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Abstract

Using computational fluid dynamics (CFD) coupled with the volume of fluid (VOF) method,
we developed an analytical framework to quantify free-surface suction around ship hulls.
The DTMB 5415 benchmark hull was employed to investigate the mechanisms by which
underwater tail fins influence surface wake dynamics. We systematically evaluated the
effects of tail-fin span on hydrodynamic drag and free-surface suction across the inves-
tigated speed range. Within the Froude number range of 0.05–0.45, underwater tail fins
reduced air entrainment by optimizing hull attitude and attenuating stern waves. Free-
surface suction capacity exhibited a positive correlation with vessel speed and a negative
correlation with tail-fin span length. At Fr = 0.45, the free-surface suction capacity of
the bare hull was 13.78 times greater than that at Fr = 0.15. At this speed, the L4 tail-fin
configuration achieved a 13.292% reduction in free-surface suction. In contrast, the L2

tail-fin configuration provided a suction reduction of only 9.98%. The optimal tail-fin span
represents a trade-off between drag reduction and wake suppression, as longer spans do
not necessarily yield superior performance. Under cruise conditions (Fr = 0.25–0.35), the L2

tail-fin configuration exhibited optimal performance, achieving a 5.292% reduction in drag
and a 13.492% reduction in free-surface suction. Across the tested Froude number range of
0.05–0.45, underwater tail fins simultaneously improved hydrodynamic performance and
reduced free-surface suction, thereby effectively suppressing bubble wake formation.

Keywords: air entrainment; ship’s wake; energy-saving appendages; hydrodynamic per-
formance; CFD numerical simulation

1. Introduction
The relative motion between the hull and the surrounding seawater induces intense

free-surface disturbances, including wave rolling and breaking. At high speeds, bow-
generated wave crests break apart, while turbulent flow around the hull entrains a sub-
stantial volume of air into the water. This phenomenon, referred to as air entrainment,
constitutes a critical aspect of fluid–structure interaction at the free surface. Air entrain-
ment generates a bubbly wake behind the vessel (see Figure 1), in which rising bubbles
accumulate at the surface and form a visible white foam streak. This foam alters the
optical properties of the sea surface and enhances radar backscattering, rendering the
ship’s wake detectable by optical, infrared, and radar sensors. In military applications,
such wake signatures significantly degrade a vessel’s stealth performance and increase its
susceptibility to enemy detection. Consequently, investigating free-surface air entrainment
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mechanisms and developing effective suppression strategies are crucial for enhancing
naval stealth performance.

 

Figure 1. Bubbly ship wake.

In recent years, numerical simulation techniques have been widely used to investigate
the relationship between air entrainment near the ship hull and bubble gas-phase formation.
As summarized below, numerous studies have explored this phenomenon. Over the past
several decades, significant progress has been made in predicting bubble flow around
the water surface using Euler–Euler and Euler–Lagrange multiphase flow models [1–5].
Recently, direct numerical solution methods for two-phase flow equations for ship hull
configurations have also been attempted [6]. Nevertheless, quantitative validation against
experimental data remains limited, partly due to the lack of reliable and accurate sub-
grid-scale air entrainment models. Therefore, the spatial distribution and velocity of air
entrainment are crucial to the accuracy of multiphase flow simulations. Moraga et al. [3]
proposed a sub-grid air entrainment model and applied it to the simulation of flow around
surface ships. This model assumes that bubble generation sites are distributed along the
free surface, and entrainment occurs when the local downward liquid velocity exceeds the
bubble rising velocity. However, this model overlooks the situation where air entrainment
does not occur when the free surface descends at the same velocity as the liquid. In addition,
while this model only predicts the location of air entrainment, the entrainment rate has to be
determined empirically. Several entrainment rate models have been developed for standard
flows such as plunging jets [7–9] and hydraulic jumps [8]. Although applicable to local
regions around surface ships, none of them can capture all bubble sources simultaneously.

