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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Clockwise rotation drives deep waves 
and air mixing, unlike anticlockwise.

• Froude number thresholds control 
extreme air mixing and wave dynamics.

• Intense air entrainment severely reduces 
lift forces on rotating cylinders.

• An optimal shallow depth maximises lift 
by balancing wave and wake effects.
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A B S T R A C T

The flow past a fully submerged rotating cylinder beneath a free surface involves complex multiphase in
teractions, including free-surface deformation, air entrainment, and wave breaking. Using large-eddy simulation 
coupled with the volume-of-fluid method, we investigate these phenomena at Re = 6 × 104 and spin ratio α = 2 
over a range of submergence depths H/D = 3–100, Froude numbers Fr = 2.0–3.2, and both clockwise and 
anticlockwise rotations. The free surface exhibits markedly different responses depending on the rotation di
rection: clockwise rotation produces a deep wave trough accompanied by intense air entrainment, whereas 
anticlockwise rotation generates a wave crest with substantially less entrainment. The two-phase mixing region 
volume is quantified and found to exhibit local extrema, reflecting the shifting balance between gravity- and 
inertia-dominated regimes for the parameter set investigated. The lift coefficient exhibits a significant reduction 
that is strongly correlated with the occurrence of intense air entrainment, with an optimal submergence of H/D =

5 providing maximum lift under moderate Froude numbers. The streamwise velocity field reveals how air 
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entrainment alters the wake structure and promotes energy dissipation. These findings provide a fundamental 
quantitative understanding of multiphase Magnus-effect flows.

1. Introduction

Rotating cylinders are widely used in engineering applications, for 
example, ship anti-rolling devices and wind-assisted propulsion systems. 
Their operation relies on the generation of a lift force by cylinder rota
tion, known as the Magnus effect (Swanson, 1961; Seifert, 2012). This 
effect was originally identified in single-phase flows and has been 
extensively studied. In the case of ship anti-rolling devices, however, the 
cylinder operates beneath a free surface with air above the water. The 
presence of the free surface introduces additional flow interactions, 
which may modify the classical Magnus effect (Lin and Yao, 2023).

The classical Magnus effect in single-phase flows depends primarily 
on the Reynolds number (Re) and the spin ratio of the cylinder (α), 
which is defined as the ratio of the rotational speed to the inflow ve
locity. Early studies established theoretical frameworks for analysing the 
influence of the rotation on vortex shedding and hydrodynamic forces 
(Mittal and Kumar, 2003; Pralits et al., 2010; Lu et al., 2011; Radi et al., 
2013). After that, Rao et al. (2013) found two steady states and exam
ined their stability to perturbations at Re < 400 with 1.9 ≤ α ≤ 6.5, 
showing that increasing rotation affects transitional wake modes. By 
placing a small wire upstream to introduce asymmetry in the inflow, Rao 
et al. (2015) reported that subharmonic modes are triggered at low 
rotational speeds. At Re < 500 with 1.6 ≤ α ≤ 6, numerical simulations 
by Munir et al. (2019) reported the nonlinear amplification of 
paired-vortex formation and shear-layer intensification with increasing 
rotational speed. At the higher Reynolds number, Re = 6 × 104, with 
0.48 ≤ α ≤ 0.6, large eddy simulation (LES) by Cheng et al. (2018)
identified a lift-crisis phenomenon associated with delayed boundary 
layer separation by the cylinder rotation. Complementary experiments 
by Chen and Rheem (2019) quantified the influence of the cylinder 
aspect ratio together with Re and α and identified distinct 
vortex-shedding regimes. Extending the configuration to inclined cyl
inders, Bourguet (2021) showed that the inclination significantly alters 
the wake stability characteristics.

For free-surface flows, stationary and rotating horizontal cylinders 
that are partially submerged in liquids have been investigated both 
numerically and experimentally (Ren et al., 2019; Hu et al., 2023). Due 
to the partial submergence, the cylinder rotation can induce significant 
gas entrainment. Experiments by Sharma et al. (2015) examined air 
entrainment into the liquid. Rana et al. (2016) simulated the air 
entrainment and the wrapping dynamics of the free surface near the 
cylinder using a finite volume method with the volume-of-fluid (VOF) 
method. Their study addressed the effects of liquid properties on the 
free-surface dynamics and found that air entrainment patterns are 
determined by the interplay between centrifugal forces and viscous 
damping. After that, Panda et al. (2022) classified entrainment regimes 
in terms of the submergence ratio for different gas-liquid pairs.

Fully submerged rotating horizontal cylinders remain relatively 
poorly understood, despite their application in ship anti-rolling devices 
(Lin et al., 2021, 2022). Lin and Yao (2023) investigated this configu
ration at low Reynolds numbers (Re ≤ 250), where turbulence does not 
arise. Apart from this study, few studies have focused on such configu
rations. In the limit of quiescent liquids (Re = 0), Panda and Rana 
(2022) analysed air entrainment in the vicinity of the cylinder. A 
related problem was considered by Kumar et al. (2017), who investi
gated gas entrainment for counter-rotating horizontal cylinders.

In contrast, a more extensive set of results has been obtained for the 
fully submerged horizontal cylinders without rotation. Early work 
characterised the free-surface deformation and vorticity generation 
under steady inflow conditions (Daichin and Lee, 2004; Malavasi and 
Guadagnini, 2007; Feshalami et al., 2022; Zhao et al., 2024). 

Two-dimensional simulations at Re = 180 by Reichl et al. (2005)
showed that increasing inflow velocity leads to pronounced surface 
deformation and strong surface vorticity, which alters the wake struc
ture. The role of the submergence depth was later examined using a 
numerical method of smoothed particle hydrodynamics (SPH) by 
Bouscasse et al. (2017), who reported that surface-induced vorticity can 
suppress classical Kármán vortex shedding. Multi-solver benchmarks for 
viscous free-surface flows at similar Reynolds numbers were subse
quently provided by Colagrossi et al. (2019), highlighting metastable 
wake states arising from nonlinear wake-surface interactions. Exten
sions to unsteady dynamics were considered by Gu et al. (2020), who 
investigated vortex-induced vibrations of a spring-mounted cylinder 
beneath a free surface and observed a reduction in vibration amplitude 
with increasing submergence depth. At the higher Reynolds number of 
Re = 7550, LES by Zhao et al. (2021) revealed three-dimensional 
asymmetries and jet-like flow structures between the cylinder and the 
free surface. More recently, Patel et al. (2025) examined the coupled 
dynamics of free-surface deformation and hydrodynamic forces, 
demonstrating the role of the Weber number and surface tension in 
determining lift generation.

