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Abstract: Gurney flaps can enhance the hydrodynamic efficiency of airfoils, and they are currently
used in several applications, including racing cars and wind turbines. However, there is a lack of
studies in the literature on the application of Gurney flaps on the Horizontal Axis Ocean Current
Turbine (HAOCT). The influence of Gurney flaps on the hydrodynamic efficiency of the HAOCT is
evaluated through numerical analysis. The effect of the Gurney flaps on the turbine is evaluated after
the validation of the utilized numerical method is completed using the wind tunnel experimental
data of the two-dimensional NACA 63415 airfoil and the water tunnel experimental data of the
NACA 638xx series rotor on the clean blade. By calculating the velocity and pressure fields of the 2D
airfoil by CFD, it was possible to analyze the lift improvement with the addition of the Gurney flaps
by evaluating the pressure difference between the pressure surface and the negative pressure surface,
and the drag improvement was due to the Gurney flaps obstructing the chordal flow of the fluid in
the wake. For the 2D NACA-63415 airfoil, the drag coefficient increases with the increase in the head
angle, while the lift coefficient increases and then decreases. The flap height divided by the local
chord length of the Gurney flaps is 0.01, and the lift-to-drag ratio is the highest when the head angle is
4◦. For the NACA-638xx turbine, the addition of Gurney flaps significantly increases the axial thrust
coefficient. At lower tip speed ratios, the effect of the Gurney flaps on the rotor’s power coefficient is
limited, with the greatest increase in the power coefficient at a tip speed ratio of 6 and a decrease in
the power coefficient increase as the tip speed ratio increases. Increasing the height of the Gurney
flaps can increase the peak power coefficient, but the power performance decreases at high tip speed
ratios. The Gurney flaps distributed at the root of the rotor have less effect on the power performance.
A 0.4 local radius spread of the Gurney flaps increases the peak turbine power coefficient by only
0.34%, while full-length Gurney flaps can increase the peaked blade power coefficient by 10.68%,
indicating that Gurney flaps can be used to design a new HAOCT.

Keywords: horizontal axis ocean current turbine; computational fluid dynamics; passive flow control;
Gurney flap

1. Introduction

The research on and development of renewable energy sources have made great
progress in recent years against the backdrop of continuous growth in global fossil fuel
consumption [1,2]. Ocean current energy stands out among the many renewable energy
sources due to its high energy density and high storage capacity [3]. Ocean current energy
contains a large amount of kinetic energy, and the function of Ocean Current Turbines
(OCTs) is to convert that kinetic energy into electrical energy that can be more easily
controlled and converted.
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There are two mainstream OCTs [4]. One type is Horizontal Axis Ocean Current
Turbines (HAOCTs) [5], where the rotation axis of the turbine is parallel to the direction
of the incoming flow. Another type is Vertical Axis Ocean Current Turbines (VAOCTs) [6].
VAOCTs are insensitive to changes in the relative direction of the fluid flow and have the
advantage of starting from low flow rates. Yang et al. [7] proposed a design scheme to
improve the hydrodynamic performance of the turbine by controlling the blades through
cam plates by opening and closing the blades. Tigabu et al. [8] provided a guideline for the
design of the turbine by changing the turbine inertia by varying the density of the blades in
order to balance the overshoot and to minimize the start-up time.

HAOCTs are a focus of attention because they have better energy efficiency perfor-
mance and stability of operation [9]. A number of passive control methods have been
used. Common passive flow control methods include vortex generators [10], leading-edge
tubercles [11], Gurney flaps [12], slotted blading [13], winglets [14], and so on. Among
them, the Gurney flap has the advantages of being able to improve the lift performance
of the winglet and increase the lift-to-drag ratio [15], which can significantly enhance the
hydrodynamic performance of the turbine; thus, it is favored by scholars.

Gurney flaps were invented by Dan Gurney to enhance handling by increasing the
downforce on a race car by installing a narrow plate oriented with respect to the vertical
chord length on the trailing edge of the race car’s trailing edge [16]. Gurney flaps increase
lift by increasing the pressure difference between the two sides of the airfoil, while being
able to increase the lift-to-drag ratio substantially under certain conditions. Nowadays,
the research on Gurney flaps is mainly focused on the airfoil [17]. The aerodynamic
performance of the NACA 0012 airfoil with Gurney flaps under rain and icing conditions
has been studied [18].