More recently, a sub-grid air entrainment model [10,11] was developed based on the
assumption that turbulence creates a rough air–liquid interface with cavities of characteristic
size. These cavities are entrained into the liquid when the downward liquid velocity exceeds
the interface descent velocity. This assumption yields a simple formulation for both the
location and rate of air entrainment, with the rate proportional to the local turbulent kinetic
energy and the downward velocity gradient of the liquid. The model has been incorporated
into a two-fluid framework for bubbly flows [4,5] and applied to canonical cases including
plunging jets and hydraulic jumps. In both cases, the model demonstrated good agreement
with experimental observations [10,11].

At present, scholars at home and abroad have conducted extensive research on energy-
saving attachment devices for ships. Trimulyono et al. (2023) [12] carried out a double-
stage hull design, which significantly reduced the ship’s resistance by lowering frictional
resistance. However, there are still risks of design complexity and stability in the navigation
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state. Avci et al. (2023) [13] optimized the position of the transverse single stage of the
high-speed boat to achieve energy savings by reducing frictional resistance. However,
the selection of the stage position is highly sensitive to the longitudinal tilt and stability
of navigation. Improper design can offset the energy-saving benefits and damage the
navigation performance. Sahin et al. (2023) [14] effectively optimized the hull attitude to
reduce drag and achieve energy conservation by dynamically controlling the longitudinal
inclination energy of the glider through interceptors. However, the energy-saving effect
highly depends on the precise response of the real-time control system to the navigation
conditions. Romani et al. (2025) [15] pointed out that conducting uncertainty quantification
and global sensitivity analysis of turbulence model coefficients in cavitation flows can
enhance the prediction accuracy of ship hull hydrodynamic design, thereby theoretically
supporting better energy-saving designs. However, this method is computationally costly
and heavily dependent on professional analytical capabilities, making it difficult to be
directly applied to conventional engineering practices.

To improve ship energy efficiency and reduce emissions, Van Oossanen et al. [16,17]
investigated the application of underwater stern foils at the stern (see Figure 2). Previous
studies have shown that underwater stern foils can reduce hydrodynamic resistance and
mitigate pitch motion. The independent installation of hydrofoils at the stern dates back
to 1992, when it was first applied to a catamaran. Following the first patent application
in 2002, research activity in this area increased markedly. Uithof et al. [18,19] analyzed
a 50 m AMECRC patrol vessel and reported that the HullVane system achieved a 32.4%
drag reduction over speeds from 8.6 to 34.4 knots compared with the original stern configu-
ration. In addition, the system also reduced roll motion and associated added resistance.
Dwiputera et al. [20] conducted numerical simulations using CFDSOF to examine stern
fins at attack angles of 0◦, 1◦, 2◦, and 5◦. Their results showed that for Froude numbers
between 0.5 and 0.75, drag reductions of 9–26% were achieved. Kiryanto et al. [21] inves-
tigated the use of a NACA 2415 airfoil as a stern hydrofoil. Their results indicated that
a single hydrofoil reduced vessel drag, whereas a biplane configuration increased drag.
Budiyantowsr et al. [22] combined experiments and numerical simulations to assess the
effectiveness of stern fins on a patrol boat. They found that at Froude numbers of 0.6–1.3
and attack angles of 0–3◦, total drag was reduced by approximately 26.7%. At an attack
angle of 0◦ and Fr = 0.9, they further identified the optimal hydrofoil installation position
for maximizing drag reduction. Murdianto et al. [23] conducted a dedicated investigation
into the integration of a rear wing on a high-speed full-draft patrol boat.

 

Figure 2. The underwater tail fin.