Despite the extensive literature on stationary cylinders, the config
uration of a fully submerged rotating horizontal cylinder at Re = O

(
104)

remains largely unexplored. To clarify the novelty of the present work, it 
is essential to distinguish it from previous studies. Firstly, compared to 
our previous low-Reynolds-number investigation (Lin and Yao, 2023), 
which was restricted to Re ≤ 250 and laminar flow regimes, the present 
study addresses the high-Reynolds-number regime (Re = 6 × 104). At 
this Re, the boundary layer is fully turbulent, leading to complex 
three-dimensional wake structures that are entirely absent at low Re. 
Secondly, while extensive research exists on stationary cylinders near a 
free surface (Reichl et al., 2005; Bouscasse et al., 2017; Zhao et al., 2021; 
Patel et al., 2025), the physics are predominantly governed by gap flow 
and surface-induced vorticity. The introduction of cylinder rotation 
fundamentally breaks this symmetry, coupling the Magnus effect with 
free-surface dynamics. Thirdly, unlike studies on partially submerged 
rotating cylinders (Rana et al., 2016), where the cylinder pierces the 
interface, the fully submerged configuration investigated herein features 
air entrainment driven by the depression of wave troughs rather than 
direct surface piercing.

Consequently, the primary novelties of this study are the simulation 
of the intricate coupling between high-Re turbulence, free-surface 
deformation, and air entrainment; the quantification of the two-phase 
mixing region volume, identifying specific Froude-number regimes 
that delineate variations between gravity-dominated and inertia- 
dominated flows; the revelation of a striking rotation-direction asym
metry, demonstrating that clockwise rotation induces a deep wave 
trough with intense air entrainment, whereas anticlockwise rotation 
generates a wave crest with negligible entrainment; and the elucidation 
of how these multiphase interactions profoundly degrade the lift 
coefficient.

The remainder of the paper is organised as follows. The problem 
formulation and numerical methodology are described in Section 2, 
together with validation and resolution studies. The results are pre
sented and discussed in Section 3, including the effects of the submer
gence depth, Froude number, and rotation direction on the wake 
dynamics and hydrodynamic forces. Finally, the main conclusions are 
summarised in Section 4.
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2. Problem setup and numerical method

2.1. Problem description

The configuration of the fully submerged rotating cylinder beneath a 
free surface is shown in Fig. 1. The coordinate system is defined with the 
freestream velocity U0 along the positive X-axis, the vertical upward 
direction as the positive Z-axis, and the spanwise direction as the Y-axis. 
The clockwise (CW) rotation is defined such that the tangential velocity 
of the cylinder's upper surface is in the same direction as the freestream, 
generating an upward lift force. The anticlockwise (ACW) rotation is the 
reverse, where the upper surface moves against the freestream, gener
ating a downward lift force. To facilitate a direct comparison of the force 
magnitude between the two rotation directions for engineering appli
cations, the lift coefficient presented in this study is defined as the ab
solute value. The diameter of the cylinder is represented by D. The 
spanwise length is set to L/D = 7, according to the typical aspect ratio of 
Magnus anti-rolling devices (Lin et al., 2023, 2024). This choice is 
deliberately more conservative than the spanwise extent of L /D = 3 
adopted in benchmark LES studies of rotating cylinders in single-phase 
flows at comparable Reynolds numbers (Cheng et al., 2018). The 
depth of the liquid is 10D + H with H/D ∈ [3,100], where H is the sub
mergence depth defined as the distance from the centre of the cylinder to 
the initial free surface. The inlet of the computational domain is located 
20D away from the cylinder centre, and the outlet position is 100D. The 
top boundary in the gas is located 8D above the initial free surface. As 
verified by comparing different boundary distances in our previous 
works, the computational domain size adopted in this study is sufficient 
to exclude the blockage and shallow-depth effects.

Dimensionless parameters include the Reynolds number (Re =

ρwU0D/μw), the Froude number (Fr = U0/
̅̅̅̅̅̅
gD

√
), the spin ratio (α =

0.5ωD/U0), the submergence depth ratio (H/D), the density ratio (ρw /ρa 
= 844.49), and the viscosity ratio (μw/μa = 61.40). It is worth noting 
that for the two fluids, the densities (ρa and ρw) and the viscosities (μa 
and μw) are defined according to air and water. The freestream velocity 
U0 is determined by Re = 6 × 104. The rotational speed ω is from α = 2, 
and the rotation direction is set to CW or ACW. To obtain a range of Fr ∈
[2.0, 3.2] whilst maintaining a constant Reynolds number (Re = 6 ×

104), the gravitational acceleration g is adjusted, whilst the freestream 
velocity U0 and fluid properties remain invariant. This numerical 
strategy is deliberately adopted to isolate the Froude-number effects 
from Reynolds-number dependencies, which are important at Re = 6 ×
104 where boundary layer separation and wake turbulence are highly 

sensitive to Re. Consequently, the Weber number (We = ρwU2
0D/σ, 

where σ is the surface tension) remains strictly constant and significantly 
greater than unity (We ∼ O

(
103) for macroscopic cylinder diameters), 

confirming that inertial forces overwhelmingly dominate surface ten
sion. The Bond number (Bo = ΔρgD2/σ, where Δρ is the density dif
ference between the two phases), which relates to the Froude and Weber 
numbers via Bo = We/Fr2, varies with Fr but remains sufficiently large 
(Bo≫1) across the parameter space. This ensures that macroscopic free- 
surface dynamics and wave breaking are governed purely by the gravity- 
inertia balance, and the observed variations at specific Froude numbers 
are genuine physical phenomena rather than capillary or numerical 
artefacts.

2.2. Numerical method

2.2.1. Governing equations
Both fluids are assumed to be incompressible. The LES with implicit 

filtering is used to simulate the turbulent flow. The wall-adapting local- 
eddy viscosity (WALE) model is employed to determine the subgrid- 
scale (SGS) viscosity (Kim et al., 2020). While modern advanced 
models, such as the anisotropic minimum-dissipation model and the 
modulated gradient model, offer excellent performance for anisotropic 
turbulence, the WALE model is favoured in this study. It natively pro
vides the correct near-wall scaling without requiring dynamic spatial 
averaging, which is highly advantageous for maintaining numerical 
stability near the sharp density gradients of the VOF free surface and 
within the complex moving overset mesh topology. The governing 
equations of the LES (Arya and De, 2019; Rodriguez et al., 2017) are 
given as follows: 

∂Ũi

∂xi
= 0, (1) 

∂Ũi

∂t
+

∂ŨiŨj

∂xj
= −

1
ρ

∂P̃
∂xi

+
μ
ρ

∂2Ũi

∂x2
j
−

∂τij

∂xj
+ fi, (2) 

where Ũi and Ũj (i, j = 1, 2, 3) denote the filtered flow velocity com
ponents, xi and xj the components of the Cartesian coordinates, t the 
physical time, ρ the density of the fluid, P̃ the filtered pressure, μ the 
dynamic viscosity, τij the SGS stress tensor, and fi a body force.

