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Abstract

With the increasing demand for energy conservation and emissions reduction in the shipping industry, suction-
based turbine sails have emerged as a novel wind energy utilization technology and have become a research
hotspot. This study focuses on the aerodynamic performance of suction-based turbine sails with the aim of
investigating the effects of suction intensity and suction port position on their aerodynamic characteristics. By
employing Computational Fluid Dynamics (CFD) numerical simulations using the Re-Normalization Group
(RNG) k—¢ turbulence model and the SIMPLE algorithm, this study provides a detailed analysis of lift and drag
coefficients, pressure distribution, and vorticity distribution under various combinations of suction intensity (y)
and suction port position (). The results show that variations in suction intensity significantly affect the lift and
drag characteristics of the turbine sail, while changes in the suction port position directly influence the attachment
and separation behavior of airflow on the sail surface. Furthermore, a synergistic effect is observed between y and
a—their interaction not only alters the flow distribution but also plays a critical role in determining the overall
performance of the turbine sail.By comprehensively considering the influence of these two factors, the study
draws key conclusions for optimizing the design of suction-based turbine sail, providing valuable theoretical
insights and technical guidance for their practical application in wind-assisted marine propulsion.
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1. Introduction

In the context of global energy saving, emissions
reduction, and sustainable development, exploring
innovative energy utilization methods has become a key
task for achieving green development and addressing
climate change (2024) (2024). The shipping industry is
one of the major sectors responsible for energy
consumption and greenhouse gas emissions, making the
search for efficient and environmentally friendly wind-
assisted propulsion technologies crucial for improving
energy utilization efficiency and reducing carbon
emissions (°2024) (2024). The suction-type turbine sail,
an emerging wind-assisted propulsion device utilizing
suction control technology, has the potential to provide
new breakthroughs in energy saving and emission
reduction for ships.

In recent years, the application of suction control
technology has significantly increased. In bridges and
structural vibrations, suction technology can reduce the
longitudinal and transverse amplitudes of cable
vibrations and lower noise levels (2023) (2024). In
submarine navigation, suction technology can suppress
turbulence noise by altering wake characteristics
(2020)°. In addition, suction technology has been
successfully applied to the flow around cylindrical
bodies. For example, in flow fields around cylindrical
and square column structures, suction technology has
been shown to significantly reduce fluid resistance,
suppress vortex-induced vibrations and vortex shedding
phenomena, reduce wake vibrations, and improve
structural stability (2021) (2016) (1994). Fransson J et
al. (2004) found that uniform suction can significantly
delay flow separation on the surface of a cylinder and
move the separation point to the rear, effectively
reducing drag. W. Chen et al. (2013) (2023) further
found through wind tunnel experiments that optimizing
suction flow rate can maximize the suppression of
vortex-induced vibrations at low wind speeds. They also
experimentally verified that distributed suction applied
to the sidewall of a square column significantly
suppressed the shear layer separation and reduced the
vibration of unsteady wake flows. C. Liu (2017) used
PIV experiments and CFD simulations to reveal the
specific control mechanisms of suction on blunt body
flow fields and found that suction not only significantly
reduced the vortex strength and turbulence Kkinetic
energy but also optimized the flow field structure and

aerodynamic performance by altering the surface
pressure distribution and delaying the separation point.
Y Zhong et al. (2022) (2022) further revealed the
optimization effects of suction angle and intensity on the
wake of a cylinder through Particle Image Velocimetry
(P1V) and numerical simulations, finding that suction
could narrow the wake width and reduce the size of the
recirculation zone. They also found that the distribution
of the suction port positions significantly affects the
scale and intensity of the Karman vortices. These studies,
which used wind tunnel experiments, PIV, and CFD
simulations, have provided in-depth insights into the
practical effects of suction control technology. They
provided essential evidence for understanding the
mechanisms of suction control and optimization of
suction parameters.

With the continuous development of research and
technology, significant progress has been made in
applying suction technology to optimize airfoil
aerodynamic performance. Researchers have thoroughly
explored the impact of suction port position and size on
aerodynamic performance. L. Wang et al. (2022). found
that placing suction ports at the chord position of the
NACAO0012 airfoil could significantly delay the stall
angle, increase the lift coefficient by 45%, and reduce
the drag coefficient by 29%. W Zhang et al. (2017)
further revealed through numerical simulations that the
best effect of placing suction ports at 10%-20% of the
leading-edge chord length not only improved
aerodynamic performance but also delayed the stall
angle to 20°, significantly reducing energy loss. Ma et al.
(2018) found that positioning the suction ports near the
laminar separation bubble could effectively control the
boundary layer separation and improve the lift-to-drag
ratio. S. Gao (2017) further pointed out that optimizing
the size of suction ports can delay the flow separation on
the airfoil surface, thereby improving the lift-to-drag
ratio. These research results have had positive impacts
on the application of suction control technology,
promoting the development and innovation of related
technologies and providing strong support for the wider
application of suction control technology in various
fields.

Furthermore, suction technology can be combined with
blowing technology to form an efficient synergistic
control strategy that can significantly enhance the
aerodynamic performance of structures. This was
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demonstrated by the improved suction and blowing
system (IBSS) proposed by Balaji et al (2021). By
placing blowing holes at the maximum thickness of the
wing and suction holes near the trailing edge, they
successfully delayed the stall angle and further increased
the lift coefficient, while reducing turbulence noise on
the wing surface. A. Farhadi et al. (2017) and U
Kopuumos et al. (2020) studied the effect of the
combined suction and blowing action on the lift-to-drag
ratio of airfoils, finding that optimizing the blowing
parameters significantly improved the lift-to-drag ratio.
K Dohyun et al. (2024) explored the combined
application of suction and blowing in a multi-cylinder
array, finding that suction stabilized the wake and
reduced turbulence, enhancing the stability and
efficiency of the propulsion. W Chen et al. (2020)
further revealed the unique advantages of suction at the
leading edge combined with blowing at the trailing edge
in suppressing vortex shedding and enhancing flow field
stability. This finding provides new perspectives and
ideas for innovation in flow-control technologies.