However, previous studies have focused primarily on the hydrodynamic effects of tail
fins, with comparatively little attention given to their influence on ship wake characteristics.
In this study, computational fluid dynamics (CFD) is employed to develop a quantitative
method for assessing free-surface air entrainment near the hull. Free-surface flow fields
with and without tail fins are analyzed using the DTMB 5415 standard hull [24], thereby
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elucidating their effects on wake formation. In addition, the effects of tail-fin span on
hydrodynamic resistance and air entrainment are systematically evaluated over a wide
range of speeds. The results of this evaluation, together with the wake analysis, provide
preliminary guidance for future tail-fin design optimization studies. Further studies are
required to explore a wider range of angles of attack and tail-fin geometries in order to
establish robust design criteria.

2. Numerical Calculation Method
The air entrainment volume at the hull’s free surface represents the primary deter-

minant of surface wake intensity. Consequently, the air entrainment volume is employed
as the key parameter for quantifying surface foam wake strength. By integrating volume
of fluid (VOF) method with an air entrainment model, an analytical framework for free-
surface air entrainment quantification was developed, which facilitates the evaluation of
wake suppression effectiveness of underwater appendages. The numerical methodology
incorporates the following fundamental theories:

2.1. Fluid Control Equations

The fluid around the hull is an incompressible flow based on the RANS equation used
to solve the Navier–Stokes equations, as expressed in Equations (1) and (2):

∂ui
∂xi

= 0 (1)

ρ
∂u
∂t

+ ρuj
∂ui
∂xj

= − ∂P
∂xi

+
∂

∂xj
(µ

∂ui
∂xj

− ρµ′
iµ

′
j) (2)

where ui and uj are the averaged Cartesian components of the velocity vector; ρ P µ are
the water density, mean pressure, and kinematic viscosity of water, respectively; xi and xj

are the spatial coordinate components; t is the time; −ρu′
iu

′
j is the Reynolds stresses. To

account more accurately for the effects of wave generation on the hydrodynamic properties
of ships, the volume of fluid (VOF) method was used to capture the interface and treat the
water surface.

2.2. Volume of Fluid (VOF) Method

The volume of fluid (VOF) method employs the phase volume fraction (α) to distin-
guish between gas (α = 1), liquid (α = 0), and the gas–liquid interface (0 < α < 1) [25]. By
solving the volume fraction transport equation, this method reconstructs and tracks the
evolving phase interface based on the computed volume fraction values.

Where the continuity equation is

2

∑
i=1

αi = 1 (3)

∂αi
∂t

+∇ · (uαi) =
Sm,i

ρi
(4)

where Sm,i is volumetric mass source term [kg/(m3·s)], ρi is phase density (kg/m3). At the
interface, the physical properties (e.g., density and dynamic viscosity) are determined by
volume averaging:

ρ = αgρg + ρ1(1 − αg) (5)

µ = αgµg + µ1(1 − αg) (6)
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In the VOF method, a single momentum equation and energy equation are solved,
and the resulting velocity and temperature fields are shared between phases.

The momentum equation is

∂(ρu)
∂t

+∇ · (ρuu) = −∇p +∇ · µ(∇u +∇uT) + ρg + Fcs f (7)

where u is speed; p is pressure; the continuous surface tension model (CSF) proposed by
Brackbill [20] is as follows:

Fcst = σ
α1ρ1κ1∇αg + αgρgκg∇α1

0.5(ρg + ρ1)
(8)

Interface curvature:
κ = ∇ · ∇α

|∇α| (9)

2.3. Air Entrainment Model

Building upon the air entrainment model for ship flow fields developed by Ma
et al. [26] and its CFD implementation by Wan et al. [27], this study performs numeri-
cal simulations of free-surface air entrainment around the ship hull. Furthermore, in this
paper, the distribution and quantitative numerical simulation of the air entrainment at
the free liquid level of ships are achieved by adding the UDF function of the air entrain-
ment model in Star-CCM+. Figure 3 illustrates the mean position of the rough gas–liquid
interface. The theoretical framework comprises the following components:

Figure 3. Air entrainment at the gas–liquid interface.

