi-
mental measurements remains a challenge, which, in
turn, adds complexity to studying scale effects using
the experimental fluid dynamics (EFD) approach.

As numerical methods, particularly compu-
tational fluid dynamics (CFD), continue to advance,
an increasing number of studies have been conducted
to explore the flow mechanisms of wave breaking
based on CFD. The direct numerical simulation (DNS)
method is employed to investigate the fundamental
physical mechanisms of breaking waves!”.. However,
the majority of applications are limited to 2-D or 3-D
simulations featuring simple geometries. Large eddy
simulation (LES) has also been utilized to explore free
surface problems associated with breaking waves,
enabling the resolution of small-scale features like
water droplets and air entrainment. However, the
computational cost remains notably high[w'm. Hence,
the majority of studies concerning ship bow wave
breaking still rely on the Reynolds-averaged Navier-
Stokes (RANS) method!"*'*.. While these studies
efficiently depicted breaking wave profiles, they could
only provide a more smoothed representation of the
free surface.

To gain a deeper understanding of the physical
phenomenon of bow wave breaking around complex
ship geometries, striking a balance between compu-
tational cost and accuracy is crucial. Hence, the hybrid
RANS/LES or DES approach has been gaining
increasing popularity in recent times for predicting
ship bow wave breaking. Wang et al.l'”! presented
both RANS and delayed detached eddy simulation
(DDES) simulations of KCS bow wave breaking. The
findings demonstrated that DDES provides improved
predictions of plunging breaking. In a subsequent
investigation, Wu et al."® conducted DES calcu-
lations for DTMB bow wave breaking, yielding
similar conclusions. Li et al.'”! presented both DDES
and hybrid RANS/LES computations of ship flows
involving bubble entrainment. The study yielded pro-
mising outcomes, particularly in capturing breaking
behaviors.

Although many studies have explored the
phenomenon of bow wave breaking, the aspect of
scale effects has received limited attention, particu-
larly in numerical investigations. Based on prior
experimental measurements, it is evident that scale
effects are unavoidable when simulating air/water
interactions within breaking waves' >’ Therefore, it is
of utmost importance to undertake studies that speci-
fically address the scale effects that influence ship
bow wave breaking.
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In this study, we employ the DDES approach to
compute the viscous flows associated with ship bow
wave breaking. Additionally, we explore the influence
of scale effects on the bow wave breaking pheno-
menon by considering three different model scales.
The paper is structured as follows: First, the numerical
approach is outlined, with a particular emphasis on the
detached eddy simulation (DES) method and free
surface capturing method. Subsequently, the nume-
rical setup, encompassing the ship model’s geometry,
computational grids, and testing conditions, is pre-
sented. A validation study, involving a grid sensitivity
study and comparison with benchmark experimental
data, is then detailed. The subsequent section delves
into the numerical results, discussing the behaviors of
breaking waves across various model scales.
Ultimately, the paper concludes with a summary of
findings and insights.

1. Numerical approach

The CFD solver naoe-FOAM-SITU'* deve-
loped on open source platform OpenFOAM, is
employed for the present numerical computations of
ship bow wave breaking. In order to simulate the
complex flow field of ship bow wave breaking, the
more suitable DDES approach is chosen for the
present simulations. DES approach is a hybrid RANS/
LES method where RANS modelling is applied near
the wall and LES modelling is used away from the
walls. Within the near-wall region, the RANS
equations are solved to simulate unsteady turbulent
flows. These governing equations encompass both a
mass conservation equation and a momentum conser-
vation equation:

V-()=0 (1)
a—U'+v-(m)=—i(Vp)+vv2U+iv-rR ()
ot p p

where U is the averaged flow velocity, p is

pressure, 7" denotes shear stress tensor and can be
calculated by the following equation

R =—p(u'u’) 3)

Utilizing the Boussinesq approximation, the
previously mentioned RANS equations can be solved
by incorporating turbulence models. In the present
simulations, the standard shear stress transport (SST)
k- turbulence model™ is employed, with detailed
discussion to follow. On the other hand, for the
far-field region, LES computations are conducted
using the subsequent governing equations:
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V-(0)=0 4)
N4 v (@) =~ (VP) + v V2 + LV - 568 (5)
ot p p

where 0 is the filtered flow velocity, P is the

filtered pressure and 7°%° is the sub-grid scale stress

tensor. The filtered equations are similar to RANS
equations and the main different is that all variables
are filtered in space and we need to somehow model

the sub-grid scale stress tensor 7°%.

