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Blades critically influence the energy capture efficiency of tidal flow
turbines. In an endeavor to substantially boost the energy performance of
tidal current turbines, a vertical-axis bio-inspired blade with a nodular
leading edge was designed, based on the humpback whale’s pectoral fin, to
enhance tidal current turbine performance. The leading edge nodules follow
a sine wave pattern. A three-bladed vertical-axis tidal current turbine model
incorporating this design was developed. Its hydrodynamic performance was
compared to that of a standard three-blade vertical-axis turbine using
numerical simulations, with the aim of further and quantifiably improving
energy efficiency. The bio-inspired turbine achieved high energy coefficient
values. For example, at a tip speed ratio of 2.094, the bio-inspired turbine
delivers a 7.12% increase in energy coefficient compared to the standard
turbine. Moreover, the bio-inspired turbine demonstrated markedly and
consistently higher torque output under low-speed conditions and showcased
significantly notable enhanced startup performance.
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1. Introduction

Tidal current energy, a key subset of marine renewable energy, exhibits substantial resource
availability, high energy density, and spatial regularity. These characteristics confer significant
strategic value and wide-ranging potential for both nearshore and offshore energy development. As the
primary component responsible for converting the kinetic energy of seawater into electrical power, the
hydraulic performance of tidal turbines directly influences energy conversion efficiency, economic
feasibility, and operational reliability. Recent advances in the integration of bionic principles and fluid



machinery technologies have introduced novel pathways for the innovative design of tidal turbine
blades.

Bionics, grounded in the study of biological systems, informs the engineering design process by
replicating structural and dynamic characteristics observed in living organisms [1-3]. By imitating
morphological and kinematic traits, bionic approaches address engineering challenges and enhance
practical performance [4, 5]. In marine engineering, progressive research into the locomotion of
aquatic species such as fish and whales has revealed critical insights into hydrodynamic mechanisms.
These developments have facilitated significant advances in bionic technologies, including fish-
inspired robots and blades [6, 7]. Considering the success of bionic wind turbine blades, researchers
have adapted similar designs for tidal turbines, resulting in various bionic configurations that notably
improve power generation efficiency [8, 9].

Batten et al. and Bahaj et al. hypothesized that the design methodologies applied to wind turbine
blades could be extended to water turbine blade design [10, 11]. The results confirm that the design
theory for wind turbine blades can be applied to the design of horizontal-axis turbine blades and water
turbine blades, suggesting key similarities between wind and water turbines. Therefore, these well-
established practices in wind turbine design can be employed to optimize the performance and
efficiency of water turbines.

Weber et al. revealed that the leading edge of humpback whale pectoral fins in the United States
exhibits a distinct nodular structure. Comparative studies demonstrated that blades inspired by this
morphology outperformed conventional designs lacking such features, particularly in lift generation
and stall delay [12]. These results support the effectiveness of bio-inspired modifications in improving
turbine blade performance.

Nedi¢ et al. conducted an experimental study on vortex shedding generated by the serrated
trailing edge of an airfoil and evaluated the aerodynamic performance of this configuration [13]. The
findings demonstrated that serrations at the trailing edge induce significant vortex shedding, resulting
in increased maximum lift and drag coefficients. As a result, the maximum lift-to-drag ratio is reduced
compared to that of a conventional airfoil. The study also revealed that the intensity of vortex
shedding diminishes as the sawtooth angle decreases.

Rongkang Gao of Ocean University of China investigated the hydrodynamic performance of the
black seal shark's fin [14]. A three-dimensional digital model of the fin was developed and used to
design a bio-inspired blade for a horizontal-axis hydraulic turbine. Numerical simulations indicated
that the bio-inspired blade significantly improves energy efficiency under specific operating
conditions, especially at low tip speed ratios. However, this enhancement in performance is
accompanied by an increase in axial force, which can introduce pressure distribution instability.
Therefore, careful consideration must be given to the trade-off between energy efficiency and potential
flow-induced instability during the design and operation of bionic blade turbines.