Eqs. (1) and (2) are solved using the finite-volume method and the 
semi-implicit method for pressure-linked equations (SIMPLE) algorithm. 
The mass-conservation constraint on the velocity field is enforced 

Fig. 1. Schematic of the computational setup.
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through a pressure-correction equation. A bounded central-differencing 
scheme is used to discretise the convection term. An algebraic multigrid 
(AMG) method is employed to accelerate convergence of the solver. The 
first-order implicit Euler scheme is adopted for temporal discretisation. 
Although higher-order schemes introduce less temporal truncation 
error, the first-order scheme is selected to guarantee strict boundedness 
and numerical stability for the VOF interface amidst severe topological 
changes such as wave breaking.

2.3. VOF method

The free surface is captured using the VOF method (Hirt and Nichols, 
1981). It enables the tracking of dynamic two-phase flow interfaces (i.e., 
the free surface) by introducing a scalar variable that represents the 
volume fraction of a given fluid with each cell. The volume fractions are 
continuous functions of space and time and sum to unity in each cell. 
This yields: 

λa + λw = 1. (3) 

where λa and λw are the volume fractions of the gas and liquid.
The transport equations for the volume fractions have a similar 

structure for both phases. For the liquid phase, the equation is given by 

∂λw

∂t
+

∂
(
λwŨj

)

∂xj
= 0. (4) 

In this study, phase change between the two phases is neglected. This 
assumption is justified because the simulations are performed under 
isothermal conditions with no thermodynamic driving forces, such as 
temperature gradients, superheating, or subcooling, that could induce 
evaporation or condensation. The gas and liquid phases are therefore 
treated as immiscible and incompressible, consistent with established 
numerical studies of air entrainment and rotating-cylinder free-surface 
flows (Rana et al., 2016; Colagrossi et al., 2019).

The density in each cell is given by 

ρ = λaρa + λwρw, (5) 

where ρa and ρw denote the densities of the gas and liquid. The viscosity 
is also calculated in this way.

Considering Eq. (5), the momentum equations are written as: 

∂(ρŨi)

∂t
+

∂
(
ρŨiŨj

)

∂xj
= −

∂P̃
∂xi

+ μ ∂2Ũi

∂x2
j
−

∂τij

∂xj
+ ρg + σ, (6) 

where σ denotes the interfacial surface tension force implemented based 
on the continuum surface force model (Brackbill et al., 1992; Zhou et al., 
2019; Ferro et al., 2025). The velocity field Ũi is shared by the phases.

The high-resolution interface-capturing (HRIC) scheme is employed 
together with the hydrostatic VOF wave model to accurately resolve the 
gas-liquid interface with a sharp representation (Chen et al., 2018; 
Wacławczyk and Koronowicz, 2008). The HRIC scheme blends bounded 
upwind and downwind differencing schemes for the advection of the 
volume fraction. Therefore, the scheme reduces numerical diffusion 
while maintaining boundedness of the volume-fraction field.

2.4. Numerical setup

The surface of the rotating cylinder is treated with a no-slip boundary 
condition. At the inlet of both phases, a velocity inlet boundary condi
tion is prescribed, with turbulence characteristics specified according to 
the present Reynolds number (Gu et al., 2020; Reichl et al., 2005). The 
outlet is defined using a pressure-outlet boundary condition. The top 
boundary in the gas region and the bottom boundary in the liquid region 
are set with the symmetry condition. To reduce wave reflection at the 
domain boundaries, VOF wave damping (Choi and Yoon, 2009) is 
applied near the inlet, outlet, and side boundaries. This length scale is 

adopted to ensure consistent normalisation of characteristic scales and 
to suppress spurious reflections, as validated through preliminary nu
merical tests. The front and back boundaries of the computational 
domain are specified as symmetry planes. This treatment is adopted to 
accommodate the complex overset mesh topology and to strictly enforce 
a zero spanwise velocity gradient at the domain extremities. We con
ducted a sensitivity study of the segment lengths, such as L/D = 2, 3, 4, 
and 5, in the middle of the span. The results of the time-averaged and 
root-mean-square values of the hydrodynamic forces are consistent. This 
indicates that the symmetry plane has limited effects on the flow char
acteristics in the middle span region of interest. Therefore, the middle 
segment of L/D = 3 is chosen to extract and analyse the flow 
hydrodynamics.

The rotational motion of the cylinder is achieved using an overset 
mesh technique. The cylinder is positioned within a rotating overlapping 
mesh block that is overlaid on a background mesh covering the entire 
computational domain. The two mesh regions communicate across the 
overset interface through linear interpolation of flow variables between 
donor and acceptor cells, thereby coupling the solutions in the over
lapping mesh regions.

As shown in Fig. 2, the diameter of the overlapping region is 5D. The 
overset mesh is structured with the maximum cell size of 0.04D. Here the 
cell sizes are presented for the medium mesh in Appendix A. To verify 
that the near-wall and wake turbulence are sufficiently resolved, the LES 
resolution metrics are monitored. The first-layer cell height near the 
cylinder wall is 0.00014D, ensuring a maximum dimensionless wall 
distance of y+ < 0.8. The spanwise cell size is uniformly 0.04D, which is 
sufficient to resolve the spanwise coherence of the near-wall flows. The 
nominal filter width is highly anisotropic near the wall (0.006D) and 
approaches 0.04D in the wake. Crucially, the ratio of the SGS viscosity to 
the molecular viscosity is monitored and remains significantly less than 
unity in the boundary layer (approaching zero), peaking at approxi
mately 3–5 in the wake. This confirms that the resolved scales dominate 
the energy-containing eddies, proving that the turbulence is adequately 
resolved.

The background mesh is unstructured and composed of trimmed 
cells. It has three refinement levels. The cell size near the domain 
boundaries is 0.16D. The maximum cell size of the finest level is the 
same as that of the overset mesh. The region of the finest level encloses 
the overset mesh so that the cell sizes match at the interface between the 
two meshes, ensuring consistent interpolation accuracy. Additional 
mesh refinement is applied in the vicinity of the free surface to improve 
the resolution of interfacial dynamics. The refinement region extends 
1.28D in the vertical direction, with cell sizes ranging from 0.04D to 
0.08D.