To mitigate grid-induced separation (GIS) in the
original DES model, the DDES approach has been
demonstrated as reliable in various industry appli-
cations. The two equation SST k-@ model®* is
applied for the turbulent closure. The combined
SST-DDES approach[zs] is applied for the present
numerical simulations of ship bow wave breaking.
The governing equations of the SST DDES model
read as:

a k k3/2
P+ -(puk) = V- [(u+ e m)VK]+P ~ p
t DDES
(6)
Opw
?JFV'(PUCO) =V:[p(vta,y)Vo]t+
VKV
21-F)po,,——+al R -ppo’ (1)
t
where k is turbulent kinetic energy, @ is the

specific dissipation rate. This model features several
blending and shielding functions. Many of the
constant used in this model are computed by a blend
function between the respective constants of the K -¢,
k-@ models. The SST-DDES modifies the length

scale to become |, defined as
opes = lrans = fo max(0, |y ns — CppsA) (8)

where C,., is the calibrated DES constant, A is
the grid scale which equals the cube root of the cell
volume, f, is a delayed function which ensures that

DES works in RANS manner inside boundary layer to
avoid GIS. More details of SS-DDES formulations
and the constants used in the model can be referred to
the previous publications®*2%),

Apart from the turbulent modeling, the algebraic
volume of fluid (VOF) method with artificial com-
press technique is employed to capture the free
surface around complex geometry models. The
transport equation of volume fraction is expressed as

aa_f+v.(ua)+v[ur(1—a)a]=0 ©)

where « is volume of fraction, 0 and 1 means that
the cell is filled with air and water, 0<a <l
represents the interface between two-phase fluid. U,

in Eq. (9) is the velocity used to compress the
interface and it only takes effect on the free surface
due to the term (1- o).

Drawing from the wave breaking literature, it is
evident that surface tension strongly impacts small-
scale wave breaking. To accurately capture the
dynamic behavior of violent free surface flows, the
present simulation incorporates surface tension. The
term associated with surface tension, which will be
put in the right hand side of momentum equation, is
thus formulated as follows

f, =oxVa (10)

where o stands for the surface tension, x is the
curvature of free surface.

The naoe-FOAM-SJTU solver also utilizes dis-
cretization schemes from OpenFOAM. Implicit Euler
scheme is employed for temporal terms. In regard to
convection terms, the DDES approach utilizes LUST
for momentum equations and limitedLinear for
turbulence transport equations. For the convection
term in the VOF transport equations, a van Leer
scheme is applied, while the viscous terms are appro-
ximated using a second-order central difference
scheme.

2. Numerical setup

2.1 Geometry of ship model

The KCS model is used for the present numerical
computations. This ship model is acknowledged as a
benchmark case in the Tokyo 2015 CFD Workshop
and continues its role as a benchmark model in the
forthcoming 2025 CFD Workshop. The ship model
includes a static rudder. In the simulation, the ship
model is kept fixed to simplify the computational
aspects. The geometry model is shown in Fig. 1 and
the main particulars are given in Table 1.

2.2 Computational grids

In this study, half domain is used since the ship
hull is fixed in the computation. The compuational
domain extends to —1.0<x/L<3.0, -0<y/L<

1.0 and -1.0<z/L<0.5. The unstructured grid is
generated by SnappyHexMesh with a total number of
8.52x10° cells. The grid distribution around ship hull



is shown in Fig. 2. Several essential refinement
regions are used to better resolve the bow wave
breaking phenomenon. The grid strategy can be
referred to [17].

Fig. 1 Geometry model of KCS

Table 1 Main particular of KCS

Parameters Full scale

L, /m 230

L, /m 232.5
B/m 322

Displacement/m’ 52030
Draft/m 10.8

Wetted surface area with rudder 9 645
LCG (%L aft of centroid) 1.48
GM/m 0.6
1./B 0.4
L./ L, 0.25

2.3 Test conditions

In order to investigate the scale effects on the
ship bow wave breaking phenomenon, 3 different ship
model scales are adopted, i.e., 1:37.89, 1:52.67 and
1:110. Detailed information of ship models are listed
in Table 2. The computational grids change a little due
to the local refinements around the ship hull and the
total grid number are approximately the same.