Thus, suction-control technology has been widely
applied in multiple fields. Notably, suction technology
has demonstrated considerable application potential in
the field of ship propulsion. Studies by C James et al
(2021). and O Guerri et al. (2016). have confirmed this,
suggesting that introducing suction control technology
into wind-assisted propulsion systems can significantly
improve the pressure distribution in the flow field,
significantly enhance the lift-to-drag ratio, and
effectively reduce the strength of vortex shedding. M
Ghorbani et al. (2024) conducted a performance
evaluation of suction-based turbine sail for ships and
carried out a modeling study based on full-scale strain
gauge data. The results indicated that, although the
propulsion power contributed by the suction-based
turbine sail is relatively small, they still play a significant
role in fuel savings, especially under low-speed sailing
conditions. Additionally, Y. Luan et al. (2015), through
detailed numerical simulations of the flow field around
the turbine sail, clearly pointed out that suction
technology can significantly increase the lift coefficient
while enhancing the flow field stability, providing
crucial technical support for the optimization design of
the turbine sail.

In conclusion, suction control technology has shown
tremendous application potential in fields such as bridge

structural stability, cylindrical flow control optimization,
airfoil performance enhancement, and ship propulsion
efficiency improvement by improving the flow field
structure, suppressing boundary layer separation,
reducing vortex strength, and lowering turbulence
fluctuations. Specifically, parameters such as suction
port position, size, and suction intensity have a
significant impact on the flow field structure and force
characteristics. The academic community has proposed a
series of insightful recommendations regarding these
factors. However, it should be noted that these factors do
not act independently but interact and work together.
Therefore, to assess their combined effects on the flow
field more comprehensively and accurately, these factors
should be considered as a whole for coordinated analysis.
Notably, although several studies have addressed these
factors, quantitative analysis of the combined effects of
the suction port position and suction intensity, especially
in the application of suction-type turbine sails in ship
propulsion, remains insufficient. The suction-type
turbine sail, a new type of ship auxiliary propulsion
device, uses suction control technology to generate
greater auxiliary thrust. The suction port position and
suction intensity are not only directly related to the thrust
output and energy consumption of the turbine sail but
also profoundly affect the stability of the vortices and the
state of flow separation. Therefore, investigating the
combined effects of the suction port position and suction
intensity on the performance of the turbine sail is of
great theoretical value and can provide important
insights into energy-saving and emission-reduction
practices in the shipping industry. Based on this, this
study focuses on the suction-type turbine sail in ship
auxiliary propulsion systems, simplifying it to a two-
dimensional model with a focus on the two key factors
of suction port position and suction intensity. The aim
was to systematically explore their combined effects on
the flow field of turbine sails, offering new perspectives
and insights for research and practice in the field.

2. Principles and Methods
2.1 Force Analysis of the Turbine Sail

A suction-type turbine sail is a novel wind-assisted
propulsion device that optimizes the flow field
characteristics around the turbine sail using suction
control technology, thereby improving propulsion
efficiency and reducing energy consumption. When the
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airflow passes over the turbine sail, flow separation and
vortex shedding often occur, which not only destabilizes
the flow field, but also significantly increases the drag.
To mitigate these adverse effects, the suction-type
turbine sail was equipped with suction ports at the
trailing edge, optimizing the flow attachment by
applying suction, effectively suppressing flow separation,
and significantly improving lift while reducing drag.

The main structure of the suction-type turbine sail
includes a rotatable elliptical cylinder, suction ports,
movable splitter plates, exhaust fans, and upper and
lower end plates. The angle between the elliptical
cylinder and incoming flow direction can be adjusted by
rotating the cylinder, making it adaptable to different
wind directions and sailing conditions, ensuring that the
sail operates in an optimal state. Typically, suction ports
are located on both sides of the cylinder trailing edge.
The negative pressure created by the exhaust fan alters
the local flow-field distribution, enhancing the flow
attachment and increasing lift. The splitter plate is
generally placed on one side of the trailing edge to shield
one of the suction ports, helping control the flow
direction and pressure distribution on the surface. Under
the influence of suction, a significant pressure difference
forms on the surface of the elliptical cylinder, generating
a substantial lift, which is converted into thrust for
propelling the ship forward. Additionally, the upper end
plate primarily supports the exhaust system, whereas the
lower end plate connects the sail body to the deck or
supporting structure, ensuring that the suction-type
turbine sail has sufficient structural rigidity and stability
during operation. The design of the upper and lower end
plates not only enhances the structural strength of the
sail body, but also improves its resistance to torsion and
overturning, ensuring that the device operates stably.

Compared to traditional or airfoil sails, suction-type
turbine sails offer significant technical advantages. Its
compact structure requires less space, generates more
thrust, and has a stronger resistance to interference. By
optimizing the suction parameters (such as suction
intensity and suction port position) and sail body design,
the suction-type turbine sail can significantly increase
the wind energy utilization efficiency of ships. As an
efficient wind energy utilization technology, suction-
type turbine sails provide reliable technical support and
development directions for energy saving, emission
reduction, and green transformation in the shipping

industry.