2.5. Validation

Owing to a lack of relevant experimental and numerical results for 
the current problem set-up in the literature, the methodology in this 
study is first validated against the rotating cylinder in single-phase flow 
at Re = 6 × 104, Fr = 3.2, and α = 2, for which comprehensive data 
have been reported by Swanson, (1961), Carstensen et al. (2014), and 
Cheng et al. (2018). Moreover, the mesh convergence is validated for the 
two-phase flow cases, taking into account the interface resolution (see 
Appendix A). For free-surface deformation, the VOF method is validated 
against the direct numerical simulations (DNS) data of a stationary 
cylinder near a free surface (Sun et al., 2025), showing excellent 
agreement for the wave profile with a root-mean-square error of <3% in 
the wave amplitude (see Appendix B). To validate the solver's capability 
to capture wave breaking and air entrainment, we perform quantitative 
comparisons with the DNS results of Deike et al. (2016) for 
three-dimensional breaking waves (see Appendix B). The validation 
focuses on the time evolution of entrained air volume during active 
breaking stages. Furthermore, the quantification of the two-phase mix
ing region relies on the mass conservation and interface sharpness of the 
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VOF method. The HRIC scheme maintains excellent mass conservation, 
with a relative mass error of <0.1% over the simulation time, ensuring 
the accurate prediction of the air entrainment.

To get sufficient mesh resolution with acceptable computational 
costs, a mesh convergence study was performed. To quantify the dis
cretisation error, this work adopts the grid convergence index (GCI) 
approach, which is used in CFD verification studies (Park et al., 2015; 
Baker et al., 2020; Aycan et al., 2023). The GCI is presented as a per
centage and represents a 95% confidence interval for the estimated 
discretisation error with a safety factor of 1.25. Three meshes were 
generated with the grid refinement ratio of 

̅̅̅
2

√
, following the recom

mendation of the 2017 International Towing Tank Conference (ITTC).
The simulations are carried out for a sufficiently long period of time 

to allow the statistics to converge. The time-averaged lift coefficient, Cl 

= Fz/
(
0.5ρwLDU2

0
)
, and the time-averaged drag coefficient, Cd = Fx 

/
(
0.5ρwLDU2

0
)
, are obtained by averaging the lift and drag forces Fz and 

Fx over the last 50 periods, where one period corresponds to the time 
scale D/U0. Here, the lift calculation excludes the buoyancy. To quantify 
the fluctuating behaviour, the root-mean-square values, Cl,rms and Cd,rms, 
are also computed. Table 1 shows the results of the mesh convergence 
study. The present results show good agreement with the experimental 
data (Swanson, 1961; Carstensen et al., 2014) and the LES results re
ported by Cheng et al. (2018). The GCIs of Cl and Cd are <1.3%. 
Considering the large number of simulations needed, a mesh containing 

approximately 35 million cells is chosen as a reasonable compromise 
between numerical accuracy and computational costs after a thorough 
examination.

Based on the medium mesh, the sensitivity of the time-step size is 
investigated. Three different time steps are tested, corresponding to the 
rotational increments of 0.5∘, 1∘, and 2∘ of the cylinder per time step. The 
time steps satisfy two constraints: a maximum global convective Courant 
number smaller than 0.5, which is consistent with the temporal accuracy 
requirement for the LES; and a maximum capillary Courant number 
smaller than 0.25, which is the stability threshold for surface tension 
effects resolved using the continuum surface force model. For the largest 
time step, the maximum capillary Courant number is 0.18. Table 2
shows the relative errors of Cl and Cd below 1%. Considering the 
computational efficiency and solution accuracy, the time step corre
sponding to 1∘ of the cylinder rotations per time step is selected for the 
simulations in the following sections. Given the small time step 
employed, the temporal numerical dissipation is strictly bounded and 
remains negligible compared to the physical SGS dissipation.

3. Results and discussion

All the operating conditions in this study are listed in Table 3, 
comprising a total of 40 cases. The effects of the submergence depth, 
Froude number and rotation direction on the hydrodynamic character
istics of the rotating cylinder are analysed systematically.

Fig. 2. Mesh cells: (a) near the free surface and the overset region; (b) and (c) near the walls shown in a cross-sectional plane and in an isometric view.

Table 1 
The results of the mesh convergence study.

Mesh Total number 
of mesh cells 
(million)

Cl GCI 
of Cl 
(%)

Cl,rms Cd GCI of 
Cd 
(%)

Cd,rms

Fine 49.39 4.711 0.61 0.15 0.318 0.75 0.059
Medium 35.28 4.736 1.30 0.15 0.319 1.20 0.059
Coarse 24.70 4.792 – 0.16 0.321 – 0.059

Table 2 
The results of the time-step convergence study.

Rotating angle per 
time step

Cl Relative error of 
Cl (%)

Cd Relative error of 
Cd (%)

0.5∘ 4.664 – 0.520 –
1.0∘ 4.687 0.49 0.523 0.58
2.0∘ 4.705 0.88 0.525 0.96
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3.1. Effect of submergence depth on free-surface morphology

Fig. 3 shows the free-surface morphology at the mid-span section for 
different submergence depths. As the submergence depth increases, the 
influence of the cylinder on the free surface deformation diminishes. 
While the free surface and incoming flow interact with the upper surface 
of the cylinder, the CW cylinder rotation amplifies this effect at H /D =
3. The rotation accelerates the flow in the narrow region between the 
free surface and the upper surface of the cylinder. This acceleration 
produces a prominent local free-surface elevation in which part of the 
kinetic energy of the accelerated flow is converted into potential energy, 
resulting in an upstream elevation of the free surface. The remaining 
kinetic energy is dissipated through the turbulence. A similar local 
surface elevation induced by gap-flow acceleration was reported in the 
numerical study of a cylinder near a free surface by Bouscasse et al. 
(2017). As the submergence depth increases, the amplitude of the 
free-surface waves generated by the rotating cylinder progressively at
tenuates. For H/D >

∼
30, the free surface remains nearly undisturbed, 

indicating that its influence on the surrounding flow becomes negligible.
The instantaneous surface pressure coefficient, Cp = (P − P0 − ρwgh)

/
(
0.5ρwU2

0
)
, as a function of the circumferential angle θ at the mid-span 

section for different submergence depths is shown in Fig. 4. Here P0 

denotes the atmospheric pressure of 1.01325 × 105 Pa, and h the ver
tical distance from a measurement point on the cylinder surface to the 
initial free surface (the still water level). The circumferential angle θ is 

defined in the X − Z cross-sectional plane. The zero angle (θ = 0∘) is 
located at the front stagnation point facing the incoming freestream, and 
the angle increases in the anticlockwise direction. Consequently, the 
lower and upper sides of the cylinder correspond to θ = 90∘ and θ =

270∘, respectively, while the rear stagnation point is located at θ = 180∘. 
The results show that at H/D = 3, the Cp distribution on the cylinder 
surface differs from the other submergence depths. Specifically, rela
tively higher Cp are observed on the lower surface for 60∘ ≤ θ ≤ 180∘, 
and notably higher near the upper surface at θ = 270∘. This pressure 
pattern reduces the relative pressure difference between the upper and 
lower surfaces, resulting in a significant loss of the lift force. As the depth 
increases, the Cp on the upper surface decreases. Beyond H/D > 7.5, the 
minimum Cp stabilises around − 6.5. Overall, the differences of the Cp 

distributions amongst the cases diminish with increasing submergence 
depth.