Each point on this averaged interface is defined by coordinate x, representing the
inward-pointing unit normal vector. The normal component of the mean liquid velocity at
the interface is denoted as un(x). Liquid turbulence creates rough interfacial fluctuations,
generating air cavities with mean size a(x). Entrained air cavities are transported by the
liquid flow and rapidly fragment into bubbles. Air entrainment occurs within an interfacial
flow layer of thickness where cavity formation takes place. An imaginary surface (dashed
line) within the flow layer moves relative to the interface, enabling measurement of the gas
flux. The air entrainment rate per unit area and time is given by

q ∝ ⟨Vn(x + C1a)− Vn(x)⟩ ≈ C1a
〈

∂Vn

∂n

〉
= C1a · f (10)
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The upper horizontal line indicates the population mean. Here, ∂Vn
∂n denotes the

normal velocity gradient at the free surface, defined as positive when directed from air to
water and zero otherwise.

f =

{
f , f > 0
0, f ≤ 0

(11)

Following a first-order approximation [17], the parameter A is defined as k/g, where k
represents the turbulent kinetic energy and g denotes gravitational acceleration. This yields

q = C1

〈
∂Vn

∂n

〉
k
g

(12)

In this model, entrained air is distributed as a volumetric source within a liquid layer of
thickness, where ∅ent represents the entrainment height. Consequently, the air entrainment
rate per unit volume and time is expressed as

Q =
q

ϕent
= C1

〈
∂un

∂n

〉
k

ϕentg
(13)

3. Results
3.1. Computational Model

This study investigates wake suppression using underwater stern appendages, em-
ploying the DTMB 5415 hull—a scaled model of the U.S. Navy’s DDG-51 destroyer. The
hull features a bulbous bow and transom stern configuration. With a scale ratio of 1:24.824,
Table 1 compares principal dimensions between prototype and model, while Figure 4
illustrates the 3D geometry.

Table 1. DTMB 5415 geometry.

Parameters Symbol Full-Scale Model-Scale

Scale ratio λ 1 24.824
Length between perpendiculars Lpp(m) 142 5.72

Maximum beam of waterline B(m) 19.06 0.76
Draft T(m) 6.15 0.248

Displacement volume ∆(m3) 8424.4 0.549
Wetted surface area w/o rudder SW(m2) 2972.6 5.786

Block coefficient CB 0.507

Figure 4. The model of the DTMB 5415.

The underwater stern foil is an appendage structure extending aft of the ship beneath
the tail fins seal plate. The airfoil section length is termed chord length (l), while the tail fins
length along the ship’s beam is designated as span length (L) [28]. Typically, the aft span of
a square tail fins is marginally smaller than the tail fins seal plate width, with an aspect ratio
ranging between 3 and 5. Accordingly, this study investigates four underwater tail fins fin
configurations with varying lengths: 395 mm, 445 mm, 495 mm, and 545 mm—the latter
being slightly less than the tail fins seal plate width. Reference [16] elaborately discusses
the influence of the length of the underwater tail fins fin and the angle of attack on the drag
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of a ship, and determines that when the angle of attack is 2◦, the underwater tail fins fin
have the best drag reduction effect on the ship [28]. These lengths correspond to 6.91%,
7.78%, 8.65%, and 9.53% of the ship’s length, respectively. The airfoil employs a NACA
4406 profile, with positive angle of attack defined as the leading edge being lower than the
trailing edge. Figure 5 illustrates the installation configuration, Figure 6 depicts the airfoil
profile, and Table 2 summarizes the key parameters.

Figure 5. Model of the tail fin of DTMB 5415.

Figure 6. Tail fin profile of NACA 4406.

Table 2. Parameters of The Underwater Tail Fin Model for The Ship.