The geometry of the suction-type turbine sail is
elliptical; the relevant definitions are shown in Fig.1.
Assume that v, is the uniform incoming flow, with the
x-axis and y-axis representing the directions along and
perpendicular to the incoming flow, respectively, as well
as the directions of drag and lift. The intersections of the
ellipse with the positive and negative x-axes are the
trailing edge and leading edge, respectively, with the
leading edge of the elliptical cylinder facing the wind.
The intersections of the ellipse with the positive and
negative y-axes are the upper and lower edges,
respectively. A line connecting the center of the suction
port to the center of the ellipse was drawn, and the angle
between this line and the x-axis was defined as suction
port position . When the suction port center is at the
trailing edge of the ellipse, a =0°, the counterclockwise
rotation is positive. When the suction port center is at the
upper edge of the ellipse, a« = 90°The width of the
suction port 1, corresponds to the arc length for the
central angle 2 =10° of the ellipse. vy is the suction
velocity at the suction port, and the velocity direction is
perpendicular to the surface of the elliptical geometric
structure. Let S be the incoming flow angle of attack of
an elliptical cylinder. When the incoming flow direction
aligns with the long axis of the elliptical cylinder (x-axis),
/= 0°, and the counterclockwise direction is positive.

A streamlined splitter plate was used to further improve
the aerodynamic characteristics of the turbine sail. The
position and width of the splitter plate are symmetric
with respect to the x-axis and suction port. The function
of the splitter plate is to reduce the flow separation and
improve the stability and efficiency of the fluid flow. To
comprehensively evaluate the aerodynamic performance
of a suction-type turbine sail, dimensionless coefficients
such as the lift coefficient Cy, drag coefficient Cp, lift-to-
drag ratio R, and pressure coefficient Cp are typically
used as performance indicators.
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In the equations, p represents the air density with a
value of 1.225 kg/m®, Voo denotes the magnitude of the
freestream velocity, A represents the projected area
perpendicular to the freestream direction, p is the
pressure on the surface of the object, and Py is the static
pressure under the freestream windward velocity.

The concept of suction intensity was introduced to
represent the suction condition visually. Suction
intensity is defined as the ratio of the suction

velocity V;, to the uniform freestream velocity V,, ,

denoted as y, i.e., y=Vin/Veo.
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Fig 1. Schematic Diagram of the Suction-type Turbine
Sail

2.2 Governing Equations and Numerical Methods

The governing equations for the flow field are the
Navier (N-S) equations. Under typical conditions of ship
navigation speed and encountered natural wind speed,
air can be considered an incompressible fluid, allowing
the energy conservation equation to be neglected.
Therefore, when analyzing the flow field around the
turbine sail, the governing equations include the mass
conservation equation and momentum conservation
equation, which in their two-dimensional form are as
follows:
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In these equations, x and y represent the downstream
and transverse directions, respectively. u and v represent
the components of the velocity vector in the x and y
directions, respectively. p is the fluid density. t is time.

V.-is the divergence of the velocity field. where u denotes
the velocity vector. p is the pressure. z denotes viscous
stress. X and Y represent the body forces in the x and y
directions, respectively.

The numerical simulations in this study were
performed using FLUENT, with the SIMPLE algorithm
used for pressure-velocity coupling, and a second-order
upwind scheme was applied to discretize the convective
terms. To fully simulate the effects of suction
technology in ship propulsion, particularly considering
the fluid intake and exhaust processes under actual
suction effects as well as the complex separation flow
and vortex shedding phenomena caused by the flow
around the trailing edge of the turbine sail, the RNG k—¢
turbulence  model was selected for turbulence
calculations.

In conducting the numerical simulations, several
assumptions were made to simplify the calculations and
improve the solution efficiency while maintaining the
validity and feasibility of the results: (1) the wind field is
steady with no wind speed gradients, (2) the effect of
temperature is neglected, (3) the impact of ship
inclination on the sail is neglected, and (4) the suction
port area is treated as the suction surface.

3.Numerical Verification and Simulation

Conditions
3.1 Computational Domain and Boundary Conditions

The aspect ratio of the ellipse was 5:4, with the length
of the minor axis D being 2m. The overall
computational domain is rectangular, as shown in Fig.2.
The length and width of the computational domain are
50 and 20 times the length of the minor axis of the
ellipse, respectively. The distance from the geometric
center of the ellipse to the inlet boundary was 15D, to
the outlet boundary was 35D, and to the upper and lower
boundaries was 10D.

The boundary condition on the left side of the
computational domain was a velocity inlet, the boundary
condition on the right side was a pressure outlet, and the
upper and lower boundaries were set as the symmetry
planes. The remaining boundaries outside the elliptical
suction port were set as no-slip walls, whereas the
suction port location was set as a velocity outlet.
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Fig 2. Flow Field Computational Domain
3.2 Grid Division Measures

A multi-region grid division strategy was adopted for
the overall grid distribution, with a focus on structured
grids. High-density grids were applied around the
turbine sail to refine the flow calculations in the vicinity
of the turbine surface and its wake region. To capture the
flow characteristics near the turbine sail accurately,
refined grid zones were implemented within the 4D and
8D regions around the turbine sail, as shown in Fig.2.
For far-field regions, away from the turbine sail, a
gradually coarsening transitional grid distribution is used,
with grid sizes increasing from the core region to the far
field, thereby achieving detailed flow field capture and
efficient utilization of computational resources.

The boundary layer grids are arranged using an
exponential growth method, with the thickness of the
first layer (i.e., the cell height in the normal direction to
the wall) strictly controlled based on the dimensionless
wall distance y+ to meet the turbulence wall function
calculation requirements. The total thickness and
number of boundary layer grids were optimized through
multiple iterations, capturing the flow gradient near the

wall while avoiding computational resource waste due to
excessive grid numbers. Based on the turbulence model,
y+ was selected as 30, with 15 boundary layers and a
growth rate of 1.15.