The streamlines for the instantaneous velocity fields of the hori
zontally rotating cylinder at different submergence depths are plotted in 
Fig. 5. It can be observed that the stagnation points of the incoming flow 
at different H are all located around θ = 20∘, corresponding to the 
positive peak value of Cp in Fig. 4. The recirculation zones for different H 
lie within the angular range of 90∘ to 180∘ in the area of θ, corresponding 
to the plateau region where Cp ≈ 0 in Fig. 4. An ACW near-wall vortex is 
present below the cylinder near θ = 90∘. At H/D = 5, this vortex is 
closer to the wall, with the CW trailing-edge vortex near θ = 180∘ dis
appearing. The incoming flow upstream of the stagnation point exhibits 
a similarly inclined upward direction in all cases. However, the wake 
deflection angle behind the cylinder varies with depth. When H/D ≥ 5, 
this deflection angle initially increases and then decreases with rising H. 
In classical single-phase flows, a larger wake deflection angle typically 
corresponds to a stronger reactive lift force, consistent with Newton’s 
third law and the momentum redistribution induced by the Magnus 
effect. At H/D = 3, although the deflection angle increases significantly, 
the lift force drops noticeably. This apparent departure from classical 
behaviour is fundamentally driven by the strong free-surface interaction 
and the resulting drastic variation in local fluid density. Firstly, 
regarding the wake momentum flux, intense air entrainment at H/D = 3 
creates a massive two-phase mixing region. The local mixture density is 
drastically reduced due to the extremely low density of the entrained air. 

Table 3 
Summary of the operating conditions investigated in the present study.

Cases H/D Fr Rotation 
direction

1–10 3, 5, 7.5, 10, 15, 20, 30, 
40, 50, and 100

3.2 CW

11–20 3, 5, 7.5, 10, 15, 20, 30, 
40, 50, and 100

3.2 ACW

21–30 3 2.0, 2.1, 2.2, 2.3, 2.4, 2.6, 
2.7, 2.8, 3.0, and 3.2

CW

31–40 3 2.0, 2.1, 2.2, 2.3, 2.4, 2.6, 
2.7, 2.8, 3.0, and 3.2

ACW

Fig. 3. Instantaneous morphology of the free surface influenced by the CW rotating cylinder at different submergence depths when Fr = 3.2.
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Consequently, although the wake exhibits a large geometric deflection 
angle, the actual momentum flux of the deflected fluid is significantly 

diminished. The large visual deflection is largely driven by the kinematic 
interaction with the highly deformable, low-density free surface, rather 

Fig. 4. Instantaneous surface pressure coefficient curves of the horizontally CW rotating cylinder at different submergence depths when Fr = 3.2: (a) θ ∈ [0∘,360∘], 
(b) θ ∈ [0∘,180∘], and (c) θ ∈ [210∘,330∘].

Fig. 5. Streamlines of the instantaneous velocity field of the horizontally CW rotating cylinder coloured by dimensionless streamwise velocity at different sub
mergence depths when Fr = 3.2.
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than a proportional reactive momentum transfer that generates lift. 
Secondly, regarding the surface pressure distribution and force decom
position, the entrainment of low-density air fundamentally alters the 
near-wake flow topology. The low-density two-phase mixture cannot 
sustain the severe pressure differential between the upper and lower 
surfaces as effectively as a single-phase liquid. As shown in Fig. 4, the 
minimum pressure coefficient on the suction side is elevated (i.e., its 
magnitude decreases). This reduction in the surface pressure differential 
directly leads to a significant loss of lift.

3.2. Effect of Froude number on air entrainment and wave dynamics

For a cylinder at H/D = 3 (close to the surface), the Froude number 
controls the balance between inertial and gravitational forces. The 
three-dimensional morphological properties of the free surface coloured 
with dimensionless vertical amplitude (A/D) at different Froude 
numbers are illustrated in Fig. 6. The vertical amplitude (A) is the dif
ference between the coordinates in the Z-axis direction and the initial 
liquid level height. The free surface is affected by the horizontal cylin
der's CW rotation, generating a deep wave trough at the backside of the 
cylinder and inducing intense air entrainment within the trough when Fr 
= 2.2. The continual intense interfacial shearing, violent wave breaking, 
and chaotic multiphase mixing cause a substantial amount of mechan
ical energy to be dissipated. This intense multiphase mixing and air 
entrainment are strongly correlated with a significant alteration of the 
surface pressure distribution (Fig. 9), which in turn leads to a degra
dation of the lift force (Fig. 11). As the Froude number increases beyond 
Fr = 2.7, the trough becomes shallower and the air entrainment sub
sides. This suppression of air entrainment is driven by the strong 
convective advection at high Fr, which kinematically elongates and 

shallows the wave trough, preventing it from penetrating deep enough 
to interact with the low-pressure core of the cylinder's wake. Without 
this low-pressure suction to induce interfacial instability, the wave 
breaking and air entrainment are physically suppressed.

Fig. 7 shows the free-surface morphology generated by the hori
zontally rotating cylinder across the range of tested Froude numbers. 
With increasing Fr, its influence in the far field (X/D ≈ 100) grows 
progressively stronger. In the near field (X/D ≈ 0), the cylinder directly 
elevates the water surface, forming a distinct wave crest—driven by the 
flow acceleration-induced surface elevation shown in Fig. 3. As Fr rises, 
the first crest shifts closer to the cylinder and increases in amplitude. 
Conversely, the first trough moves farther downstream, with its ampli
tude initially increasing before decreasing. For Fr ≤ 2.4, intense air 
entrainment occurs at the first trough (see Fig. 6), which coincides with 
a marked reduction in lift and an increase in drag. The far-field wave 
peak for Fr = 2.8 exceeds the near-field surface elevation driven by the 
flow acceleration, a feature driven by the following key hydrodynamic 
processes. Air entrainment and near-field wave energy dissipation cease 
for Fr ≥ 2.7, allowing nearly all wave energy generated by wake-free 
surface coupling to be preserved in propagating surface gravity waves. 
Specifically, the cessation of violent topological interface breaking 
removes a major energy sink, allowing the large-scale coherent wake 
vortices to efficiently transfer their kinetic energy to the free surface via 
unsteady pressure fluctuations and Reynolds stress work. The reduced 
local wave dissipation allows these surface gravity waves to propagate 
downstream with sustained amplitudes, explaining the enhanced far- 
field undulation observed at high Fr (Fig. 7).