The present study integrates the distinctive convex nodular structure of the humpback whale
pectoral fin into the blade design of a vertical-axis tidal current turbine. This approach draws on the
superior hydrodynamic performance of the biological model to overcome the limitations of
conventional horizontal-axis bionic turbine designs. A vertical-axis tidal turbine equipped with bio-
inspired blades was developed, and its hydrodynamic behavior was analyzed using computational
fluid dynamics (CFD) simulations. The results offer a technical reference for the application of bionic
blades in vertical-axis tidal current energy systems.



2. Establishment of bionic hydraulic turbine

2.1. Bionic blade design

Humpback whales, among the largest marine mammals, belong to the Baleen family within the
order Cetacean Artiodactyla. Because of their specialized feeding mechanisms, these whales exhibit
limited overall body flexibility, which restricts their mobility to some extent. However, their flippers
are notably longer and more flexible than those of other cetaceans. Miklosovic et al. reported that the
leading edges of humpback whale flippers possess a distinct convex nodular structure [15]. These
protrusions enhance maneuverability by delaying stall onset, increasing lift, and reducing drag. The
pectoral fins of the humpback whale are shown in Fig. 1.

Figure 1 Humpback whale flipper leading edge [16]

Based on the morphological characteristics of the pectoral fin of the humpback whale and the
associated hydrodynamic forces, a bionic blade design for a vertical-axis tidal turbine is proposed. In
contrast to conventional blades with smooth, straight leading edges, the bionic blades incorporate
sinusoidal nodular protrusions. The amplitude of each tubercle is defined as the wave height A, and
the length of a single cycle is defined as the wavelength W. According to previous studies, the leading
edge of bionic airfoils typically follows a sinusoidal profile [17]. The blade is designed with a chord
length ¢ of 100 mm and a span h of 600 mm. A schematic of the pectoral fin of a humpback whale is
shown in Fig. 2.

Figure 2 Humpback whale flipper profile [18]

Mehmet Atlar et al. used validated CFD simulations to evaluate the lift characteristics of airfoils
with sinusoidal leading-edge tubercles [19]. Results indicated that the optimal aerodynamic
performance, reflected in higher lift and lift-to-drag ratios, occurs when the wave height is 0.1 times
the chord length. Based on this finding, the present design adopts the same coefficient:

A=0.1c )



The amplitude of the nodules significantly influences aerodynamic performance, whereas the
wavelength has a comparatively minor effect. Cui et al. Cui et al. distributed eight nodules uniformly
along the spanwise direction, starting from h = 0 [20]. This configuration yields eight complete
sinusoidal cycles along the blade’s leading edge, with the wavelength defined as:

1
W=h )

Accordingly, the bionic blade has a wave height of 10 mm and a wavelength of 75 mm,
producing periodic peaks and troughs along its span. These parameters are optimized to emulate the
natural flow-enhancing characteristics of the humpback whale flipper. The corresponding equation
describing the leading-edge sinusoidal curve in a three-dimensional Cartesian coordinate system is as
follows:

X =Bsin(2Z .y A 3)
27w 20 2

The schematic diagram of the sinusoidal curve of the bionic blade is shown in Figure 3.
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Figure 3 Bionic blade outline schematic cross-section

Previous experimental studies have examined various bionic airfoil geometries by altering the
leading-edge profile and airfoil dimensions. Results demonstrated that airfoils designed using nodular
leading-edge patterns exhibited superior aerodynamic performance [21]. Based on these findings, the
present design adopts the NACAO0018 airfoil as the cross-sectional profile for the bionic blade. The
nodular structure, composed of crests and troughs, is introduced by proportionally modifying the
baseline airfoil geometry to form a sinusoidal leading edge. The chord length and cross-sectional
design are expressed by:

clzc+Asin% (4)

C.=C+A (5)