3.3 Grid Convergence Verification

In this study, a Reynolds number Re = 3.678x10° and
an angle of attack = —30°were used for the simulation
conditions to perform grid convergence verification.
Based on the meshing strategy outlined in Section 2.2,
five grid sizes were chosen for convergence verification.
The lift and drag coefficients for these five grid sizes
were compared with the simulation values from the
literature (2015) as listed in Table 1. It is observed that
there are certain differences in the lift and drag
coefficients corresponding to different grid numbers.
Grids 1 and 2 exhibited a higher lift coefficient, whereas
the drag coefficient results exhibited small deviations.
The results for grids 3—5 did not differ significantly.
Considering both the computational accuracy and
resource efficiency, grid 3 was selected for further
analysis.

The total number of mesh cells in the computational
domain is 1.117x10°. The flow field mesh distribution is
shown in Fig.3.

Fig.3. Mesh of Numerical Simulation

Tab. 1 Mesh independence study

Grid Mesh C. Co
number (ten thousand) Value Difference Value ifference
1 3.36 4.565 2.56% 0.886 3.69%
2 7.64 4.547 2.16% 0.889 3.36%
3 11.17 4516 1.46% 0.895 2.71%
4 20.75 4.516 1.46% 0.896 2.60%
5 31.72 4.515 1.43% 0.896 2.60%
Y. Luan (2015) 4.451 0.920

3.4 Numerical simulation verification

In this study, a Reynolds humber Re = 3.678x105 and

an angle of attack = —30° were used for the simulation
conditions to perform numerical validation. The suction
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port position was set at o = 25° To investigate the
impact of different suction intensities on the
aerodynamic performance of the turbine sail, the suction
intensity y was varied within the range of 1.0 to 2.0, with
a step size of 0.2. To verify the accuracy and reliability
of the numerical method used, the lift coefficient C. and
drag coefficient Cp results from the simulations were
compared with the numerical simulation results by Y.
Luan (2015) and wind tunnel experimental data (1990).
The results of numerical validation are presented in
Fig.4.

e
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Fig.4. Numerical Simulation Verification Results

As shown in Fig.4, the overall trend of the numerical
simulation results is consistent with that of the
experimental results. Specifically, with the increase in
suction intensity (y), both the lift coefficient (C.) and
drag coefficient (Cp) of the turbine sail exhibited a
gradually increasing trend. Notably, the numerical
results obtained in this study were almost identical to
those obtained by Luan, which further enhanced the
reliability of the results. Although a slight difference was
observed in the comparison, with the numerical
simulation yielding a slightly higher lift coefficient (C.)
than the wind tunnel experimental data and a slightly
lower drag coefficient (Cp), this discrepancy can be
attributed primarily to a series of reasonable assumptions
made during the two-dimensional numerical simulation
process. The errors resulting from these assumptions
were within the acceptable ranges. Therefore, the
research approach used in this study provides an
accurate  representation of the  aerodynamic
characteristics of the turbine sail, offering reliable data
support and a theoretical basis for further optimization of
the turbine sail design.

3.5 Simulation Conditions

This study focused on the aerodynamic performance of
a turbine sail installed on a bulk carrier using two-

dimensional numerical simulations. The Reynolds
number for the simulated conditions was set to Re = 1.36
x10% based on real ship navigation data. The study
specifically investigated the case with an attack angle of
$=0°, with suction intensities (y) ranging from 0.2 to 2.0,
incremented by a step size of 0.2. To explore the
influence of the suction port position on the performance
of the turbine sail, the suction port position (&) was
varied within the range of 5°-85° with changes
occurring every 10° in a counterclockwise direction.
Through simulations, this study primarily analyzes the
effects of suction intensity (y) and suction port position
(@) on the lift coefficient (C.) and drag coefficient (Cp)
of the turbine sail, and further examines how changes in
the suction port position (¢) affect the flow field
structure around the turbine sail.

4. Results and Analysis

4.1 Combined Effect of Suction Port Position and Suction
Intensity on the Lift and Drag Coefficients of the Turbine
Sail

To comprehensively investigate the effects of suction
intensity (y) and suction port position () on the
aerodynamic performance of the turbine sail, this study
systematically plots the variations in the lift coefficient
(CL), drag coefficient (Cp), and lift-to-drag ratio (R) with
respect to the suction intensity (y) and suction port
position (a) through two-dimensional numerical
simulations, as shown in Fig. 5-7. These plots visually
revealed the distribution trends and variation
characteristics of the aerodynamic performance of the
turbine sail under different suction parameter
configurations.

As shown in Fig.5, both the suction intensity (y) and
suction port position () had a significant impact on the
lift coefficient (C.) of the turbine sail. Owverall, C_
increases noticeably with an increase in y, but the rate
and nature of this increase vary depending ong,
reflecting the critical role ofa in controlling the flow
field.

When a <45° and y < 0.6, the variation in & has a more
pronounced effect on Cy. Specifically, under a constant v,
asa moves from the rear edge (where « is small) towards
the leading edge, C. initially decreases and then
increases. When «a is less than 15°, suction does not
effectively influence the primary separation region of the
flow field, leading to a relatively poor control



8 Deqi Jiang et al. / International Journal of e-Navigation and Maritime Economy 24 (2025) 001-016

performance when y is low. An ideal control effect can
only be achieved by increasing y. In the range of a =
15°-45° C. increases noticeably with «, and with the
increase in y, C also shows a clear upward trend. This
suggests that at Re = 1.36 x 108, setting « between the
rear edge and the leading edge, along with increasing y,
is beneficial for increasing C. and achieving better
control performance.