Recently, Gurney flaps have been applied to rotating machines such as wind tur-
bines [19]. Ye et al. [20] proposed a novel serrated Gurney flap for acoustic noise reduction
at different angles of attack. Syawitri et al. [21] studied a VAWT with a Gurney flap through
a transient RANS simulation and a stress-blended eddy simulation (SBES) turbulence
model, which was used to simulate the power coefficient of a VAWT with a Gurney flap.
A VAWT with a Gurney flap can significantly increase the power coefficient at a low TSR,
but the power coefficient increase decreases with the increasing TSR [22]. The Gurney flap
increases the power coefficients of the rotor of a Horizontal Axis Wind Turbine (HAWT) by
21% [23] and the rotor of a Vertical Axis Wind Turbine (VAWT) by 17.92% [24]. The Gurney
flap also can be used with a Wells turbine blade for harvesting wave energy [25].

Through a summary of the research literature, it was found that the Gurney flaps are
mainly used in vertical axis turbines, but the research on three-dimensional horizontal axis
turbines at low Reynolds numbers is limited. In this paper, a type of HAOCT blade with a
Gurney flap structure is proposed. This paper includes the following three main aspects:

• The effect of Gurney flap height on the hydrodynamic characteristics of the airfoil at
different angles of approach.

• The relationship between the dynamic performance of the airfoil and the Gurney flap
height.

• The effect of different radial lengths of Gurney flaps on the hydrodynamic performance
of the airfoil.

2. Geometric Description
2.1. HAOCT Rotor Model

The HAOCT model used in this paper is a rotor model consisting of a three-bladed
rotor with blades made up of NACA 63-8xx series airfoils [26]. Detailed experimental
measurements of the non-stationary hydrodynamics of this turbine are provided in refer-
ence [27]. In order to facilitate the addition of Gurney flaps at the root of the blades, all
components remain unchanged except for the hub diameter, which is changed from 0.08 m
to 0.1 m, as shown in Figure 1. The specific values of the rotor are shown in Table 1.



J. Mar. Sci. Eng. 2023, 11, 2188 3 of 17

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 3 of 17 
 

 

reference [27]. In order to facilitate the addition of Gurney flaps at the root of the blades, 
all components remain unchanged except for the hub diameter, which is changed from 
0.08m to 0.1 m, as shown in Figure 1. The specific values of the rotor are shown in Table 1. 

 
Figure 1. HAOCT rotor with Gurney flap. 

Table 1. Rotor parameters. 

Number of blades B 3 
Rotor diameter D [m] 0.8 

Hub radius Rh [m] 0.05 
Hub length L [m] 0.6 

Rotor radius R [m] 0.4 
Flap length l [m] 0, 0.4 R, 0.6 R, 0.8 R, R 
Flap height h [m] 0, 0.01 c, 0.02 c, 0.03 c 

Free-stream velocity U [m/s] 1.73 
Turbulence intensity Ti [%] 2 
Rotational speed ωr [rad/s] 8.65~38.925 

Tip speed ratio λ  2~9 

2.2. Gurney Flaps 
The Gurney flap is perpendicular to the trailing edge of the airfoil and located on the 

side of the positive pressure plane, as shown in Figure 1. The height of the flap is defined 
as h. The height scale of the Gurney flap is determined according to the research of Chan-
drasekhara [28]. The thickness of the flap is 0.002 c. c is the local chord length. c has dif-
ferent values for different radial positions. Therefore, the Gurney flap has different actual 
heights for different radial positions. The data on the chord, angle of twist, and thickness 
of the blade section airfoils are given in reference [26]. The data on the maximum bending 
position and thickness of NACA 63-815 are given in reference [29]. The radial length of 
the Gurney flap is l. The range of variation of l and h is shown in Table 1. In this paper, 
the HAOCT rotor without the Gurney flap (h =0, l =0) is called a clean rotor. 