2.2. Bionic turbine establishment



The vertical-axis tidal energy turbine consists primarily of blades, connecting rods, and a
rotating shaft. Energy extraction is primarily dependent on the blades. Two hydraulic turbine models
were developed: one employing bionic blades and the other standard blades. Both are three-bladed
vertical-axis tidal current turbines. The simplified geometries of the bionic and standard turbine
models are illustrated in Fig. 4:

Figure 4 Bionic turbine (left) and standard turbine (right) models
Both models share identical structural parameters, including the number of blades, blade span,
blade chord length, and turbine diameter. The main design parameters are listed in Table 1:

Table 1 Main parameters of hydraulic turbine model

Parameter Parameter value
Number of blades 3
Turbine diameter 1.00m

Rotation axis diameter 0.03m

Blade chord length 0.10m

Blade extension 0.60m
Incoming flow speed 1.50m/s

3. Numerical simulation results and analysis

3.1. Computational domain and meshing
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Figure 5 Calculation domain diagram and boundary conditions



The computational domain for both the bionic and standard turbines is a cuboid with
dimensions of 20Dx10Dx10D (where D represents the turbine diameter). The domain is divided into
two regions: a static (stationary) domain and a rotating domain. The static domain remains fixed,
while the rotating domain allows for the simulation of rotor motion. The center of the rotating domain
is positioned 5D from the inlet plane and 15D from the outlet plane, with a 5D distance from each side
boundary. The rotating region is modeled as a cylinder with a height of 1.2H and a diameter of 1.2D,
as shown in Fig. 5.

The left boundary is defined as a velocity inlet with a constant inflow velocity of 1.5 m/s,
assuming uniform flow. The right boundary is set as a pressure outlet with a relative pressure of P = 0.
The upper, lower, and side boundaries of the static domain are defined as free-slip walls to eliminate
wall shear effects and accelerate computation. An interface is specified between the static and rotating
regions to ensure continuity in data transfer. The turbine blade surfaces are treated as wall boundaries.
For simulations at a tip speed ratio of 2.094, the SST turbulence model is employed, and the solver
operates in transient mode. The time step is set to 0.00278 s, corresponding to a 1° rotation per step.
The simulation continues until convergence, with a residual threshold of 1x10% The torque is
monitored throughout the simulation, and the torque curve is obtained after the solution stabilizes. The
average torque Q is calculated as follows:

Q= %Z Q; (6)

(a) Computational domain b) Rotation domain

) Standard turbine @) Bionic turbine

Figure 6 Mesh division

In this section, ANSYS ICEM CFD served as the tool for mesh generation. To improve
computational efficiency while maintaining accuracy, a hybrid meshing approach is employed,
whereby structured grids are used in the computational and rotating domains, while unstructured grids



are applied to the turbine model. Mesh refinement is implemented around the turbine blades, where
flow behavior is more complex, to enhance resolution and improve result fidelity. In contrast, the
mesh in the outer uniform flow field is relatively coarse to reduce computational load. This approach
balances simulation accuracy with efficient use of computational resources. In the bionic water turbine,
the mesh is locally refined around the three blades. A total of ten prismatic layers is generated along
the blade surfaces. The first layer has a thickness of 0.0006 m, with a growth rate of 1.2 per layer,
allowing the total thickness of the prism layer region to be calculated. Local mesh refinement around
the blades enables accurate capture of flow field variations and ensures computational precision near
blade surfaces. The final mesh contains approximately 3.27 million elements for the bionic turbine and
3.02 million elements for the standard turbine. The mesh structure is illustrated in Fig. 6.

3.2. Numerical simulation verification

Before performing full simulations, the accuracy and reliability of the numerical setup were
verified to ensure validity while conserving computational time and resources.
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Figure 7 Comparison of torque curves at different meshes

This section uses the vertical-axis single-rotor hydraulic turbine studied by Yang Ransheng at
Dalian University of Technology as a validation case [22]. Experimental data showed optimal energy
efficiency at an incoming flow velocity of 1.5 m/s. Three grid configurations containing 1.52 million,
3.43 million, and 5.17 million elements were simulated under the same operating conditions: uniform
inflow of 1.5 m/s, tip speed ratio of 2.269, and blade attack angle of 0°. Fig. 7 presents torque curve
comparisons for these configurations.