55

50

1.0 I 1 1 I L 1 ! I 1
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 20 22

Fig 5. Lift Coefficient under the Combined Effect of
Suction Intensity and Suction Port Position

When o > 45°, C, increased with y. This is because of
the stronger suction, which facilitates the reattachment
of the fluid to some extent, suppresses vortex shedding
at the rear, and improves the local flow field stability.
However, compared with the o = 45° case, the increase
in C_was slower. This indicates that as & moves closer to
the leading edge, the control effect of increasing y
weakens. It is also observed that when o > 45°, under
constant y, C, decreases as o moves closer to the leading
edge. This is primarily because the suction disturbance,
when positioned near the leading edge, prematurely
extracts the fluid, weakening the flow-cofigntrol effect
on the main separation region of the flow field, which
reduces the overall lift performance.

It is noteworthy that when o = 35°-55°, Creaches its
peak, indicating the optimal suction effect in this range.
Within this range, suction effectively suppressed vortex
separation, stabilized the flow field structure, and
generated the maximum aerodynamic force in the lift
direction. This is because the suction position in this
range can fully influence the primary separation region
of the fluid, effectively improving the boundary-layer
attachment state and reducing the dissipation of fluid
kinetic energy, thus maximizing the lift performance.
When o < 25°, suction does not sufficiently affect the
main flow-field region, leading to a limited
improvement in the flow attachment. When o > 65°,

suction disturbance occurs too early, making it difficult
for the fluid to reattach after separation, further reducing
the lift performance. Therefore, under most suction
intensities, a = 35°-55° exhibits a higher lift coefficient,
indicating that the suction configuration in this range is
the ideal setup for optimizing the aerodynamic
performance of the turbine sail.

The conclusions above are further validated by the
pressure and vorticity field distributions. When o is
between 35° and 55°, suction significantly delays the
onset of the primary separation point, creates a more
favorable pressure gradient for lift generation, weakens
the wake vortices, and results in a more stable flow field.
In contrast, when a is too small or too large, the suction
port becomes misaligned with the main separation
region, reducing the effectiveness of flow disturbance or
even triggering flow instability, which ultimately
diminishes the control performance.

In conclusion, the interaction between y and «
significantly affected the C. of the turbine sail. By
appropriately selecting the suction port position,
especially within the o =35° to 55° range, and increasing
y, the boundary layer separation can be effectively
controlled, the flow field structure can be optimized, and
the lift performance of the turbine sail can be maximized.

Both the suction intensity (y) and suction port position
(@) had a significant impact on the drag coefficient (Cp)
of the turbine sail. Different combinations of suction
parameters lead to changes in the flow-field structure
and boundary-layer distribution, which in turn affect the
drag characteristics of the turbine sail. As shown in Fig.6,
Co exhibited a clear nonlinear relationship with y and a.

L0

—— =5° —+—a=15"——a=25°

—— a=35" a=45° 0=55°

\ a=65"—8— u=75"——0= 85°

08

0.0 1 1 L 1 1 L 1 1 L L
00 02 04 06 08 10 12 14 L6 1.8 20 22

Fig.6. Drag Coefficient under the Combined Effect of
Suction Intensity and Suction Port Position

When a < 25°, Cp decreases as a increases but
increases as y increases. This is because, when a is closer
to the rear edge, the suction control has not yet fully
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affected the primary separation region of the flow field.
Meanwhile, as & moves further from the rear edge, the
disturbance in the flow near the splitter plate intensifies,
thereby generating new vortices around the splitter plate.
Additionally, as y increased, the disturbance effect of the
suction port at the rear edge increased, leading to a
decrease in the stability of the fluid at the rear edge,
which caused Cp to increase.

When o = 35°-55°, Cp shows a clear decreasing trend
as y increases and remains at a generally low level. This
is because within this o range, suction control helps
improve the boundary layer flow state and effectively
suppresses flow separation, thereby reducing the drag
coefficient. It was also observed that as y increased, Cp
did not decrease monotonically but exhibited
fluctuations with both increases and decreases. This
further suggests that this o range corresponds to the
critical region for boundary-layer flow separation on the
turbine sail surface, and the effectiveness of suction
control is particularly sensitive to changes in y.

When a > 65°, the drag coefficient (Cp) continues to
show a significant decreasing trend with increasing
suction intensity (y). This indicates that suction near the
trailing edge still plays a role in suppressing vortex
shedding and can effectively reduce drag. However, it is
important to note that despite the clear drag reduction,
the lift coefficient (C.) remains relatively low in this
range of a. This suggests that suction control at such
positions fails to effectively improve boundary layer
attachment in the mid and trailing edge regions, limiting
the overall flow control effectiveness and resulting in
reduced aerodynamic performance of the turbine sail.
Furthermore, analysis of the pressure and vorticity field
distributions provides deeper insight into how o and y
influence Cp. When a is positioned too close to the
upper edge, it tends to generate asymmetrically
distributed vortices. While this can contribute to drag
reduction, it compromises flow field stability. Therefore,
it is not recommended to place the suction port in this
region.

In conclusion, the combined effects of o and y on Cp
followed a clear pattern. Based on the results shown in
Figs. 5 and 6, it can be concluded that a = 45°-65° is the
optimal range for improving both the lift and drag
performance of the turbine sail, providing effective
design guidelines and optimization strategies for

practical engineering applications.

Additionally, to more comprehensively evaluate the
impact of a on the turbine sail performance, it is
essential to not only analyze C. and Cp, but also further
investigate the lift-to-drag ratio (R), which is a key
performance indicator. R is an important parameter for
assessing the aerodynamic performance of the turbine
sail. A higher R indicates that a greater lift can be
generated for the same drag loss, which is significant for
evaluating the propulsion efficiency of the turbine sail.
The results for the lift-to-drag ratio under the combined
effects of suction intensity and suction port position are
shown in Fig.7.