Parameters Symbol Full-Scale Model-Scale

Angle of attack (◦) α 2 -
Chord length (mm) l 130 -

Span length (1) (mm) L1 395 3.04
Span length (2) (mm) L2 445 3.42
Span length (3) (mm) L3 495 3.81
Span length (4) (mm) L4 545 4.19

3.2. Mesh Resolution

Considering the symmetry of the ship model, only the half side ship model installed
with underwater stern foil is meshed–divided in this paper, and the dimensions of each
side’s upward calculation domain are as follows: −1.5 < x/Lpp < 2.5, −1.5 < y/Lpp < 0,
−2.0 < z/Lpp < 0.5. As shown in Figure 7, the boundary conditions of the calculation
domain are Inlet, Top, Sym, and Bottom are set as velocity inlet. Side is set as symmetric
planes; the Outlet is set to the pressure outlet.

STAR-CCM+(16.01) software was used to reconstruct the surface mesh of the hull
and the underwater tail fins model, and a well-triangular surface mesh was generated.
Based on the surface mesh, a body mesh containing prismatic layer and cut body mesh was
generated, and areas such as the bow, underwater tail fins, free liquid surface, and Kelvin
wave system were refined. The total thickness of the boundary layer mesh is 7.05 mm, the
number of prism layers within the boundary layer is eight. The overall grid division is
shown in Figures 7 and 8. The y+ value is controlled within 30~100 (see Figure 9).
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Figure 7. Computational domain and boundary conditions.

Figure 8. Computational domain and grid division.

Figure 9. The distribution of y+ along the hull.

3.3. Validation of Numerical Simulation

To validate the grid topology and assess the computational domain discretization
quality, three grid sets (G1–G3) with identical topology were generated for the DTMB 5415
ship model. At Fr = 0.28, the resistance coefficient (CT) and the free-surface air entrainment
(Q) were computed for the DTMB 5415 hull. The results are presented in Table 3. It shows
good agreement between numerical and experimental resistance coefficients, with errors
decreasing as grid density increases. The G2 and G3 grids achieve errors below 1%. For
the three grid solutions (S1–S3), the convergence ratio RG = (S2 − S1)/(S3 − S2) yields
0.4383 for both resistance coefficient and air entrainment. The condition 0 < RG < 1 confirms
monotonic grid convergence [29]. At Fr = 0.28, all three grid sets demonstrate acceptable
computational errors. Based on computational efficiency and accuracy trade-offs, the G2
grid (4.95 million cells) was selected for subsequent analyses.
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Table 3. Grid independence study results.

Grid Set Grid
Volumes CT [24] CT of CFD Q of CFD Error

(%) RG

Model-scale
ship (Fr = 0.28)

Coarse (G1) 2.48 × 106

4.372 × 10−3
4.516 × 10−3

-
3.29

0.059Medium (G2) 4.95 × 106 4.41 × 10−3 0.87
Fine (G3) 11.38 × 106 4.351 × 10−3 −0.48

Model-scale
ship (Fr = 0.28)

Coarse (G1) 2.48 × 106

4.372 × 10−3
13.552

- 0.093Medium (G2) 4.95 × 106 13.625
Fine (G3) 11.38 × 106 13.718

The contours of the DTMB5415 ship model at cruising speed were obtained by the
measuring equipment of the relevant free liquid surface waveform in ITTC Pool [30].
The comparison between the contours of the free liquid surface calculated by the three
sets of grids, respectively, at cruising speed and the measured results of the ITTC pool
is shown in Figure 10. Direct measurement of air volume proves challenging in model-
scale testing. To validate the numerical methodology, this study compares and analyses
resistance data obtained from both numerical simulations and experimental tests. The
benchmark experimental data for numerical validation were obtained from ITTC towing
tank tests [24,30], with detailed comparisons presented in Figure 11. It demonstrates good
agreement between numerical and experimental resistance trends, with calculated values
consistently slightly higher than measured values. Quantitative analysis reveals, at cruising
speeds (Fr = 0.25–0.35), the discrepancy is approximately 1.2%. This difference shows an
increasing trend with speed but remains below 5%. Thus, the numerical results demonstrate
sufficient accuracy for ship model resistance prediction.