2.3. Coefficients for Performance 
The tip speed ratio (TSR) is a dimensionless number that is the ratio of the tip speed 

to the inflow flow rate. For the same inflow flow rate, a larger tip speed ratio implies a 
higher rotor speed, and the tip speed ratio (TSR) is defined as follows: 

λ=
ωrR
U  (1)

Figure 1. HAOCT rotor with Gurney flap.

Table 1. Rotor parameters.

Number of blades B 3
Rotor diameter D [m] 0.8

Hub radius Rh [m] 0.05
Hub length L [m] 0.6

Rotor radius R [m] 0.4
Flap length l [m] 0, 0.4 R, 0.6 R, 0.8 R, R
Flap height h [m] 0, 0.01 c, 0.02 c, 0.03 c

Free-stream velocity U [m/s] 1.73
Turbulence intensity Ti [%] 2
Rotational speed ωr [rad/s] 8.65~38.925

Tip speed ratio λ 2~9

2.2. Gurney Flaps

The Gurney flap is perpendicular to the trailing edge of the airfoil and located on
the side of the positive pressure plane, as shown in Figure 1. The height of the flap is
defined as h. The height scale of the Gurney flap is determined according to the research
of Chandrasekhara [28]. The thickness of the flap is 0.002 c. c is the local chord length. c
has different values for different radial positions. Therefore, the Gurney flap has different
actual heights for different radial positions. The data on the chord, angle of twist, and
thickness of the blade section airfoils are given in reference [26]. The data on the maximum
bending position and thickness of NACA 63-815 are given in reference [29]. The radial
length of the Gurney flap is l. The range of variation of l and h is shown in Table 1. In this
paper, the HAOCT rotor without the Gurney flap (h = 0, l = 0) is called a clean rotor.

2.3. Coefficients for Performance

The tip speed ratio (TSR) is a dimensionless number that is the ratio of the tip speed to
the inflow flow rate. For the same inflow flow rate, a larger tip speed ratio implies a higher
rotor speed, and the tip speed ratio (TSR) is defined as follows:

λ =
ωrR
U

(1)

where ωr is the rotor speed, U is the inflow flow rate, and R is the rotor radius.
The hydrodynamic performance of the HAOCT rotor can be characterized by two

main metrics: the trend of the power coefficient (Cp) and the thrust coefficient (Ct) with
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respect to the TSR. The power coefficient (Cp) and the thrust coefficient (Ct) are defined as
follows:

Cp =
P

1
2 ρπR2U3

(2)

Ct =
T

1
2 ρπR2U2

(3)

where ρ is the water density, and P and T are the rotor power and thrust, respectively.

3. Numerical Method

This paper investigates the effect of Gurney flaps on the performance of HAOCT rotor
blades and performs 2D and 3D CFD simulations. The CFD model solves the Reynolds-
averaged Navier–Stokes (RANS) equations using a second-order accurate finite-volume
discretization scheme. The turbulence term of the RANS equations is simulated by the
shear stress transport (SST) k-ω turbulence model. The SST k-ω turbulence model can
successfully simulate the turbulent shear stress transport [30]. Providing different speeds
for the rotor depends on the multiple reference frame (MRF) method.

3.1. Computation Domain and Boundary Conditions

The region surrounding the HAOCT is the rotational domain that serves as the MRF
region, while the region surrounding the rotational domain is the stationary domain. The
rotational domain has different rotation speeds in order to simulate the rotation of the
rotor. The computational domain is a cylinder with a length of 12D and a diameter of 6D
containing the rotational and stationary domains, as shown in Figure 2. The rotation axis
of the rotor coincides with the center axis of the computational domain. The area of the
rotor disk is 2.78% of the velocity inlet area; so, the effect of the side walls is negligible.
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Figure 2. Computation domain and boundary conditions.