As shown in Fig.7, the impact of the suction intensity ()
and suction port position (o) on the lift-to-drag ratio (R)
exhibited a clear dynamic pattern. When y was small, the
effect of o on R was relatively limited. This is because a
small y value is insufficient to significantly alter the
flow-field structure, resulting in negligible changes in R.
However, as y increases, the influence of a on R
becomes more pronounced, particularly when y > 1.6,
where the differences in R between different a values
become more significant. At y = 2.0, R reaches its
maximum value of 154.97 at & = 55° and its minimum
value of 5.26 at a = 5° with a difference of nearly 30
times between the two values.
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Fig.7. Lift-to-Drag Ratio under the Combined Effect of
Suction Intensity and Suction Port Position

Specifically, when y > 1.6, the effect of & on R was
more noticeable. When a < 25°, close to the rear edge,
the airflow adheres well to the turbine sail surface,
guiding the air to pass smoothly over the surface and
reducing the formation of the local vortices. At this point,
the lift performance is relatively high; however, because
o. 1s too close to the rear edge, the airflow does not
generate strong vortices or significant flow separation.
Consequently, the local flow speed increased, and the
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fluid pressure distribution became uneven, causing an
increase in the drag. This imbalance between lift and
drag leads to a relatively low R.

When a = 45°-55°, « effectively balances lift and drag,
allowing the airflow to pass more smoothly over the
turbine sail surface while forming a stable vortex
structure. Suction control suppresses boundary layer
separation, delays the movement of the flow separation
point towards the leading edge, and reduces the
turbulence intensity and vortex size, which significantly
decreases the drag. Meanwhile, the lift remains
relatively high within this range, resulting in optimal
aerodynamic performance for R in the range of o = 45°-
55 . Although R was also high at a = 65°, the vortex
structure became larger and asymmetric, causing
instability in the flow field. Therefore, the R value was
not the best choice.

When a > 75°, the suction effect primarily influences

the leading edge. Although suction still helps reduce
drag to some extent, the flow separation increases,
leading to stronger local turbulence, which weakens the
drag reduction effect. Additionally, from the pressure
and vorticity fields, it is evident that the asymmetry of
the vortices and the increased strength of the wake
vortex reduce lift, resulting in poorer performance of
R

The variation in «a directly influences the fluid
characteristics on the turbine sail surface, including the
boundary layer attachment, vortex formation, and tail
vortex distribution. A distribution of « that is too close to
the rear or leading edge will negatively affect R, making
the rational selection of « particularly important. Within
an appropriate range, suction technology can effectively
control the flow separation and vortex formation while
balancing the relationship between lift and drag, thereby
optimizing R.

From the analysis of the variation patterns of C, Cp,
and R, it is clear that synergy between o and y is crucial
for optimizing the aerodynamic performance of the
turbine sail. As noted in the previous analysis, the larger
the value of y, the more pronounced the changes in R
across different o values and the more evident the
control effect on the flow field. Therefore, to further
explore the optimization strategy for suction control, a
more in-depth study and analysis of the variation
patterns under the typical condition of y = 2.0 will be

conducted in Sections 3.2, 3.3, and 3.4.

4.2 Effect of Suction Port Position on the Pressure
Coefficient of the Turbine Sail

A systematic analysis of the pressure coefficient (C,)
distribution under different o values was conducted to
investigate the influence of the suction port position («)
on the pressure distribution of the turbine sail, a
systematic analysis of the pressure coefficient (C,)
distribution under different o values was conducted. The
pressure coefficient (C,) is a key parameter for
describing the pressure distribution of airflow on the
turbine sail surface, and its variation directly affects the
lift and drag characteristics of the turbine sail. The
variation curves of C, under different « values are shown
in Fig.8, where the circumferential angle & of the
elliptical cylinder cross section of the turbine sail is used
as the coordinate. Here, 8 = 0° (or # = 360°) corresponds
to the windward face of the elliptical cylinder (i.e., the
negative half of the x-axis) and 8 = 180° corresponds to
the leeward face (i.e., the positive half of the x-axis).

As shown in Fig8, the suction led to a sharp pressure
drop (Cp). This phenomenon indicates that suction
control has a significant impact on the pressure
distribution of the flow field, resulting in a considerable
reduction in the pressure in the localized regions. This
pressure reduction primarily reflects the effect of suction
on momentum change in the flow field. By altering the
fluid velocity within the boundary layer, the boundary
layer thickness was reduced, and the attachment ability
of the fluid in the suction area was enhanced, thus
delaying the occurrence of flow separation.
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Fig.8.Variation Curve of C, under Different Suction Port
Positions

By examining the variations in the curves in the figure,
it can be further observed that when « < 25°, suction
control effectively reduced the local pressure at the rear
edge, improving the flow attachment state of the
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boundary layer at the rear edge and enhancing the
overall stability of the flow field. However, because «
was too close to the rear edge, the pressure drop was
relatively small, and the suction control effect was not
ideal. As discussed earlier, suction control in this case
did not significantly improve the lift coefficient (C.) and
drag coefficient (Cp), and the lift-to-drag ratio (R)
remained low. Therefore, suction near the rear edge is
not ideal.

When a > 65°, the suction effect was primarily
concentrated near the leading edge of the turbine sail.
Although this configuration significantly reduces C, and
achieves effective suction control, a potential issue arises:
the lowest pressure point is located near the leading edge,
creating a large gap between it and rear edge. This can
easily result in an adverse reverse pressure gradient
between the leading and trailing edges, exacerbating the
turbulent characteristics at the rear edge and causing a
premature flow separation. Ultimately, this negatively
affects the owverall performance of the turbine sail,
thereby reducing its propulsion efficiency and stability.