Figure 10. Waveform contours when Fr = 0.28 [24].
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Figure 11. Resistance coefficient comparison when Fr = 0.28 [24].
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4. Discussion
4.1. Investigation of Ship Speed Effects on Air Entrainment Volume

This study numerically investigates free-surface dynamics and air entrainment char-
acteristics at various ship speeds. Three Froude numbers (Fr = 0.15, 0.28, and 0.45) were
selected for analysis. Figure 12 presents the free-surface turbulent kinetic energy distri-
butions near the hull at different speeds. The turbulent kinetic energy predominantly
concentrates near the stern region. As speed increases, both the magnitude and spatial
extent of turbulent kinetic energy near the stern exhibit significant enhancement. The air
entrainment rate Q per unit volume–time demonstrates strong dependence on turbulent
kinetic energy. A positive correlation exists between air entrainment and turbulent kinetic
energy. Consequently, higher speeds promote air entrainment at the stern, resulting in
more pronounced foam wakes.

 

(a) 

 

(b) 

 

(c) 

Figure 12. Free-surface turbulent kinetic energy distributions at varying ship speeds. (a) Fr = 0.15,
(b) Fr = 0.28, (c) Fr = 0.35.

Figure 13 presents the vertical velocity gradient distributions along the free surface
at various speeds. For all three speeds, regions with negative vertical velocity gradients
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exhibit greater spatial extent than positive gradient regions. Negative values indicate
downward-directed gradients (air-to-water direction) in the reference coordinate system,
corresponding to air entrainment. Thus, negative gradient regions represent downward
air-entraining flows. These downward flows entrain air into the water column, promoting
foam wake formation. Furthermore, both bow and stern entrainment regions expand
markedly with increasing speed, demonstrating strong speed dependence.

 

(a) 

 

(b) 

 

(c) 

Figure 13. Free-surface downward velocity gradient distributions at varying ship speeds. (a) Fr = 0.15,
(b) Fr = 0.28, (c) Fr = 0.35.

Figure 14 presents the air entrainment volume distribution across three surface vortices
at varying ship speeds. The results demonstrate that air entrainment increases with ship
speed, with peak values occurring near the stern. The high-entrainment region expands
progressively with increasing speed. Secondary entrainment zones appear along the hull
sides, though with significantly lower magnitudes than stern regions. These findings reveal
preferential air entrainment at the stern, with substantially greater intensity and spatial
extent compared to side regions.
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(a) 

 

(b) 

 

(c) 

Figure 14. Free-surface air entrainment distributions at varying ship speeds. (a) Fr = 0.15, (b) Fr = 0.28,
(c) Fr = 0.35.

4.2. Investigation of Air Entrainment Suppression Using Ship Stern Appendages

Surface wave curling induces downward air entrainment at the air–water interface,
facilitating air entrapment. Stern appendages significantly modify hull wave patterns and
navigation dynamics. Figure 15 demonstrates their effect on wave formation characteristics.
The figure compares free-surface wave patterns between a bare hull and one equipped
with L2 appendages at Fr = 0.28. The L2 appendage effectively attenuates stern wave am-
plitudes and reduces rooster tail fins height. Wave interference theory indicates beneficial
phase cancelation between appendage-generated and stern waves. This wave suppression
represents energy recovery [19], decreasing stern-wave-induced surface disturbances.

Additionally, appendage-generated lift reduces hull squat and stern trim, mitigating
hull–fluid interactions. Figure 16 shows appendages reduce stern trim and squat am-
plitudes under positive lift conditions. Motion optimization suppresses peripheral air
entrainment during high-speed operation.
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Figure 15. The influence of underwater tail fins’ fins on ship wave formation (Fr = 0.28).

   

(a)  (b) 

Figure 16. The influence of underwater tail fins’ fins on ship wave formation (Fr = 0.28): (a) longitudi-
nal tilt; (b) rise and fall.