The inlet velocity is a constant velocity of 1.73 m/s, and the turbulence intensity at the
velocity inlet boundary is 1%. The outlet pressure is 0 Pa with respect to the atmospheric
pressure. The interface is an overlapping surface, which allows the flow characteristics to
be transferred between the two domains between the rotating and stationary domains. The
no-slip wall boundary is applied to the blade surface. The smooth wall boundaries (zero
shear) are applied to the cylindrical surface in the stationary domain.
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3.2. Mesh Generation

The quality of the computational mesh will greatly affect the accuracy of the CFD
results. In this paper, a high-quality structured mesh was generated using the ANSYS
ICEM tool, as shown in Figure 3. The highest mesh density is located close to the blade. The
boundary layer flow is described by a prismatic layer mesh, which significantly improves
the mesh quality. In addition, the downstream region of the rotor is optimized to capture
small flow structures in the rotor wake.
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Analyzing the distribution of pressure coefficients on the positive and negative pres-
sure surfaces of the airfoil helps in the in-depth study of the effect of Gurney flaps on the
hydrodynamics of the airfoil. The computational domain of the two-dimensional airfoil
in this paper is shown in Figure 4 The chord length of the airfoil is 600 mm, the mesh
boundary corresponding to the leading edge of the airfoil is the velocity inlet, and the
distance between the velocity inlet and the airfoil is 15 c. The outlet is the mesh boundary
corresponding to the trailing edge of the airfoil, and the distance between the outlet and
the airfoil is 25 c. The mesh boundary corresponding to the positive and negative pressure
surfaces of the airfoil is a smooth wall boundary (zero shear), and the distance between
the wall and the airfoil is 15 c. The airfoil mesh is generated by the ANSYS ICEM tool. A
boundary layer is placed around the airfoil. The region around the airfoil is refined.
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Figure 4. Two-dimensional airfoil mesh: (a) overview, (b) grids near airfoil.

3.3. Solution Settings and Validation of Numerical Methods

This article uses the coupled pressure–velocity method in two-dimensional and three-
dimensional numerical simulations for quick convergence. A steady-state solver is em-
ployed in the simulations, and the equations for pressure and momentum are discretized
using a second-order upwind space discretization algorithm. The scalar residual is less
than 1 × 10−5. The gradient uses the least-squares cell-based algorithm.

In this study, in order to validate the numerical method, the rotor consisting of the
NACA 63-8xx series blades is validated, and Figure 5 shows the power coefficients and
thrust coefficients derived using this CFD method in comparison with the experimental
results [26]. It can be seen that the power coefficients in the range were validated and had a
deviation of less than 5% (TSR 6–9). Overall, the accuracy of the prediction results of the
numerical methods in this study is acceptable.
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Figure 5. Results of the numerical method validation: (a) power coefficient and (b) thrust coefficient.

In addition, this paper calculates the coefficient of the pressure number distribution
curves for the NACA 63-415 2D airfoils and compares the calculated simulation data with
the experimental data [31] for the three cases of the 4◦, 12◦, and 16◦ angles of attack of the
airfoil, respectively. The inlet velocity is 40 m/s, and the turbulence intensity at the velocity
inlet boundary is 1%. As shown in Figure 6, the simulation method used in this article is
very consistent with the experimental results, indicating that the simulation method used
in this paper can meet the required accuracy.



J. Mar. Sci. Eng. 2023, 11, 2188 7 of 17

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 7 of 17 
 

 

very consistent with the experimental results, indicating that the simulation method used 
in this paper can meet the required accuracy. 

 
Figure 6. Coefficient of pressure at different angles of attack for 2D airfoil: (a) 4°, (b) 12°, (c) 16°. 