However, when o = 45°-55°, suction control not only
significantly reduces the local C, on the surface of the
turbine sail, forming a moderate low-pressure zone at the
rear edge, but also maintains a uniform overall pressure
gradient in the flow field. This pressure distribution, in
addition to increasing Cy, can suppress turbulence and
tail vortex instability, and reduce Cp. Therefore, suction
control in this range provides the best performance in
terms of the lift-to-drag ratio and flow field stability,
confirming that it is the ideal suction port position.

4.3 Effect of Suction Port Position on the Flow Field
Flow

To further investigate the specific impact of the suction
port position on the fluid flow characteristics around the
turbine sail, this study conducted a systematic analysis of
the flow field surrounding the turbine sail under different
suction port positions. The instantaneous velocity
streamline patterns on the turbine sail surface at different
suction port positions are shown in Fig.9, and the
variations and trends of the streamlines are analyzed in
detail to reveal the influence of the suction port position
on the flow characteristics and flow field control.

As shown in Fig.9, the variation in o exhibited a clear
pattern in its impact on the fluid flow characteristics
around the turbine sail. The change in o not only affects

the suppression of flow separation, but also influences
the generation and dis-tribution of vortices, as well as the
intensity of disturbances in the wake region and the
stability of the flow field.

When a < 25° the suction effect was primarily
concentrated in the rear edge region of the turbine sail.
At this point, suction has a strong ability to guide the
fluid within the boundary layer, helping to reduce the
pressure in the boundary layer and ensuring that the fluid
adheres more closely to the surface of the turbine sail,
thereby suppressing the flow separation. However,
because « is relatively close to the rear edge, the suction
effect is limited, and the flow-field optimization in the
upper-middle region is insufficient, leading to a
constrained flow-field control capability. Regarding
vortex generation and distribution, small suction angles
primarily affected the initial flow state in the wake
region. At this point, the vortices in the wake region are
weak and uniformly distributed with low disturbance
intensity, indicating a relatively stable flow field.
However, the generation of weak vortices also suggests
insufficient momentum exchange in the wake region,
preventing the suction effect from significantly
improving thrust. In terms of disturbances and stability
in the wake region, although small suction angles
maintain the flow field stability in the wake region, this
stability is more a result of inadequate momentum
exchange than that of the optimized flow. Overall, the
suction control effect on the flow field was limited, with
a relatively low system energy consumption and weak
thrust improvement.

When a = 35°-55°, positioned between the leading and
rear edges, the suction effect not only covers the leading-
edge region of the turbine sail, but also effectively
extends to the middle and rear edge regions. This
broader distribution range is more conducive for
optimizing the flow state across the entire surface of the
turbine sail. The suction port significantly reduced the
boundary layer pressure, further suppressing the flow
separation and substantially improving the fluid flow
state. Regarding the vortex generation and distribution,
under medium suction angles, the vortex strength in the
wake region was moderate, and the vortex structure
generated was clear and evenly distributed. The
momentum exchange in the wake region was enhanced,
and the vortex disturbance was moderate, achieving a
good balance between thrust improvement and flow
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field stability. At this point, suction optimizes the flow
state in the wake region and enhances the thrust output
efficiency of the turbine sail. The advantages of medium
suction angles are particularly evident in terms of the
disturbances and stability in the wake region. The
disturbance intensity in the wake region is moderate,

\\\\\\\\

avoiding the insufficient disturbance observed with
small suction angles and the instability caused by
excessive disturbance at large suction angles. Overall,
within this o range, both the thrust output and overall
flow field stability were significantly improved, making
it the optimal suction port position.
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Fig.9. Instantaneous Streamlines on the Surface of the Turbine Sail under Different Suction Port Positions

When o > 65°, the suction effect was primarily
concentrated near the leading edge of the turbine sail. At
this point, the suction's ability to guide the fluid in the
middle and rear edge regions weakens, while its ability
to suppress fluid separation in the leading edge region
strengthens, significantly reducing the flow separation in
that region. However, because « is too close to the
leading edge, the overall flow-field pressure distribution
becomes uneven, which may lead to insufficient flow
optimization in the rear and middle regions. Regarding
the vortex generation and distribution, under large
suction angles, the vortex strength in the wake region
was significantly enhanced, and the disturbance
frequency increased. While enhanced vortex generation
can further improve the thrust output, the stability of the
wake region flow field significantly decreases,
potentially triggering irregular vortex disturbances and
leading to increased energy losses. In terms of

disturbances and stability in the wake region, large
suction angles caused significantly stronger disturbances,
and the wake region exhibited considerable instability,
possibly generating high-frequency turbulence. In this
case, although the thrust is increased, the significant
reduction in the flow field stability and the increase in
the system energy consumption negatively impact the
reliability and safety of navigation.

In summary, the effect of a on the flow field around a
turbine sail was significant. When a <25°, the flow field
was relatively stable, but the thrust improvement was
limited. When a > 65°, while the thrust is increased, the
flow field stability significantly decreases, leading to
increased energy consumption, which limits the practical
engineering significance. In contrast, when « = 35°-55°,
positioned between the leading and rear edges, the
suppression of fluid separation, optimization of vortex
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generation and distribution, and control of disturbances
in the wake region all reach optimal levels. This range is
the ideal suction-port position.