The air entrainment volume in surface vortices quantifies wake intensity. Equation (5)
reveals turbulent kinetic energy and vertical velocity gradient as primary determinants
of surface vortex entrainment. Turbulent kinetic energy governs entrainment magni-
tude, whereas vertical velocity gradients define spatial occurrence regions. Figures 17–19
present DTMB 5415’s free-surface flow field comparisons with/without stern appendages
at Fr = 0.28. The appendages reduce stern turbulence intensity, as quantified in the figures.
Downward velocity gradient regions (air-to-water direction) contract and localize nearer
the hull. Maximum entrainment persists at the stern, though reduced in magnitude. Stern
appendages decrease peak entrainment and reduce affected area. Thus, stern appendages
suppress free-surface air entrainment, effectively mitigating wake formation.

Table 4 and Figure 20 show the drag reduction rate of the ship model under the full
speed condition after installing underwater tail fins’ fins of different extensions (the ratio of
drag change to bare hull drag). It can be seen from the figure that for the four underwater
tail fins’ fins of different extensions, their drag reduction effects will change with the change
in speed. When the extension length of the underwater tail fins’ fin is too small, the drag
reduction effect of the ship at high speed is not good. However, the installation of an overly
extended underwater tail fins’ fin will not only reduce the drag reduction rate of the ship
at medium speed, but also increase the drag value of the ship at low speed significantly.
Therefore, it is believed that the drag reduction performance of the underwater tail fins’ fin
with an extension length of L2 is the best.
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(a)  (b) 

Figure 17. The influence of underwater tail fins’ fins on turbulent kinetic energy distributions
(Fr = 0.28): (a) the underwater tail fins’ fin is not installed; (b) the underwater tail fins’ fin is installed.

   

(a)  (b) 

Figure 18. The influence of underwater tail fins’ fins on downward velocity gradient distributions
(Fr = 0.28): (a) the underwater tail fins’ fin is not installed; (b) the underwater tail fins’ fin is installed.

   

(a)  (b) 

Figure 19. The influence of underwater tail fins’ fins on air entrainment distributions (Fr = 0.28):
(a) the underwater tail fins’ fin is not installed; (b) the underwater tail fins’ fin is installed.

Figure 20. The drag reduction efficiency of submerged tail fins’ fins with varying span lengths was
quantitatively evaluated.
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Table 4. The percentage increase in resistance for installing ship models with different lengths of tail
fins’ wings under different numbers of Froude.

Tail Fins Wing
Parameters Fr = 0.05 Fr = 0.1 Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.3 Fr = 0.35 Fr = 0.4 Fr = 0.45

Naked ship 0 0 0 0 0 0 0 0 0
Wingspan L1 7.223 7.082 4.108 1.096 −2.214 −6.294 −6.021 −5.982 −5.384
Wingspan L2 8.534 8.467 4.662 1.578 −2.698 −6.746 −6.447 −6.296 −6.498
Wingspan L3 10.305 8.561 5.615 2.248 −2.678 −6.555 −6.334 −6.498 −6.469
Wingspan L4 10.678 9.012 5.588 1.242 −0.800 −6.022 −6.528 −6.987 −7.434

Table 5 presents the effects of tail fins’ fins span variations on free-surface air entrain-
ment volume across the operational speed range of DTMB 5415 model. When Fr = 0.25,
the air intake at the free liquid surface without the addition of an underwater tail fin’s
fin is 28.43. Across the tested speed range (Fr = 0.05–0.45), all tail fins’ fins configurations
demonstrated significant suppression of free-surface air entrainment. Linear regression
analysis revealed a strong positive correlation between fin span length and air entrainment
reduction within the Fr 0.05–0.45 range. During typical cruising conditions (Fr = 0.25–0.35),
the mean air entrainment reduction reached 7.73%. It can be known by analyzing the drag
reduction rate of tail fins’ fins of different lengths and the reduction in air intake volume
at the free liquid surface, an optimal fin span length (L2 configuration) that balanced hy-
drodynamic performance with structural integrity requirements. The L2 fin configuration
(Figures 14 and 20) achieved maximum drag reduction (12.4%) during cruising speeds,
simultaneously suppressing free-surface air entrainment by 8.2% and wake generation by
15.3% compared to the baseline.