4. Results and Discussion 
4.1. Hydrodynamic Performance of Gurney Flaps Height 

The height of the Gurney flaps has a major impact on the lift and drag of the NACA-
63815 airfoil. When comparing the clean airfoil with the airfoil equipped with the Gurney 
flaps, their lift and drag coefficients follow similar trends with the angle of attack. How-
ever, the difference lies in the fact that higher Gurney flaps enable the airfoil to achieve its 
maximum lift coefficient earlier. For instance, when the height of the Gurney flaps is h/c = 
0.03 and the angle of attack is 10°, the maximum lift coefficient can be reached. On the 
other hand, the clean airfoil only reaches its maximum lift coefficient at an angle of attack 
of 14°. Airfoils with Gurney flap heights of h/c = 0.03 and 0.02 will enter a stalled state 
when the angle of attack is greater than 16 °, while clean and h/c = 0.01 airfoils will enter 
a stalled state when the angle of attack is greater than 18 °. In the range of an attack angle 
from 26 ° to 30 °, the lift and drag values of the airfoils with Gurney flaps are higher than 
those of the clean airfoils, and the higher the height of the Gurney flaps, the greater the 
lift and drag, as shown in Figure 7a,b. In the range of an attack angle from 0 ° to 6 °, in-
creasing the Gurney flap can significantly improve the lift–drag ratio of the airfoil. When 
the attack angle is 4 °, the lift–drag ratio can be increased by 12.19%. However, as the angle 
of attack continues to increase and the Gurney flaps increase, the speed of the drag growth 

0 0.2 0.4 0.6 0.8 1

-1.5

-1

-0.5

0

0.5

1

 x/c

 C
oe

ffi
ci

en
t o

f p
re

ss
ur

e

 

 
Experiment, α = 4°[  ]
CFD, α = 4°

0 0.2 0.4 0.6 0.8 1

-6

-5

-4

-3

-2

-1

0

1

 x/c

 C
oe

ffi
ci

en
t o

f p
re

ss
ur

e

 

 
Experiment, α = 12°[  ]
CFD, α = 12°

0 0.2 0.4 0.6 0.8 1

-7

-6

-5

-4

-3

-2

-1

0

1

2

 x/c

 C
oe

ffi
ci

en
t o

f p
re

ss
ur

e

 

 
Experiment, α = 16°[  ]
CFD, α = 16°

Figure 6. Coefficient of pressure at different angles of attack for 2D airfoil: (a) 4◦, (b) 12◦, (c) 16◦.

4. Results and Discussion
4.1. Hydrodynamic Performance of Gurney Flaps Height

The height of the Gurney flaps has a major impact on the lift and drag of the NACA-
63815 airfoil. When comparing the clean airfoil with the airfoil equipped with the Gurney
flaps, their lift and drag coefficients follow similar trends with the angle of attack. However,
the difference lies in the fact that higher Gurney flaps enable the airfoil to achieve its
maximum lift coefficient earlier. For instance, when the height of the Gurney flaps is
h/c = 0.03 and the angle of attack is 10◦, the maximum lift coefficient can be reached. On
the other hand, the clean airfoil only reaches its maximum lift coefficient at an angle of
attack of 14◦. Airfoils with Gurney flap heights of h/c = 0.03 and 0.02 will enter a stalled
state when the angle of attack is greater than 16 ◦, while clean and h/c = 0.01 airfoils will
enter a stalled state when the angle of attack is greater than 18 ◦. In the range of an attack
angle from 26 ◦ to 30 ◦, the lift and drag values of the airfoils with Gurney flaps are higher
than those of the clean airfoils, and the higher the height of the Gurney flaps, the greater
the lift and drag, as shown in Figure 7a,b. In the range of an attack angle from 0 ◦ to 6 ◦,
increasing the Gurney flap can significantly improve the lift–drag ratio of the airfoil. When
the attack angle is 4 ◦, the lift–drag ratio can be increased by 12.19%. However, as the angle
of attack continues to increase and the Gurney flaps increase, the speed of the drag growth
is faster; so, the lift–drag ratio will slightly decrease. Until the angle of attack increases to
the point where the blades stall, the presence of Gurney flaps on the airfoil has little effect
on the lift–drag ratio, as shown in Figure 7c.
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Figure 7. Performance of 2D NACA 63815 at different angles of attack: (a) lift coefficient, (b) thrust
coefficient, (c) lift–drag ratio.