4.4 Effect of Suction Port Position on the Wake Vortex
Structure in the Flow Field

To further elucidate the influence of a on the wake
characteristics of the turbine sail and its variation
patterns, this section provides a detailed discussion of
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vortex shedding in the wake of the turbine sail. By
analyzing the structure and variation of wake vortex
shedding, the mechanisms by which o affects key
processes such as momentum exchange, vortex
generation, and energy dissipation in the flow field can
be more intuitively understood. The vortex shedding
structure in the wake of the turbine sail at different o
values is shown in Fig.10.
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Fig.10. Wake Vortex Shedding Structure of the Turbine Sail under Different Suction Port Positions

By comparing the effects of different o values on the
wake vortex distribution and vortex shedding patterns
under the same y, it can be observed that when o < 25°,
the suction disturbance in the wake is relatively weak in
both the range and intensity. The vortex generation in
the wake region was weak, and the overall flow field
exhibited good stability with a smooth wake and limited
energy dissipation in the wake region. However, because
y primarily influences the rear edge of the flow field, it is
difficult to significantly enhance the momentum
exchange and fluid reattachment ability in the wake
region, which results in limited thrust improvement.
Although the flow field stability was high, the overall
optimization effect was insufficient.

When a = 35°-55°, positioned between the leading and

rear edges, the suction effect on the wake vortices
reaches an optimal balance. The disturbance intensity
was moderate, and momentum exchange and fluid
reattachment in the wake region were significantly
improved. Within this range, the energy dissipation was
moderate and the vortex distribution in the wake region
was neither too intense nor too mild. At this point, a
effectively enhances the stability of the flow field.

When a > 65°, as a increases further, the suction
disturbance becomes significantly stronger, leading to
vortex shedding in the wake region and chaotic wake
structures. While stronger suction disturbances can
suppress local flow separation and increase lift,
excessive disturbances exacerbate instability in the wake
region, causing the vortex distribution in the flow field to



14 Deqi Jiang et al. / International Journal of e-Navigation and Maritime Economy 24 (2025) 001-016

fluctuate dramatically, accompanied by significant
energy dissipation. The overall flow field exhibited
irregular vortex shedding characteristics, leading to a
decrease in thrust efficiency and system stability.
Therefore, excessively large suction angles are
detrimental to further optimization of turbine sail
performance.

In conclusion, the influence of different o values on the
wake vortex shedding structure of the turbine sail
follows a significant pattern: when a < 25°, the flow
field is stable, but thrust improvement is limited; when o
= 35°55° positioned between the leading and rear
edges, the balance between suction disturbance and flow
field stability is optimal, resulting in significant thrust
improvement; when o > 65°, near the leading edge, the
excessive disturbance causes a significant decrease in
the flow field stability, degrading the overall
performance. Based on this analysis, the optimal suction
port position is o = 35°-55° where suction can
effectively optimize the wake structure and significantly
enhance propulsion performance, yielding the best
application results.

5. Conclusion

This study systematically explores the combined
effects of suction intensity and suction port position on
the aerodynamic performance of an exhaust-type turbine
sail, revealing the underlying mechanisms and patterns
of how these parameters optimize the turbine sail
performance. The focus is on analyzing the flow field
characteristics and vortex structure changes at a suction
intensity of y = 2 under different suction port positions,
providing important theoretical foundations and practical
guidance for the optimization design of turbine sails.
The following conclusions were drawn.

(1) The variation in suction intensity can significantly
affect the lift and drag characteristics of the turbine sail,
thereby impacting its lift-to-drag ratio performance. An
appropriate  suction intensity enhances the flow
attachment to the turbine sail surface, delays the flow
separation, and improves the overall aerodynamic
efficiency of the turbine sail. By appropriately designing
the suction intensity parameters, the aerodynamic
performance of the turbine sail can be optimized under
various navigation conditions.

(2) The suction port position has a particularly significant
impact on the flow field structure around the turbine sail,

particularly in terms of flow attachment, fluid separation,
and wake vortex shedding characteristics. The results
showed that when the suction port position was between
the leading and trailing edges, the turbine sail exhibited
the best aerodynamic performance. In this range, suction
effectively optimizes the flow attachment, suppresses
flow separation, and significantly improves the dynamic
balance between lift and drag, thereby achieving the
maximum lift-to-drag ratio. Additionally, the periodicity
of the vortex shedding in the wake region was enhanced,
and its distribution became more regular. The
disturbances in the wake region were significantly
reduced, and the overall flow field structure became more
stable. This not only enhances the aerodynamic
efficiency of the turbine sail, but also significantly
improves its wind resistance stability, providing a clear
direction for the optimization of exhaust-type turbine
sails.

In summary, this study comprehensively reveals the
effects of suction intensity and suction port position on
the performance of the exhaust-type turbine sail,
enriching the theoretical framework of turbine sail
aerodynamic characteristics and flow field control
mechanisms. It provides crucial theoretical support and a
technical reference for the design and application of ex-
haust-type turbine sails. The results of this study offer an
optimization basis for the practical application of ex-
haust-type turbine sails in wind-assisted navigation, and
are of great significance for promoting energy saving,
emission reduction, and green transformation in the
shipping industry.

Future research could focus on the following aspects.

(1) Analysis of unsteady flow characteristics of exhaust-
type turbine sails under different incoming attack angles
under complex sailing conditions to enhance their
performance in dynamic environments.

(2) Exploration of the synergistic control mechanism of
suction and blowing combined, investigating its
comprehensive optimization effect on aerodynamic
performance under different flow field conditions.

(3) Comprehensive consideration of actual ship operating
conditions, integrating intelligent control technologies,
and loT systems to develop more adaptive and efficient
optimization control strategies for turbine sails, driving
their widespread application in energy-saving and
emission-reduction efforts in the shipping industry.
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