3. Validation study

To validate the numerical methods, we initially
conducted a grid sensitivity study employing three
different grids of ship model 2, totaling 4.19x10°,
8.52x10° and 1.50x10’ grid points, respectively. The
grid specifications are detailed in Table 3. It’s impor-
tant to note that the refinement regions in the bow
wave area remained consistent, while the relative grid
size varied.

Figure 3 illustrates the comparison of ship resis-
tance based on different grids. It is evident that the
resistance results exhibit promising convergence
across different computational grids. All three grids
yield accurate predictions of ship resistance.
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Fig. 2 (Color online) Grid distribution around ship hull

Table 2 Different ship models

Min grid
Case Ship/:gngth Re Sizi
A /m
6.07 1.64x10’ 5.4x107
437 1.00x10’ 3.9x107
2.19 3.55%x10° 2.0x107

Table 3 Computational grids of convergence study

Case Grid number Base size Min grid

S (x10°) /m size, A /m
Coarse 4.19 0.435 6.8%107
Medium 8.52 0.346 5.4x107
Fine 15.00 0.278 43x103

Fig. 3 (Color online) Comparison results of ship resistance
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To gain deeper insights into the grid's impact on
local flows, a comparison of the bow wave profile at
X /L, =0.08 is presented in Fig. 4. It is worth

noting that while the resistance shows little difference,
the local wave-breaking phenomena exhibit signi-
ficant variations. The coarse grid only manages to
depict a relatively smooth breaker, forming only one
plunging jet. Conversely, both the medium and fine
grids capture a second overturning of bow wave
breaking, with very similar plunging curvatures.
Therefore, we opt for the medium grid in the subse-
quent simulations, considering the balance between
accuracy and efficiency.

Fig. 4 (Color online) Comparison of ship bow wave profile at
X/L,,=0.08

Based on the medium grid configuration, the
comparison of the predicted wave pattern with the
experimental measurements carried out at CSSRC?”
is presented in Fig. 5. Notably, the simulation results
align closely with the available experimental data,
with minor variations observed in local wave-breaking
elevations. These discrepancies may be caused by the
wave probe data in the towing tank, where the wave
elevation data mainly obtained by the servo-type wave
probe measurement system. The needles of the
servo-type wave probe can hardly capture all the flow
details since only couple of runs are conducted in the
towing tank.

Fig. 5 (Color online) Comparison of ship wave pattern at bow
region

The computed results of the wake flow have also
been validated against the experimental data. Figure 6

shows the velocity distribution at section X /L, =

0.20. The simulation results from our study align
closely with both the commercial software Fluent and
the towing tank PIV measurements'”, demonstrating
good agreement.

Fig. 6 (Color online) Comparison of axial velocity distribution
at X /L, =020 wake flow

The grid sensitivity analysis and the validation
against experimental data outlined above provide solid
evidence of the reliability and suitability of our
current numerical approach for predicting ship bow
wave breaking phenomena. As a result, we have
chosen to employ the present numerical approach and
the medium grid configuration for the subsequent
investigation into scale effects.



4. Scale effects study

4.1 Wave profile

To initiate the scale effect study, we conduct a
comprehensive examination of the wave elevation
profile across the entire hull surface. Figure 7 provides
a comparison of the non-dimensional wave profiles on
the hull surface using different model scales. It is
notable that all three models exhibit a high degree of
agreement, with minor variations observed in both the
bow and stern wave regions. Overall, there are no
obvious scales effects on the whole wave profile on
hull surface.

Fig. 7 (Color online) Comparison of axial velocity distribution
at X /L, =020 wake flow

According to the state-of-the-art of literatures,
breaking bow waves strongly associated with the local
vorticity distributions. Therefore, a detailed com-
parison of the breaking area with vorticity distribution
is conducted herein.

Figure 8 demonstrates the comparisons of bow
wave breaking and its vorticity distributions with
different ship model scales. A total of 11 cross sec-

tions between OL  -0.3L  are chosen to represent

the vorticity distribution in the longitudinal direction
of ship bow wave. Because of the narrow spacing
between each cross-section, it is possible to observe
the evolution trend of vorticity in the longitudinal
direction as it progresses from one cross-section to the

next. The solid lines are plotted along the vortical core.