Table 2 Grid-independence verification of the standard turbine

Experimental value | 1,520,000 grid | 3,430,000 grid | 5,170,000 grid

Capacity efficiency 28.6% 27.33% 29.37% 30.58%

Table 2 compares the simulated energy capture coefficients against the experimental reference
values. The results show good agreement across all grid sizes. The 1.52-million-grid model slightly
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underestimates efficiency, while the 3.43-million and 5.17-million grids slightly overestimate it.
Among them, the 3.43-million-grid case provides a favorable balance between accuracy and
computational efficiency. The relative error across all cases is lower than 10%, which falls within
acceptable limits. Furthermore, each torque curve exhibits three distinct peaks and valleys, consistent
with experimental observations, confirming the reliability and effectiveness of the numerical
simulation methodology.

3.3. Numerical simulation results
3.3.1  Comparison of hydrodynamic performance between bionic turbine and standard turbine

Under uniform flow conditions, the hydrodynamic performance of turbines was analyzed at tip
speed ratios of 1.397, 1.745, 2.094, 2.443, and 2.792. Numerical simulations yielded the energy
capture coefficient Cp; and torque coefficient of the bionic turbine Cq1, while Cq2 and Cp, correspond
to those of the standard turbine.

Table 3 Cp1, Cpa2, Cq1 , and Cq2 of the turbine

A Cp1 Cp2 Cot Co2
1.397 0.197 0.166 0.141 0.119
1.745 0.278 0.247 0.159 0.141
2.094 0.316 0.295 0.151 0.142
2.443 0.298 0.288 0.122 0.118
2.792 0.271 0.265 0.097 0.095
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Figure 8 Turbine energy capture coefficient
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Figure 9 Turbine torque coefficient

Fig. 8 shows that the energy capture coefficient for both turbines increases initially with the tip
speed ratio, reaching a peak at 2.094, followed by a decline. At this peak, the bionic turbine’s energy
capture coefficient exceeds that of the standard turbine by 7.12%. When the tip speed ratio is lower
than 2.094, the bionic turbine demonstrates substantial energy efficiency improvements, with an 18.67%
increase at 1.397. When the tip speed ratio is higher than 2.094, the energy capture coefficient of the
bionic turbine is slightly reduced, but the decline remains minimal.

Torque primarily arises from the pressure moment exerted by the water flow on the blades,
closely linking the torque coefficient to energy harvesting efficiency. Fig. 9 shows that for the
standard turbine, the torque coefficient increases up to 2.094 and decreases beyond this value. By
contrast, the bionic turbine’s torque coefficient increases until 1.745, then decreases at higher tip speed
ratios. At tip speed ratios exceeding 2.094, the flow velocity becomes sufficiently high for inertial
forces to dominate flow-blade interactions. Under these conditions, the influence of blade shape
diminishes, and the flow behaves as a high-speed jet impacting the blades. Both turbine models exhibit
similar torque generation mechanisms and energy conversion at this stage. However, the bionic
turbine generates higher torque at lower speeds, facilitating easier startup compared to the standard
turbine.

3.3.2  Torque analysis
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Figure 10 Azimuthal division



The azimuth angle of the turbine during rotation is defined as follows: The turbine rotates
counterclockwise under uniform flow from left to right. The region with an azimuth angle of 90° + 90°
corresponds to the upstream area, while the region at 270° £ 90° corresponds to the downstream area

(Fig. 10).
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Figure 11 Bionic turbine single cycle torque
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Figure 12 Standard turbine single cycle torque

Table 4 Bionic turbine and standard turbine torque

A=1.397 A=1.745 1=2.094 A=2.443 A=2.792
Q1 (Nm) 47.532 53.660 50.829 41.086 32.565
Q2 (Nm) 40.063 47.676 47.451 39.708 31.962