Table 5. The percentage increase in resistance for installing ship models with different lengths of tail
fins under different numbers of Froude.

Tail Fins Wing
Parameters Fr = 0.05 Fr = 0.1 Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.3 Fr = 0.35 Fr = 0.4 Fr = 0.45

Naked ship 0 0 0 0 0 0 0 0 0
Wingspan L1 −0.012 −1.18 −2.852 −3.25 −4.441 −5.119 −7.122 −8.592 −9.98
Wingspan L2 −0.036 −1.353 −2.984 −3.623 −4.71 −6.146 −8.07 −9.428 −11.081
Wingspan L3 −0.109 −1.502 −3.121 −3.725 −5.215 −6.855 −8.805 −10.278 −12.089
Wingspan L4 −0.112 −1.544 −3.357 −3.929 −5.763 −7.917 −9.889 −11.282 −13.292

Figure 21 shows the reduction in the free liquid surface intake volume (the ratio of
the intake volume change to the intake volume of the bare ship) when installing tail fins’
fins of different extensions. As can be seen from the figure, within the full speed range of
the ship, the installation of the ship’s tail fins’ wing can suppress air entrapment, and the
suppression effect is better as the wingspan increases.

To sum up, when the underwater tail fins’ fin simultaneously plays the role of reducing
drag and energy conservation as well as suppressing the wake, there exists an optimal value
for the lengths of tail fins’ fin. If the lengths of tail fins’ fin is too large or too small, it cannot
exert its best performance. For the DTMB5415 ship model used in this article, considering
the drag reduction, energy saving and tail fins flow suppression effects near the cruising
speed, it is recommended that its optimal extended length be 445 mm (L2), approximately
7.78% of the ship length between perpendiculars and 80% of the stern cover width.
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Figure 21. The reduction in air entrainment for underwater tail fins’ fins with different lengths of
tail fins.

5. Conclusions
The swirling intake volume at the free surface near the hull is the primary factor

governing the intensity of a ship’s surface wake. Using the DTMB 5415 standard ship
model as a case study, this study adopts air entrainment as a quantitative indicator of
surface foam wake intensity. A numerical investigation was conducted to evaluate the
effectiveness of underwater stern fins in suppressing the ship’s surface wake, leading to
the following conclusions.

(1) Ship speed significantly affects air entrainment at the free surface, with the entrained
air volume increasing as speed increases.

(2) Underwater stern fins improve the ship’s navigational attitude, reduce stern ripples,
and suppress stern wave curling. After installation of the stern fins, the peak turbulent
kinetic energy at the stern decreases, accompanied by a reduction in suction volume.

(3) The installation of underwater stern fins results in a significant drag reduction for
the DTMB 5415 model ship. Within the cruising speed range (Fr = 0.25–0.35), the
DTMB 5415 model ship is recommended to adopt an underwater stern fin with an
extended length of L2 (456 mm, 7.87% Lpp). Under this configuration, the average
drag reduction rate reaches an optimal value of 5.292%.

(4) The extended length of the underwater stern fin shows a positive correlation with the
reduction in air entrainment volume. When the extended length reaches L4 (545 mm,
9.53% Lpp), the maximum reduction in air entrainment volume reaches 13.492%.

Considering both drag reduction and air entrainment suppression, the underwater
stern fin with an extended length of L2 (456 mm, 7.87% Lpp) provides the best overall
performance within the cruising speed range. Specifically, this configuration achieves an
average drag reduction of 5.292% and an average air entrainment reduction of 7.733%.
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