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Abstract. This paper investigates the aerodynamic performance enhancement of a Straight-Bladed Vertical Axis Wind Turbine
(VAWT) through dimple optimization. This study employs Orthogonal Experimental Design (OED), a classical Design of Experiments
(DoE) methodology, to systematically analyze dimple parameters. Initially, three key single-dimple parameters (diameter, position,
depth) were investigated, followed by an extended Dual-dimple configuration incorporating six parameters (x/c, di, l1, d, Iz, 5). The
OED approach achieves optimization of these multi-factor, multi-level systems with minimal computational cost by scientifically
selecting representative combinations from full factorial experiments. Numerical simulations using the Transition SST turbulence
model demonstrated that the optimal Dual-dimple design improved the pressure coefficient (Cpe) by 114.9% and the Cp of the
optimal Dual-dimple airfoil is 0.1227 for the numerical simulation at a Tip Speed Ratio (TSR) of 3. The position x/c of dimple 1, with
an Fune of 2.729, was identified as the most influential parameter, exceeding the significance threshold of 2.25. The design
effectively delayed dynamic stall and suppressed boundary layer separation, though performance gains diminished with additional
dimples or higher TSR values. These findings provide valuable insights for optimizing VAWT blade design through surface
modifications.

Keywords: Wind turbine; Dimple; OED; Dynamic stall; Numerical simulation.

1. Introduction

With the development of human beings, fossil energy began to run out. As a kind of clean and renewable energy, wind energy
has been widely used in recent year [1], and many wind power facilities such as offshore wind farms have been built [2] Wind
turbines are divided into vertical-axis wind turbines (VAWTSs) and Horizontal-Axis Wind Turbines (HAWTS) [3]. Compared with
HAWTS, the most obvious advantages of VAWTs are that their operating conditions are relatively loose, and VAWTs can make full
use of the unstable wind whose direction changes frequently around the city [4].

VAWTs are mainly divided into two types: Savonius and Darrieus [5-8]. The Savonius wind turbine is a promising type of wind
turbine at low wind speeds, but its efficiency is low [9]. The Darrieus wind turbine has better aerodynamic performance than the
Savonius wind turbine. With the growing attention to VAWTSs, more and more researchers have begun to study how to improve the
efficiency of VAWTSs and expand their application. Although the wind tunnel experiment is ideal in the research, the development
of the wind tunnel has limitations due to the construction of the wind tunnel and the cost to wind turbine manufacturing. Therefore,
the development of numerical simulation is a fine complement for the wind tunnel experiment [10].

Several papers about VAWTs based on numerical simulation have been published. For example, Shi et al. [11] placed an
oscillating micro-cylinder on upstream of the S809 airfoil to investigate the aerodynamic performance using numerical simulation.
Rezaeiha et al. [12] studied the influence of operating parameters such as tip speed ratio, Reynolds number and turbulence intensity)
on the performance of VAWTs based on CFD. Zuo et al. [13] performed unsteady numerical simulations to investigate the wake
structure of a three-bladed H-type VAWT and its influence on the aerodynamic performance. On the one hand, Zhang et al. [14]
investigated the influence of blade curvature and thickness on power coefficient. It was found that symmetric airfoils are better
than asymmetric airfoils under the same operating conditions. On the other hand, as the thickness of the blade increases, the
power coefficient shows a trend that it increases at first and then drops at a certain pitch angle. Furthermore, many researchers
have investigated the aerodynamic performance and vortex structure of Straight-Bladed (SB) [15-17]. For example, Jiang et al. [18]
studied the influence of vortex generators on wind turbine aerodynamic performance. Li et al. [10, 19] investigated the power
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performance and wake characteristics of a SB-VAWT with field experiments. Zhen et al. [20] proposed a Variable-Pitch (VP)
technology to focus on the aerodynamics improvement a small angle of attack. Besides, Li et al. [21] proposed an innovative
truncated-cone-shaped Wind Gathering Device (WGD) to improve the starting performance of the SB-VAWT. The results revealed
that the WGD is effective for both the static and dynamic performance of SB-VAWT. Chen et al. [22] presented a novel multi-objective
optimization algorithm for VAWT whose results showed that this algorithm has good performance in handling the multi-objective
optimization of VAWT. Zhang et al. [23] investigated the effects of sinusoidal leading-edge protuberances at a low Re of 5.0x10% The
results indicated that the sinusoidal protuberances effectively delayed the dynamic stall, but the corresponding aerodynamic
performance was impaired.