Figs. 11 and 12 show the torque variation during a single rotation cycle for the bionic and
standard turbines, respectively. The turbine torque exhibits a stable periodic pattern with three peaks
and three valleys per cycle. Torque magnitude varies across different tip speed ratios. Table 4 presents
the torque values for both turbines at varying tip speed ratios. Q; represents the torque of the bionic
turbine, and Q- represents the torque of the standard turbine. Both turbines reach their maximum
torque at a tip speed ratio of 1.745. At this ratio, Q1 exceeds Q2 by 12.55%.
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Figure 13 Torque curves of bionic turbine and standard turbine

The blades exhibit varying energy outputs at different positions. Consequently, the water flow
energy received by the turbine at different azimuths is unevenly distributed, resulting in periodic
fluctuations in torque. When the flow velocity is 1.5 m/s and the tip speed ratio is 2.094, both the
bionic and standard turbines reach their maximum energy acquisition coefficient. Fig. 13 compares the
torque curves of the bionic and standard turbines under these conditions. The torque peaks occur near
azimuth angles of 90° , 210° , and 330° , while the minima are observed near 30° , 150° , and
270° . Under these conditions, the peak torque for both turbines stabilizes around 93 Nm. However,
the valley torque values of the bionic turbine are higher than those of the standard turbine.
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Figurel4 Torque of three blades in the bionic turbine
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Figure 15 Torque of three blades in the standard turbine
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The three blades of the bionic and standard turbines at azimuths of 0°, 120°, and 240° are
labeled as 1-1, 1-2, 1-3 and 2-1, 2-2, 2-3, respectively. The total turbine torque is the sum of the
torques from all three blades at each azimuthal position. As shown in Figs. 14 and 15, each blade
produces a torque peak once per rotation, typically near the 90° azimuth, when the blade is located in
the upstream region (90° = 90° ). In this region, the flow velocity is higher and the flow field is more
stable. The stronger hydrodynamic force acting on the blade provides more kinetic energy, enhancing
blade performance. As a result, the blade generates higher torque in this region. By contrast, when the
blade moves into the downstream region (270° + 90° ), wake vortex shedding behind the blade
reduces the local flow velocity. This limits energy transfer, causing the blade torque to drop
significantly, and in some cases, even become negative. Figs. 14 and 15 show that the torque values of
the bionic turbine blades in the downstream region are consistently higher than those of the standard
turbine blades, resulting in a greater total torque for the bionic turbine.

4. Flow field analysis

The torque coefficient and energy capture coefficient depend directly on the pressure and flow
field characteristics during turbine operation. This section analyzes the pressure distribution and flow
field characteristics of the bionic and standard turbines at azimuth angles of 0° , 30° , 60° , and 90°,
under an incoming flow velocity of 1.5 m/s and a tip speed ratio of 2.094.

(©) 6 = 60° (d) 6 = 90°

5000403 -40002403 -3000e403 -20002403 -1000e403 00002400 1000e403 20002403 30002403 40002403 50002403