The dimensionless streamwise velocity fields in the wake (Fig. 8) 
provide complementary insight. When Fr ≤ 2.4, intense air entrainment 
occurs in the troughs, accompanied by marked reverse flow. As Fr in
creases further, the counter-flow weakens and shifts downstream. At 
higher Fr, coupling between the submerged wake and the free surface 
weakens significantly compared to lower Fr conditions. This results in 
shallower surface troughs and longer associated wavelengths. Elongated 
wavelengths generally indicate reduced wave dissipation, explaining the 
sustained free-surface undulation observed in the far field (X/D ≈ 100) 
at high Fr. In addition, increasing Fr enhances the tangential velocity at 
the first crest above the cylinder, raising the local water level under 
combined surface-tension effects.

The distribution of the surface pressure coefficient Cp in Fig. 9a re
veals how these changes in free-surface and wake morphology translate 
into force variations. Since the hydrodynamic forces are the direct sur
face integrals of the pressure and viscous stress fields, the alteration of 
the Cp distribution by the multiphase mixing is the direct physical 
mechanism responsible for the observed degradation of the lift force. 
The Cp curve exhibits a single trough, reflecting the influence of vortex 
shedding from the cylinder on the surface pressure. At lower Froude 
numbers (Fr < 2.6), the angle-averaged pressure coefficient Cp, θ on the 
lower cylinder surface (θ ∈ [60∘,180∘]) is smaller than that obtained at 
higher Fr; this difference is most pronounced at Fr = 2.0, as shown in 
Fig. 9b. In contrast, the minimum Cp on the upper surface increases more 
strongly with Fr (see Fig. 9c), resulting in a reduced pressure differential 
between the upper and lower surfaces and, consequently, a diminished 
lift. The angular location θ of the upper-surface minimum Cp shifts with 
Fr (see Fig. 9d). For Fr ≤ 2.6, the minimum occurs near θ ≈ 253∘, closer 
to the trailing edge. As Fr increases beyond 2.6, the minimum moves 
toward θ ≈ 265∘, the pressure differential recovers, and the pressure 
distribution approaches that of a rotating cylinder in the absence of 
severe free-surface interference.

3.3. Effect of rotation direction: trough vs. crest

In the first two subsections, the rotation direction of the cylinder was 
always CW, and in this subsection, the effects of the opposite rotation 
direction are compared and analysed. The distributions of the Cl and Cd 

Fig. 6. Instantaneous three-dimensional morphological properties of the free 
surface, defined by an isosurface with a volume fraction of water equal to 0.5, 
are coloured with the dimensionless vertical amplitude (A /D) at different 
Froude numbers for the CW rotating cylinder when H/D = 3.
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Fig. 7. Instantaneous morphological properties of the free surface influenced by the CW rotating cylinder at H/D = 3 with different Froude numbers.

Fig. 8. Instantaneous trailing field of the horizontally CW rotating cylinder with dimensionless streamwise velocity at different Froude numbers when H /D = 3.
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for the cylinder under different rotation directions, Fr, and H /D are 
presented in Figs. 10 and 11. As shown in Fig. 10a, under ACW rotation, 
Cl increases monotonically with Fr, stabilising for H /D > 10. At H /D =
3, strong interference from the free surface results in comparably low Cl 

values for both rotation directions. Near H/D ≈ 5, the ACW case exhibits 
a marked reduction in Cl in close proximity to the free surface, which is 
consistent with the wall-effect observations of Cheng and Luo (2007). By 
H/D ≈ 10, ACW rotation yields a higher Cl than CW rotation, although 

Fig. 9. Surface pressure coefficient curves of the horizontally CW rotating cylinder at different Froude numbers when H/D = 3. (a) Instantaneous circumferential 
distribution of Cp, (b) angle-averaged pressure coefficient Cp,θ evaluated over the angular range θ ∈ [60∘, 180∘], (c) minimum instantaneous Cp magnitude, and (d) 
circumferential angular position corresponding to the minimum instantaneous Cp.

Fig. 10. a) The time-averaged lift coefficient and (b) the time-averaged drag coefficient at different rotation directions and submergence depths for the horizontally 
rotating cylinder when Fr = 3.2.
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this difference gradually diminishes for H/D > 15 as the influence of the 
free surface weakens. In Fig. 10b, the rotation direction affects Cd only 
for H/D < 7.5, where ACW rotation produces higher drag. For H 
/D ≥ 7.5, the Cd curves for the two directions converge. Fig. 11a dem
onstrates that, for Fr ≤ 2.6, ACW rotation results in a higher Cl than CW 
rotation, maintaining a stable elevated level when Fr < 2.4—an 
outcome attributed to the combined effects of the free surface and the 
Magnus effect. For Fr ≥ 2.6, however, the free-surface disturbance be
comes weak, and the Cl values for both rotation directions equalise. 
Finally, Fig. 11b shows that Cd first decreases and then increases with 
increasing Fr, reaching a minimum near Fr ≈ 2.4. Beyond Fr = 2.8, ACW 
rotation again yields a higher Cd than CW rotation.

The morphological characteristics of the free surface affected by an 

ACW rotation of the horizontal cylinder at various Fr and H/D are 
illustrated in Fig. 12. When the cylinder rotates ACW, the upper surface 
moves against the incoming flow, reducing the relative velocity near the 
free surface. This suppresses flow acceleration-induced surface elevation 
formation—a contrast to the CW case shown in Figs. 3 and 7. A wave 
crest develops behind the cylinder, rather than the trough observed for 
CW rotation. At Fr = 3.2 and H/D = 3, the free surface forms a small 
trough followed by a large downstream crest. As H increases, surface 
influence weakens: the trough vanishes and the crest attenuates, 
correlating with lower drag (see Fig. 10). For H/D = 3 and Fr = 2.0, a 
sharp crest with small apical curvature forms behind the cylinder, 
indicating incipient wave breaking. Within 2.2 ≤ Fr ≤ 2.6, wave crests 
break, dissipating energy and reducing both lift and drag. At higher Fr, 

Fig. 11. (a) The time-averaged lift coefficient and (b) the time-averaged drag coefficient at different rotation directions and Froude numbers for the horizontally 
rotating cylinder at H/D = 3.

Fig. 12. Instantaneous morphological properties of the free surface influenced by the ACW rotating cylinder at different submergence depths and Froude numbers.
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ACW rotation produces taller wave crests, significantly increasing drag 
(see Fig. 11). For Fr ≥ 2.6, crest breaking ceases. The crests shift 
downstream, reducing their vertical influence on the cylinder and 
allowing lift to gradually increase, as shown in Fig. 11.