To improve the efficiency of VAWT, the researchers added a piece of additional auxiliary equipment on the blade. Almohammadi
[24] investigated the influence of the trailing edge profile on the performance of SB-VAWT. They discovered that the thickness of
the blade plays an important role in improving the aerodynamic performance at a relatively low tip speed ratio. And when the tip
speed ratio is higher than 1.75, the circular trailing edge has a very significant effect on improving the performance of VAWT. Zhang
et al. [25] used the Orthogonal Experiment Design (OED) method to numerically simulate a two-blade H-shaped VAWT with a winglet.
The results indicated that the winglet is effective in decreasing the tip vortex in the aerospace field. Li et al. [26] installed a
truncated-cone-shaped WGD at the top and bottom of SB-VAWT to increase the wind speed. Ali et al. [27] noted that recent
advancements in passive flow control for Darrieus VAWTs include Gurney flaps to enhance lift at low TSRs, vortex generators for
boundary layer mixing, and bio-inspired leading-edge serrations to delay dynamic stall. Additionally, dimples on blade surfaces
have shown promise in trapping vortices and improving efficiency, while adaptive flaps mimic avian feather mechanics to suppress
separation. Jiang et al. [28] proposed a novel VAWT system to obtain the fluid mechanical details using CFD simulation. The system
consisted of two contra-rotating VAWT rotors and a deflector that is placed between the two rotors. It was found that the deflection
plate increased the velocity of the partial fluid and significantly affected the output power of the two rotors. Fang et al. [29] proposed
a Lift-Drag Combined Starter (LDCS) optimize the starting characteristics of lift-type VAWT. The results demonstrated that the static
torque coefficient of LDCS increased significantly with the increased incoming wind speed. The above studies have achieved good
improvement in the aerodynamic performance of VAWT. Recently, some scholars added a dimple on the blade to enhance efficiency
and relieve the occurrence of dynamic stall. Sobhani et al. [30] analyzed a two-dimensional H-Darrieus wind turbine and pointed
out that adding a dimple on the pressure surface of the blade could improve the aerodynamic characteristics. The improvement of
circular dimples was better than those of triangular or rectangular ones. Among all types of dimples, a dimple with a larger radius
and closed position to the leading edge of the blade obtains the best improvement in performance. But adding dimple on the suction
surface of the blade could only improve its performance at high tip speed ratios. Yue et al. [31] investigated the effects of groove
characteristics on aerodynamic behavior. The indented groove eliminates laminar separation bubbles and also has the potential to
improve the aerodynamic performance of the VAWT. Miladi [32] created a single dimple on the upper surface of the trailing edge of
the airfoil, namely the UST airfoil. The results demonstrated that the UST airfoil obtains an improvement of 18% for power
coefficient at a tip speed ratio of 3.5. They also created an airfoil with Dual-dimple on different positions of the blades. And it is
found that the Dual-dimple airfoil on an upper and lower surface (trailing edge) has the highest power coefficient (Cp) value of 0.34,
indicating a maximum improvement of 10% compared to the smooth airfoil.

The above studies have demonstrated that dimple-based designs, such as dimples and trapped vortex cavities, can enhance
VAWT performance, but critical gaps remain. Specifically, prior works primarily focus on single-dimple configurations [33] or active
suction methods [34], with limited exploration of passive multi-dimple designs and their systematic parameter optimization.
Additionally, there is a lack of in-depth analysis on the influence of key dimple parameters on the power coefficient—particularly
for dual-dimple airfoils—and the underlying aerodynamic mechanisms [32]. Notably, the effect of increasing the number of cavities
on performance, a crucial aspect of multi-dimple design scalability, has not been adequately addressed in existing research.

To address these gaps, this study proposes a dual-dimple airfoil model optimized using the Orthogonal Experimental Design
(OED) method; through comprehensive parameter analysis, the model systematically evaluates six dimple design parameters and
identifies the position of the first dimple as the most influential factor—a novel finding that has not been quantified before, which
precisely fills the gap in systematic parameter optimization highlighted earlier. The structure of the paper is as follows: Section 2
elaborates on the physical and numerical models. Section 3 applies OED to optimize the dimple parameters. Section 4 clarifies the
performance-enhancing mechanisms by comparing the flow fields of the dual-dimple airfoil and the smooth airfoil. Section 5
summarizes the research and puts forward design recommendations, with the findings of this study aiming to bridge the gap
between empirical dimple designs and systematic optimization in Vertical Axis Wind Turbines (VAWTS).