This allows us to discern the location and propagation
direction of bow wave overturning based on the shape
of the vortex curves. It can be found that all three
models have 4 pairs of vortices in the breaking region.
Each pair of vortices contains one positive and one
negative vortex, which is due to the fact that each
wave plunging is accompanied by a sudden change in
the lateral and vertical velocities, and consequently,
there will be a pair of vortex structures consisting of a
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negative vortex and a positive vortex at the location
where the plunging jet occurs.

Fig. 8 (Color online) Comparisons of instantaneous vorticity
distribution around ship bow wave breaking area with
different model scales (colored by X vorticity)

It can be noted that the gap between every two
pairs of vortices gradually diminishes, and this pheno-
menon 1is consistently observable across all three
model scale results. Another conclusion of the bow
breaking wave is that the initial two plunging breakers
exhibit greater stability and energy, whereas the third
or fourth wave breaking instances appear weaker and
more disordered. Overall, discerning the scale effect
across the entire bow wave region proves to be a
challenging task. Consequently, we proceed with a
more comprehensive analysis of the local flow, both
in terms of time and spatial characteristics, in the
subsequent sections.

4.2 Scale effects on the spatial characteristics

To gain deeper insights into the scale effects
influencing bow wave breaking behaviors, we have
chosen to focus on the flow field at cross-section

X /L, =0.08 . This particular section is selected

because, at this point, the first two plungers have
already developed, and there is a lesser occurrence of
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nonlinear effects. Additionally, we utilize time-
averaged free surface data to better illustrate the
distinctions between the various model scales. In Fig.
9, a comparison is presented, showcasing the wave
profile and the distribution of vortices under these
different model scales. It is apparent that all three
model scales exhibit two robust plunging-type wave
breakers. There are slight differences in the charac-
teristics of the air cavity and the vorticity around it.
Nevertheless, it remains challenging to discern any
significant scale effects on the first two wave
plungers.

To investigate scale effects in the bow wave area,
we present a horizontal view of the bow wave with
different model scales in Fig. 10. The free surface is
displayed with transparency to effectively depict the
breaking region, with the darkened area indicating the

overturning characteristics. Notably, scale effects on
the breaking waves become apparent. There are
significant differences in the breaking area and the
small-scale overturning behaviors. The larger ship
model exhibits a clear third plunging-type breaker
with a stable air-cavity (depicted in dark color), which
is not observed in the smaller models. To gain a more
comprehensive understanding of scale effects on local

flows, several cross-sections (between X /L =

0.18-0.20, depicted as solid lines in Fig. 10) are
selected to highlight these distinctions.

Figure 11 provides a visual comparison of wave
elevation and vorticity distribution at two cross sec-
tions under different model scales. For model 1, two
sections exhibit a stable third plunging-type wave
breaker with a fully developed internal air-cavity,

Fig. 9 (Color online) Comparison of the vorticity and velocity distribution at cross section



Fig. 10 (Color online) Horizontal view of the bow waves with
different meodl scales
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which is consistent with the flow characteristics
shown in Fig. 10. In the case of the middle-sized
model 2, there are some instances of third plungers
with unsteady internal air-cavities at the upstream
sections, while the smallest model 3 hardly displays
any air entrainment phenomenon.

The scaling effect permits larger ship models to
experience more violent plunging at the same Froude
number, resulting in greater bow wave energy during
the overturning process. This, in turn, leads to a more
stable plunging-type bow wave breaker and a more
pronounced internal air cavity. The distinctions
become particularly noticeable after the first two
plungers within the current model length range (2 m-
6 m). These findings can potentially shed light on why
full-scale ships advancing in open seas often exhibit

Fig. 11 (Color online) Comparisons of the wave profile and vorticity distribution at different cross sections under different ship

models (colored by axial vorticity)
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considerable unsteady breaking phenomena and air
entrainment.

According to the present analysis, it becomes
apparent that scale effects should be taken into
account when dealing with high-speed ships encoun-
tering breaking waves. Nevertheless, investigating
these scale effects on breaking bow waves remains a
daunting challenge, especially when considering the
factors of complex ship geometries and viscous flows.