To quantify the intensity of air entrainment, the dimensionless two- 
phase mixing volume, Vh/V0 (V0 denotes the reference volume, i.e., the 
displaced volume of the cylinder), is employed as the primary metric. 
Physically, the dimensional volume Vh represents the total mixture 
volume within the domain. Vh is calculated as the volume integral where 
the water volume fraction satisfies 0.0001 ≤ λw ≤ 0.9999. This 
threshold isolates the dispersed bubbles, entrained air cavities, and the 
fragmented interface from the bulk single-phase regions. While VOF 
excels at resolving large-scale interface topology and macroscopic air 
entrainment, it cannot resolve the subgrid-scale dispersed micro- 
bubbles generated during violent wave breaking. The region defined 
by the volume-fraction thresholds (0.0001 ≤ λw ≤ 0.9999) thus en
compasses both the physically entrained macroscopic air cavities and 
the numerically resolved interfacial transition zone. Consequently, Vh 
/V0 serves as a robust macroscopic proxy for the spatial extent and in
tensity of the multiphase mixing region, rather than a precise measure of 
the micro-bubble population. Furthermore, to ensure that the observed 
trends in Vh/V0 are physically driven and not strongly dependent on the 
interface resolution, refer to the dedicated interface convergence study 
in Appendix A.

Fig. 13 presents a quantitative comparison of the Vh /V0 as a function 
of the submergence depths and Froude numbers for both directions of 
cylinder rotation. As shown in Fig. 13a, Vh/V0 differs markedly between 
the CW and ACW rotation directions at the smallest submergence H /D =
3. For H/D ≥ 5, however, the results for the two rotating directions 
become similar, and Vh/V0 is then dominated by the mixed volume at 
the two-phase interface. Irrespective of whether the cylinder rotates CW 
or ACW, two distinct inflection points are consistently observed on the 
curves, corresponding to Fr = 2.4 and Fr = 2.8 (see Fig. 13b). Notably, 
these two Froude numbers coincide with the inflection points identified 
on the lift and drag coefficient curves in Fig. 11. This close correspon
dence indicates that the generation of the air entrainment is a key factor 

influencing the lift and drag behaviour of a rotating cylinder. It should 
be emphasised that these specific Froude numbers represent local 
extrema observed for the present parameter set (Re = 6 × 104, α = 2, 
and H/D = 3), rather than universal critical thresholds.

The surface pressure coefficients for the ACW rotating cylinder are 
extracted for various Fr and H/D, and the results are presented in 
Figs. 14 and 15. Comparison of Figs. 4, 9, 14, and 15, reveals that 
reversing the rotation direction leads to an inverted pressure distribu
tion on the upper and lower sides of the cylinder; the low-pressure in
terval (the trough of the curve) now appears on the lower side (near θ =

90∘), producing a downward lift force. For the ACW rotating cylinder at 
Fr = 3.2, variations in immersion depth have negligible influence on the 
minimum value of Cp (see Fig. 14c). Only at H/D = 3 does the angular 
position θ corresponding to the minimum Cp shift from approximately 
90∘ to roughly 96∘, as shown in Fig. 14d. It is noteworthy that the 
circumferential angular positions of the minimum Cp for CW and ACW 
rotations are symmetric, yet the minimum Cp values differ markedly, 
especially for H/D ≤ 5. A plateau of Cp ≈ 0 is observed on the upper 
surface over 180∘ ≤ θ ≤ 300∘ (Fig. 14a), coincident with the vortex 
reattachment location. For H/D < 10, the rotation direction signifi
cantly affects the Cp,θ. At H/D = 3, changes in Fr have a pronounced 
influence on both the magnitude and the location of the minimum Cp, as 
shown in Fig. 15. Over the range 2.2 ≤ Fr < 2.8, Cp,θ and the minimum 
Cp are similar for the two rotation directions. For Fr ≤ 2.2 and Fr > 2.8, 
corresponding to the higher Cd regime in Fig. 11b, the angular position 
of the minimum Cp increases from around 90∘ to approximately 96∘ (see 
Fig. 15d). This angular shift is roughly 6∘, which is notably smaller than 
the 11∘ shift observed for the CW rotation.

4. Conclusions

For the investigated high Reynolds number (Re = 6 × 104), the 
multiphase flows present complex mechanisms in relation to turbulence, 
air entrainment, and unsteady wave dynamics, which differ markedly 
from the laminar or transitional regimes observed at low Reynolds 

Fig. 13. The time-averaged dimensionless two-phase mixing volume varies with two rotational directions at different submergence depths and Froude numbers 
when (a) Fr = 3.2 and (b) H/D = 3.
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numbers. 

● Within the explored parameter space, the free-surface morphology 
exhibits a strong dependence on submergence depth and Froude 
number. Specifically, at the shallowest depth examined (H /D = 3), 
CW rotation induces a deep wave trough accompanied by intense air 
entrainment, whereas ACW rotation generates a wave crest with 
substantially less entrainment. For H/D ≥ 30, the free surface re
mains virtually undisturbed under the present flow conditions.

● Air entrainment, quantified by the two-phase mixing volume, rea
ches two distinct inflection points at Fr = 2.4 and Fr = 2.8 for both 
rotation directions. For the present parameter set, local extrema are 
observed near these values, reflecting shifts in the balance between 
gravity-dominated and inertia-dominated regimes that coincide with 
inflection points in the lift and drag coefficients.

● The time-averaged lift coefficient demonstrates a non-monotonic 
dependence on H/D, reaching a maximum at H/D = 5 under the 
current conditions. At shallow depths, the lift is significantly 
reduced, a phenomenon that is strongly correlated with intense air 
entrainment and wake disruption. For instance, at H /D = 3 and Fr =
2.2, the lift loss exceeds 11% compared to the single-phase flow 
baseline.

● The rotation direction induces markedly asymmetric free-surface 
responses: a trough for CW rotation and a crest for ACW rotation. 
Under the investigated low Froude numbers, ACW rotation generally 
yields a higher lift magnitude than CW rotation, as the formation of a 

wave crest appears to be less dissipative than the intense multiphase 
mixing within a deep wave trough.

● The resolved velocity fields indicate that the observed air entrain
ment is closely associated with strong interfacial shear and reverse 
flow within the wave trough. Furthermore, the transition from 
chaotic to more organised wake dynamics with increasing Fr appears 
to be intrinsically linked to the suppression of this air entrainment.