By analyzing the velocity fields of the airfoil at the 0◦, 10◦, and 30◦ angles of attack, it
is clear that with the addition of the Gurney flaps, the airfoil will have a significant flow
stagnation area at the trailing edge of the blade in Figure 8. The extent of the stagnation area
increases with the addition of Gurney flaps. The Gurney flaps will also expand the range of
high-speed areas on the negative pressure side of the blade and the low-speed areas on the
positive pressure side. When the angle of attack is 10◦, which corresponds to the maximum
value of the lift coefficient, the flow velocity in the negative pressure area is faster, and the
high-velocity area is broader than when the angle of attack is 0◦. As the positive pressure
surface moves, the stagnant region of flow velocity at the trailing edge expands further and
connects with the low-velocity area of the negative pressure surface. When the angle of
attack is 30◦, the blade is already in stalled state. The negative pressure area of the blade is
fully covered by the low-velocity area. Whether the height of the Gurney flap increases in
this state will have little effect on the flow field around the blade.
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By analyzing the pressure fields of the airfoil at angles of attack of 0◦, 10◦, and 30◦,
it can be clearly seen that after the Gurney flaps are added the region at the trailing edge
of the positive pressure surface of the airfoil has a higher pressure, as shown in Figure 9.
As the height of the Gurney flaps increases, the pressure strength and size at the trailing
edge also increase. When the angle of attack changes from 0◦ to 10◦, it can be clearly seen
that the pressure difference between the two sides of the blade increases, which means
that the resultant force on the blade increases. When the angle of attack is ten degrees,
the pressure difference between the two sides of the blade is the largest. The lifting force
increases to the highest value in the lift component. When the angle of attack becomes 30◦,
the blade is in a state of deep flow separation. In this state, the pressure difference between
the two sides of the blade is not greater than 10◦, which means that the lift of the blade is
reduced. However, due to the increase in the angle of attack, the resistance of the blade
in the resistance component further increases. The pressure field analysis corresponds to
the changing trend of the lift coefficient and drag coefficient curves corresponding to the
different angles of attack.
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Figure 9. Pressure contours with different flap heights at 0◦, 10◦, and 30◦ angles of attack.

In order to study the influence of the Gurney flaps on the flow velocity and pressure
field around the blade more clearly, the flow field at the Gurney flaps at the 0◦ angle of
attack of the blade is amplified in Figure 10. By analyzing the distribution of the flow
velocity field, it can be seen that the Gurney flaps can create a stagnation zone located on
the trailing edge of the blade, where the root velocity of the Gurney flaps on the front side
of the flow surface is close to 0 m/s. Because the Gurney flaps prevent the smooth flow
of the airfoil’s positive pressure surface through the trailing edge of the airfoil, it forms
on the Gurney flap’s backflow surface. This creates a larger vacuum area, which in turn
causes a negative pressure in this area. The upstream surface of the Gurney flaps appears
as a positive pressure zone because it hinders further water flow. In the local area of the
trailing edge, the increase in Gurney flaps can significantly increase the pressure difference
across the airfoil at the trailing edge; thus, it appears that at 0 degrees the Gurney flaps
significantly increases the lift of the airfoil.
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Figure 10. Velocity contours and pressure contours of blade trailing edge at 0 angle of attack.

4.2. Effect of the Full-Length Gurney Flap on Turbine

In Figure 11a, there is no difference in the effect of the height of the Gurney flap and
the presence or absence of it on the blade power coefficient at low tip speed ratios. The
main reason for this phenomenon is the low rotational speed of the turbine when the rotor
is at a low blade tip speed ratio. It can be analyzed from Figure 12 that the rotational speed
decreases and that the blade is in a high angle of attack (α) operation, i.e., the whole blade is
in a stalled state at the constant blade inlet velocity (U). Based on the results of the analysis
of the 2D airfoil at different angles of attack, it can be concluded that when the airfoil is
in a stalled state, the change in the lift-to-drag ratio of the blades is smaller, which in turn
affects the torque of the turbine. In Figure 11b, the main reason for the increase in turbine
flow thrust is that each blade section is in the stalled state at large angles of attack, when
the drag of the airfoil increases.
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Figure 11. Turbine with different heights of Gurney flaps: (a) power coefficient, (b) thrust coefficient.



J. Mar. Sci. Eng. 2023, 11, 2188 12 of 17
J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 12. Airfoil section stress analysis. 