4.3 Scale effects on the time characteristics

In addition to the scale effects on the spatial
characteristics of ship bow wave breaking, this section
further delves into the scale effects on the temporal

evolution of bow waves. Flow fields at various time
instants are presented and compared with demonstrate
the scale effects on the progression of bow wave
breaking. Figure 12 provides a comparison of the

wave profile and velocity distribution at X /L =

0.18 at two time instants.

In the case of the larger-scale model 1, the
plunging-type wave breaker remains relatively
consistent over time, with the shape, size, and position
of the internal air cavity remaining stable. In contrast,
the middle-sized model 2 exhibits the formation of a
closed internal air cavity at all two moments, but the
cavity’s profile undergoes significant changes at

Fig. 12 (Color online) Comparisons of wave profile and velocity distribution at different time instants under different ship models

(colored by non-dimensional Y velocity)



different time intervals. For the smaller model 3, time
variations are notably more pronounced, and no ob-
vious closed air cavity forms. Consequently, the wave
profile exhibits noticeable changes over time. There-
fore, scale effects are also evident in the temporal
evolution of breaking waves.

To quantify the scaling effects concerning time
variations, we further derive and analyze the para-
meters of the air cavity for models 1, 2.

Figure 13 provides a comparison of the shape of
the third plunger air cavity at 3 different time instants.
Table 4 lists the comparison of the area, and minimum
free surface thickness above the air cavity at different
time instants, with both cavity area and minimum
thickness represented using nondimensional values.
Building upon our previous analysis and the data
presented in Fig. 13, Table 4, it becomes evident that
the air cavity exhibits minimal temporal variation in
the case of the larger models. In the middle-sized ship
model, the shape, cavity area, and free surface thick-
ness above the cavity demonstrate significant changes
over time. This phenomenon may also be attributed to
the higher plunging wave energy levels present in the
larger ship models, allowing the plunging-type wave
breaker to maintain stability over greater distances and
durations.

Fig. 13 Comparison of air cavity shape at different time instants

Table 4 Comparison of air cavity parameters of the third
plunger at different time instants for different ship

models
Parameters _Tlme Model 1 Model 2
nstant
1 1.07%107 2.54x107°
Area 2 6.36x10° 5.74x107°
3 1.22x107 9.50%107°
_ 1 2.50x10° 5.82x107*
Min 2 1.84x10° 1.36%10°
thickness 5 4
3 2.04x10° 4.45x10°

5. Conclusions

In this paper, the DDES approach is employed to
simulate the ship bow wave breaking phenomenon at
different model scales. The numerical approach has
been validated through the comparison with available
experimental results. Additionally, a grid sensitivity
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study has been conducted, confirming that an 8.52x
10° mesh is suitable for accurately simulating ship
bow wave breaking.

The investigation into scale effects on ship bow
wave breaking encompasses various aspects, inclu-
ding the whole wave profile, spatial features, and
temporal characteristics. The main conclusions drawn
from this study can be summarized as follows:

Regarding the whole wave profile aspects, it is
noteworthy that the gap between each consecutive pair
of vortices gradually decreases. This observed pheno-
menon holds true across all three model scale results.
It can also be inferred that the first two plunging
breakers exhibit higher stability and energy, while the
third or fourth wave breaking instances appear weaker
and more disordered.

In terms of spatial characteristics, the utilization
of time-averaged free surface data effectively miti-
gates the influence of the temporal factor. Notably,
larger ship models consistently demonstrate a more
stable plunging-type bow wave breaker, accompanied
by a more pronounced internal air cavity. These scale
effects become notably pronounced after the
occurrence of the first two plungers, particularly
within the current model length range of 2m-6m. In
contrast, the smallest ship model can barely form air
cavity after first two plunging type breakers.

In terms of time characteristics, the larger ship
model maintains a stable air cavity throughout the
duration of the simulations. Conversely, the middle-
sized model exhibits significant variations in the shape
and area of the internal air cavity during the
occurrence of the third plunging breaker. The smallest
model does not form an air cavity, and the wave
profile displays substantial differences at various time
instants.

The present paper only presents the comparisons
of ship bow wave breaking at relatively small ship
lengths. Future work will focus on the numerical
investigation of ship bow wave breaking phenomenon
on larger ship scales.
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