Before extrapolating the present findings to practical marine engi
neering, several limitations of this idealised study must be recognised. 
First, the investigation is confined to a single Reynolds number (Re =

6 × 104) and a single spin ratio (α = 2), whereas actual marine devices 
operate over a broad parameter space in which boundary-layer sepa
ration and wake turbulence are highly sensitive to both quantities. 
Second, the simplified geometry assumes a uniform oncoming flow and 
a quiescent free surface, thereby neglecting the incident waves, hull 
boundary layers and cross-flow effects that characterise realistic ocean 
environments. Finally, the Froude number was varied by artificially 
adjusting the gravitational acceleration to decouple its influence from 
that of the Reynolds number; in practical applications, a change in flow 
velocity would simultaneously alter multiple dimensionless groups, so 
the specific Froude numbers identified here should be interpreted as 
fundamental thresholds in a decoupled parameter space. Future work 
will extend this framework to encompass a range of Reynolds numbers, 
spin ratios, and the influence of incident waves and hull boundary 
layers, thereby bridging the gap between fundamental fluid mechanics 

Fig. 14. Surface pressure coefficient distributions for the ACW rotating cylinder at different submergence depths for Fr = 3.2. (a) Instantaneous circumferential 
distribution of Cp, (b) angle-averaged pressure coefficient Cp,θ evaluated over θ ∈ [180∘, 300∘], (c) minimum instantaneous Cp magnitude, and (d) circumferential 
angular position corresponding to the minimum instantaneous Cp.
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and complex engineering applications.
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Appendix A. Mesh convergence study for the interface resolution

In this appendix, we present an analysis of the impact of interface resolution on the simulation results for a CW rotating cylinder in a two-phase 
flow. The study evaluates three different grid sizes under the conditions: H/D = 3 and Fr = 3.2. Table 4 summarises the key parameters and findings 
from the grid convergence study, including the Cl, Cd, and Vh/V0 for the CW rotating cylinder. The mesh size near the free surface is always twice as 
large in the flow and spreading directions compared to the vertical direction. The relative errors of Cl, Cd, and Vh/V0 show a trend of slight decreases 
with mesh refinement, and they converge to within 1% between the medium and fine mesh levels. Fig. 16 illustrates the morphological properties of 
the free surface for the three meshes. The wave profiles exhibit highly consistent shapes across the three resolutions, and the amplitude of the free- 
surface fluctuations demonstrates excellent convergence as the interface resolution increases, confirming the grid independence of the wave 

Fig. 15. Surface pressure coefficient distributions for the ACW rotating cylinder at different submergence depths for H/D = 3. (a) Instantaneous circumferential 
distribution of Cp, (b) angle-averaged pressure coefficient Cp,θ evaluated over θ ∈ [180∘, 300∘], (c) minimum instantaneous Cp magnitude, and (d) circumferential 
angular position corresponding to the minimum instantaneous Cp.
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amplitude and interface morphology. Furthermore, to ensure the accurate quantification of air entrainment, the convergence of the dimensionless 
two-phase mixing volume and the total entrained gas volume was explicitly evaluated. The results indicate that the relative variations of these 
multiphase metrics between the medium and fine meshes are <0.5%. This confirms that the medium mesh provides a robust, grid-independent 
prediction of both the macroscopic free-surface deformation and the dispersed air entrainment dynamics. Given the extensive number of simula
tions required, a medium mesh was chosen as a practical compromise to limit computing time per simulation, taking into account factors such as 
processing power, memory capacity, and data storage capabilities.

Table 4 
The results of the mesh convergence study for the interface resolution.

Mesh 1 2 3

Minimum Vertical cell size D/64 D/32 D/16
Maximum vertical cell size D/32 D/16 D/8
Total number of mesh cells (million) 90.13 35.28 28.67
Cl 4.684 4.687 4.680
Relative error of Cl (%) – 0.06 0.09
Cd 0.526 0.523 0.520
Relative error of Cd (%) – 0.52 1.25
Vh/V0 109.693 110.505 111.190
Relative error of Vh/V0 (%) – 0.74 1.36

Fig. 16. Instantaneous morphological properties of the free surface influenced by the clockwise rotating cylinder at H/D = 3 and Fr = 3.2 with different interface 
resolutions.

Based on the medium mesh, additional statistical analyses are presented to demonstrate that the symmetry spanwise boundaries do not artificially 
constrain the turbulent structures. The spanwise correlation coefficient of the fluctuating spanwise velocity, R(Y), is computed. The time-series data of 
the spanwise velocity were extracted from an array of probes distributed uniformly along the spanwise direction at X/D = 0 and Z /D = 1.5. As shown 
in Fig. 17, R(Y) decays and approaches zero at Y/D ≈ 1. Since the correlation length is significantly smaller than the half-domain width (L /2D = 3.5), 
it is confirmed that the large-scale three-dimensional turbulent structures are unconstrained by the symmetry boundaries.

Fig. 17. Statistical diagnostics of the spanwise correlation coefficient of the fluctuating spanwise velocity, for evaluating spanwise boundary effects in the 
wake region.

Appendix B. Validation of the multiphase solver

To provide quantitative validation of the multiphase solver's capability to capture free-surface deformation, wave breaking, and air entrainment, 
additional benchmark comparisons are presented herein. For free-surface deformation, the present VOF method is validated against the recent DNS 
data of a stationary cylinder near a free surface reported by Sun et al. (2025). Fig. 18 presents a quantitative comparison of the dimensionless 
free-surface profile (vertical position Z/D versus streamwise position X/D). The numerical results demonstrate excellent agreement with the DNS data, 
accurately capturing both the upstream wave elevation and the downstream wave trough. The root-mean-square error in the wave amplitude between 
the numerical prediction and the DNS data is less than 3%, confirming the solver's high accuracy in resolving macroscopic interface deformation. 

J. Lin et al.                                                                                                                                                                                                                                       International Journal of Multiphase Flow 203 (2026) 105874 

15 



Fig. 18. Comparison of the dimensionless time-averaged free-surface profile versus streamwise position between the present VOF simulation and the DNS data of Sun 
et al. (2025) for a stationary cylinder near a free surface when H/D = 1, Re = 2000, Fr = 1, and We = 1000.

To validate the solver's robustness in capturing wave breaking and subsequent gas entrainment, the benchmark of three-dimensional breaking 
waves is simulated. Fig. 19 presents the dimensionless volume of entrained air Vα/Vc, calculated from the void fraction, as a function of normalised 
time t/T for a plunging breaker with wave slope of 0.55. The Vc = AcLc is the reference maximum volume of air that can be entrained during the active 
breaking process, where Ac is the cross-sectional area of the entrained cylinder of air and Lc is the length of the breaking crest. The present VOF results 
show excellent agreement with the DNS data of Deike et al. (2016). The maximum entrained air volume differs by less than 5% between the present 
simulation and the reference DNS data.

Fig. 19. Time evolution of the dimensionless entrained air volume Vα/Vc for a plunging breaker. Present VOF results compared with DNS data from Deike et al. 
(2016) at Re = 4 × 104 and Bo = 200.

Data availability

Data will be made available on request.
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