As the rotor speed increases, the blade inflow angle decreases. Because of the con-
stant pitch angle, the angle of attack of the airfoil of each blade section also decreases, 
relieving the turbine of the high angle of attack in the stalled state. At the optimum tip 
speed ratio, the presence of Gurney flaps significantly increases the lift-to-drag ratio of the 
airfoil and greatly increases the torque of the airfoil, which in turn shows an increase in 
the power coefficient. 

By analyzing the pressure distribution of the airfoil on the positive and negative pres-
sure surfaces for a tip speed ratio of 6, it can be seen in Figure 13 that with the addition of 
Gurney flaps on the positive pressure surface, the pressure at the trailing edge of the airfoil 
increases significantly, and the area and size of the pressure region increase as the height 
of the Gurney flaps increases. Similarly, with the addition of Gurney flaps, the negative 
pressure value of the suction surface in the leading edge becomes significantly smaller. 

 
Figure 13. Pressure distribution on the pressure surface and suction surface of the blade when tip 
speed ratio is 6. 

The height of the Gurney flap was analyzed. The peak power factor improves when 
the flap height is increased from h/c = 0.01 to 0.02. Meanwhile, the power factor is more 
sensitive to the change in the tip speed ratio of the blade. The decrease in the power factor 
is mainly due to the increase in the blade drag loss, and the increase in the Gurney flap 
height further increases the drag of the wing and increases the drag loss; that is, when the 
tip speed ratio is 9 and the Gurney flap height is 0.03c, the power coefficient is lower than 
that of the case without Gurney flap blades. 

  

Figure 12. Airfoil section stress analysis.

As the rotor speed increases, the blade inflow angle decreases. Because of the constant
pitch angle, the angle of attack of the airfoil of each blade section also decreases, relieving
the turbine of the high angle of attack in the stalled state. At the optimum tip speed ratio,
the presence of Gurney flaps significantly increases the lift-to-drag ratio of the airfoil and
greatly increases the torque of the airfoil, which in turn shows an increase in the power
coefficient.

By analyzing the pressure distribution of the airfoil on the positive and negative
pressure surfaces for a tip speed ratio of 6, it can be seen in Figure 13 that with the addition
of Gurney flaps on the positive pressure surface, the pressure at the trailing edge of the
airfoil increases significantly, and the area and size of the pressure region increase as the
height of the Gurney flaps increases. Similarly, with the addition of Gurney flaps, the
negative pressure value of the suction surface in the leading edge becomes significantly
smaller.
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Figure 13. Pressure distribution on the pressure surface and suction surface of the blade when tip
speed ratio is 6.

The height of the Gurney flap was analyzed. The peak power factor improves when
the flap height is increased from h/c = 0.01 to 0.02. Meanwhile, the power factor is more
sensitive to the change in the tip speed ratio of the blade. The decrease in the power factor
is mainly due to the increase in the blade drag loss, and the increase in the Gurney flap
height further increases the drag of the wing and increases the drag loss; that is, when the
tip speed ratio is 9 and the Gurney flap height is 0.03c, the power coefficient is lower than
that of the case without Gurney flap blades.



J. Mar. Sci. Eng. 2023, 11, 2188 13 of 17

4.3. Hydrodynamic Performance of Gurney Flaps Radial Dimensions

Taking Gurney flaps with a height of h/c = 0.02 as an example in Figure 14, the root
of the blade is the starting point of the length of the Gurney flaps, and the tip of the blade
is the end point. The hydrodynamic characteristics of the Gurney flap blades at different
lengths are compared and analyzed. When the radial length of the Gurney flaps is l/R = 0.4,
the power coefficient curve of the blade is almost unchanged, and as the radial length of
Gurney flaps increases, the peak power coefficient increases. After adding Gurney flaps,
the axial thrust of the turbine will be increased in the full speed range, and the longer the
length of the Gurney flaps, the greater the axial thrust.
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Figure 14. Turbine with different radial dimensions of Gurney flaps: (a) power coefficient, (b) thrust
coefficient.

The analysis of the peak power coefficient of the different radial lengths of the Gurney
flaps shows that the longer the radial dimension of the Gurney flaps, the greater the increase
in the peak power coefficient. This means that the Gurney flaps at the tip of the blade
contribute more to the increasing of the peak power factor. With a height of h/c = 0.02, the
full-length Gurney flaps can increase the blade power coefficient peak by 10.68%, as shown
in Figure 15.
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Figure 15. Contribution of different radial lengths to peak power factor.