2. Physical and Numerical Model

2.1. Physical model introduction

This study adopts the test model in the wind tunnel experiment of Danao [35] at the University of Sheffield. The test is based
on a symmetrical NACA0022 with a fine performance. The relevant parameters are shown in Table 1 below and the computational
domain for a three-bladed VAWT is shown in Fig. 1.
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Fig. 1. Domain dimensions and boundary conditions.
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Table 1. Rotor and blade geometric parameters.

Parameter Symbol Value
Solidity o 0.34
Blade chord length c 0.04m
Rotor diameter D 0.7 m
Diameter of the center tower ds 0.027 m

2.2. Numerical simulation method
2.2.1. Governing equations and turbulence models

In this research work, commercial software ANSYS Fluent was used for simulation analysis. A stable two-dimensional numerical
simulation was conducted using the Unsteady Reynolds-Averaged Navier-Stokes (URANS) method. The URANS equation is used to
describe the fluid flow dynamics near the blade, which facilitates a comprehensive and accurate analysis of the unsteady turbulent
fluid flow behavior. The formulation of the URANS equations for Newtonian incompressible flow relies on the assumption of a
constant density that does not fluctuate with pressure. This method is applicable when the tip tangential velocity is kept below
Mach 0.3. This reinforces the underlying assumption of incompressibility in the flow analysis presented in this paper. The URANS
equations for incompressible flow are as follows [36]:

The governing equation is as follows:

1. Mass conservation equation:

ou,

2. Momentum conservation equation:

o ow_ 1p  ou Ol
ot jax}-_ p OX; ox;0x;  0x;

where u; is the time velocity component, p is the pressure, p is the air density, v is the kinematic viscosity, uyu; is the
Reynolds stress term.

2.2.2. Turbulence modeling equations

In the present study, the Transition SST four-equation model was adopted as the turbulence model. This selection was justified
by a systematic comparison of four CFD-applicable turbulence models: the Transition SST four-equation model, the S-A model, the
k-omega model, and the k-epsilon model. Among these, the Transition SST four-equation model demonstrated superior simulation
accuracy, forming the basis for its selection. The flow around the rotor blade involves complex hydrodynamic phenomena, and its
Reynolds stress distribution has an important influence on the flow characteristics, so it is very important to select an appropriate
turbulence model for accurate simulation. Although the traditional two equation model, such as k-epsilon and k-omega, has high
computational efficiency, its applicability is limited under complex flow conditions. The k-omega model is widely used in the field
of CFD because of its robustness and simple calculation ujn. The model uses empirical damping function to deal with the flow near
the wall, but the accuracy is often insufficient in the area of adverse pressure gradient, which limits its reliability in turbomachinery
simulation [36].

In contrast, the k-omega model has better performance in the near wall region, and can accurately analyze the boundary layer
characteristics without additional damping function, but its prediction ability is affected by free flow turbulence parameters. The
transition SST model innovatively combines the advantages of the k-omega model in the near wall region with the stability of the
k-omega modelin the far field, and further introduces the transition prediction ability through the four equations framework, which
significantly improves the simulation accuracy under complex flow conditions. The prediction ability of transition phenomenon is
further strengthened, making it a better choice for simulating turbomachinery flow. Based on the above analysis, the transition SST
four equation model was used to carry out the numerical simulation.

2.2.3. Turbine mathematical relations

The effectiveness of the rotor is determined by its power and torque. To quantify the aerodynamic performance of the fan, the
following dimensionless parameters, torque coefficient and power coefficient, are introduced as follows:

P
€= 0.50AV° @
T
C =
™~ 0.5pARV? )
TSR = %R (5)

where P is the output power, A is the swept area, D is the rotor diameter, H is the blade height and is the incoming wind speed, T is
rotor torque and R is rotor radius, w is the rotor angular velocity (rad/s).

2.2.4. Governing equations and turbulence model

This section will discuss the governing equations based on the existing simulations and the numerical settings in Ansys Fluent
2022R1.As a crucial step in numerical simulation, mesh generation can have an impact on the convergence rate and simulation
accuracy. Quadrilateral structure grids are adopted to discretize the computational domain in all models as is shown in Fig. 2. The
height of the first layer of the blade surface is set to 10°c, to meet the requirements of the turbulence model for the solution process
and guarantee that y* of the first node is less than 1.0. Three grids with different quantities are used to determine the appropriate
number of grids required for calculation. The related parameters of the three grids are shown in Table 2.
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Table 2. Grid specification.