(@) 0=0° (b) 0 = 30°

12



() 6 = 60° (d) 8 = 90°

0.000e+00 § 460e-01 1.092e400 1.638e+00 21842400 2.730e+00 3.276e+00 3.822e400

Velocity Magnitude [m's |

Figure 17 Standard turbine pressure cloud

Figs. 16 and 17 present the pressure cloud diagrams of the bionic and standard hydraulic
turbines, respectively. The pressure in the upstream region is higher than in the downstream region. As
water flows through the turbine, a wake field forms behind it, leading to a pressure drop in the
downstream area. Within the azimuth range of 0°-90°, the pressure at the blade’s leading edge
gradually increases and exceeds that at the trailing edge. At 90°, the leading edge pressure reaches its
maximum. At this position, the blade is on the upstream side, where the pressure differential between
the inner and outer surfaces of the blade is at its maximum, resulting in peak torque. From 90° to
180° , the leading edge pressure gradually decreases, while the trailing edge pressure increases. This
pressure change forms a long and narrow wake behind the blade. At 180° , the pressure difference
between the blade's inner and outer surfaces is roughly 0. In the upstream region, the pressure
distribution of the bionic turbine closely resembles that of the standard turbine. From 180° to 270°, the
pressure difference between the inner and outer surfaces of a single blade is small, and the torque
generated is correspondingly low. However, in this region, the pressure differential across the blade of
the bionic turbine exceeds that of the standard turbine, resulting in greater torque output. In the 270°—
360° azimuth range, a negative pressure zone appears near the trailing edge of the single blade,
causing a sharp drop in pressure and torque for both turbine types. These results indicate that the
turbine generates more work in the upstream region than in the downstream region.
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Figure 18 Velocity cloud of bionic turbine
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Figure 19 Velocity cloud of standard turbine

Figs. 18 and 19 display the velocity cloud diagrams of the bionic and standard turbines. The
velocity in the upstream region is markedly higher than in the downstream region. As the turbine
extracts energy from the water flow, the flow velocity within the turbine decreases significantly, and a
low-speed wake is generated downstream. Both turbines exhibit similar upstream flow field
characteristics. A localized high-speed zone develops near the blade surfaces. Between 0° and 90°, the
velocity at the blade’s leading edge gradually increases. After 90° , the high-speed zone begins to
shift toward the trailing edge. From 90° to 270° , the flow velocity at the trailing edge increases, with
the bionic turbine maintaining higher velocities than the standard turbine. From 270° to 360° , the
trailing edge velocity decreases as the high-speed zone at the leading edge diminishes.

Figs. 18 and 19 correspond to operating conditions at A = 2.094. At this tip speed ratio, inertial
forces dominate over viscous forces, and the “microscale” disturbances caused by the bionic nodules
are masked by the high-speed mainstream. As a result, the velocity fields of the two turbines converge
toward a similar flow pattern, further confirming that performance differences diminish when 1 >
2.094. The downstream wake of the standard turbine (Figs. 19c and 19d) is broader, indicating greater
energy loss. In contrast, the bionic turbine generates a narrower low-speed wake, particularly between
180° and 270°, suggesting reduced flow energy dissipation.

5. Conclusions

A three-blade vertical axis tidal current bionic turbine was designed and analyzed using CFD
numerical simulation. Its hydrodynamic performance was compared with a standard turbine. Energy
aQuisition coefficients and torque coefficients were simulated under varying tip speed ratios. Torque
curves and flow field characteristics during turbine rotation were examined. The main conclusions are
as follows:

(i) The bionic turbine achieved a high energy harvesting coefficient, peaking at A = 2.094. At
this tip speed ratio, the bionic turbine's energy harvesting coefficient exceeded that of the standard
turbine by 7.12%. When 1 < 2.094, the bionic turbine showed significant improvement in energy
harvesting efficiency. Beyond this value, the increase in energy harvesting coefficient was marginal.
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(ii) The torque coefficient of the bionic turbine exceeded that of the standard turbine. At A =
1.745, the torque exceeded the standard turbine's by 12.55%. The bionic turbine generated greater
torque at low speeds, facilitating easier startup. Additionally, torque attenuation in the downstream
region (270° + 90°) was smaller for the bionic blade, indicating stronger wake energy recovery and
enhanced low-speed starting performance.

The simulation scope was limited to tip speed ratios A = 1.397 to 2.792 and an inflow velocity
of 1.5 m/s. Extreme flow velocities (> 3 m/s), variable flow conditions (e.g., turbulence, shear flow),
and multi-unit array effects were not considered. The turbine’s adaptability to complex marine
environments requires further verification. Future work will extend simulations to lower flow
velocities, higher turbulence intensities, and dynamic tip speed ratio processes. This will enable
assessment of energy capture under unsteady flow conditions typical of tidal energy.
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