By analyzing the pressure distribution on the blade surface when the tip speed ratio is
6, it can be seen in Figure 16 that the Gurney flap pressure on the positive pressure surface
near the tip is higher than the Gurney flap pressure on the root side of the blade, and with
the increase in the radial length, the pressure peaks and high pressure areas also increase.
By comparing the clean blade with the blade with a radial length of 0.4R, it can be found
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that the pressure distributions on the pressure and negative pressure surfaces of the two
are similar. When the radial length is increased to 0.6R, the pressure near the Gurney flap
on the side close to the tip of the blade increases significantly. When the radial length is
increased to 0.8R, the pressure range and the peak of the Gurney flap on the side close
to the tip of the blade continue to increase; when the radial length of the Gurney flap is
increased to the full length of the blade, the pressure range of the Gurney flap on the back
of the blade increases. When the full length of the Gurney flap is reached, the pressure peak
at the trailing edge of the blade increases the most; the pressure range also increases to the
maximum, and the negative pressure value of the negative pressure surface of the blade
further decreases. This indicates that the closer the Gurney flap is to the tip of the blade,
the greater the contribution to the peak power coefficient corresponding to the optimum
speed ratio of the turbine.
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In Figure 17, it can be seen that the wake velocity of the blade with the Gurney flaps
of radial length 0.4R is lower than that of the clean blade. As the radial length of the
Gurney flap increases, the average wake velocity in the swept area of the blade continues
to decrease. Meanwhile, the longer the flap length, the greater the effect on the wake edge
flow field. It can be seen that the region of the high-velocity flow field at the wake boundary
behind the blade tip increases accordingly. This is due to the fact that the flow remaining on
the upstream side of the Gurney flap rotates with the flap, providing a positional reference
for subsequent ocean current power generation devices using Gurney flaps.
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5. Conclusions

In this paper, we examine the hydrodynamic performance of Gurney flaps on the rotor
of HAOCT. Drawing on the computational fluid dynamics (CFD)-based results, we deduce
the following conclusions:

(a) Gurney flaps can greatly enhance the power performance of the turbine and
simultaneously boost the axial thrust of the turbine. Higher Gurney flaps lead to a greater
lift and drag of the blade at the same angle of attack before the stall. At the heights of
h/c = 0.01 and h/c = 0.02, the Gurney flaps have similar lift-to-drag ratios, which are better
than the clean blade and the h/c = 0.03 blade at the angle of attack in the region of less than
ten degrees.

(b) The higher the Gurney flaps, the higher the thrust coefficient of the rotor. The
maximum peak power coefficient for a Gurney flap with a height of h/c = 0.02 is 0.4794.
Decreasing the height of the Gurney flap enables the power coefficient curve of the blade
to be insensitive to the TSR. This means that the power coefficient curve has higher values
over a wider range of the TSR.

(c) Further increasing the height of the Gurney flaps not only does not significantly
increase the peak power coefficient, it also leads to a reduction in the power performance
of the turbine at high tip speed ratios. At a tip speed ratio of 9, a turbine with Gurney flaps
of h/c = 0.03 displays a substantially lower power coefficient than one without the flaps.

(d) Gurney flaps near the blade tip contribute more to power and thrust performance.
The full-length Gurney flaps can increase the blade power coefficient peak by 10.68% at a
height of h/c = 0.02. However, Gurney flaps of r/R = 0.4 can only increase the power factor
by 0.34% of the peak.
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Nomenclature

λ Tip speed ratio
B Number of blades
ωr Rotor rotation speed [rad/s]
α Angles of attack [◦]
U Free-stream velocity [m/s]
U’ Local stream velocity [m/s]
Ti Turbulence intensity [%]
R Rotor radius [m]
D Rotor diameter [m]
L Hub length [m]
Rh Hub radius [m]
l Flap length [m]
h Flap height [m]
r Local radius [m]
c Local chord length [m]
Cp Power coefficient
Ct Thrust coefficient
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