Mesh density Rough Medium Fine
Number of grid nodes on the blade 110 190 390
Number of grid nodes on the interface 100 160 320
Number of grid nodes at the inlet boundary 100 200 400
Averaged y+ 1.2 0.9 0.87

The total number of grids 69782 153561 242315

Power coefficient 0.2615 0.2797 0.2802

The results reveal that the medium and the fine grid match well with the experiment results. Also, the deviation of the power
factor between the medium and fine mesh is negligible. The medium grid is selected for the following simulation.

In order to verify the accuracy of the external flow field division, the wake in the downstream region of the rotor was studied
by two-dimensional numerical simulation method. The two-dimensional computational fluid dynamics (CFD) method shows the
ability of accurately simulating eddy current while reducing the computational cost. In order to ensure the stability of the upstream
and downstream flow field of the rotor, the sensitivity analysis of two key design parameters was carried out in Fig. 3. The main
purpose of this analysis is to minimize the impact of sidewall on turbine performance and flow device. The core parameters required
for analysis include: "d" parameter indicates the distance from the rotor center to the outlet (range: 8D ~ 16D). The blockage rate is
expressed as "d/w". After calculation, the blocking ratio is not more than 5%, which is within the allowable range. The data in the
figure shows that as the outlet width do increases from 8D to 16D, the variation range of C, value at different outlet distances is
similar between 10D and 14D, and only small fluctuations are observed within this range. Based on the calculation results, d = 10D
is recommended as the optimal choice.

2.2.5. Time step size study

At the same time, we also discussed the time step to determine the optimal time step in Table 3. We simulated the grid in the
three different cases mentioned above under the horizontal grid, and obtained. In general, although the rough grid can maintain
stability at all time steps (CFL number < 5.49), it is not recommended because the grid is too coarse to accurately capture the details
of the dimple vortex structure. In the medium grid, the time step of 0.00014544s is the best choice, and its CFL number is 4.82, which
can achieve a balance between accuracy and computational efficiency, and can accurately capture the dimple vortex structure to
meet the simulation demand of 30 cycles of rotation, while the 0.0001s step is more accurate but time-consuming, and the 0.0002s
step is stable but less accurate. In the fine grid, the CFL number of 0.0001s step is 6.79, which is of high accuracy, but the calculation
cost is too high. There is a risk of oscillation when the 0.0001 4544s step is close to the critical value, and the 0.0002s step is unreliable
due to the excessive CFL number, which is not applicable.

\ " A ! I }

None-dimple Single-dimple Dual-dimple

Dual-Dimple Mesh Details
Single-Dimple Mesh Details

Fig. 2. Computational mesh and mesh details.
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Fig. 3. Outlet distance effect.
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Table 3. CFL number at different grid levels.

The quality of grids ~ Feature length (m) Timestep(s) CFL

0.000364 0.0001 1.92

Rough 0.000364 0.00014544 2.80
0.000364 0.0002 3.84

0.000211 0.0001 3.32

Medium 0.000211 0.00014544 4.82
0.000211 0.0002 6.64

0.000103 0.0001 6.79

Fine 0.000103 0.00014544 9.88
0.000103 0.0002 13.59

Table 4. Level values of the Single-dimple airfoil.

Level A Diameter B Position C Depth
1 0.24c 0.25¢ +0.25d
2 0.08c 0.15c¢ 0
3 0.16¢ 0.35¢ -0.25d

2.3. Result validation

The SIMPLE algorithm and the second-order implicit transient format are used to solve the incompressible unsteady URANS
equations. The equations of pressure, momentum, and turbulence were solved by second-order upwind space discretization [37].
The residual criterion is set to 10°. The number of rotating cycles of the wind turbine in all simulations is 30. As the monitoring
parameters change periodically, the data of the last revolution will be investigated [39, 40]. The turbulence model is the Transition
SST four-equation turbulence. As is shown in Fig. 4, the numerical simulation results are compared with the experimental results
obtained by Danao [35] and the simulation results of Wekesa et al. [38]. When the TSR is in the range of 3 to 4, the simulation results
are in good agreement with the experimental results. However, in the range of 4 to 5, there is a relatively large deviation between
the simulation and experimental results. The predicted simulation value of the power coefficient is higher than the experimental
results in this TSR range.

3. Orthogonal Experimental Design (OED)

OED is a research method to study multi-factor and multi-level test. Some representative points are chosen from the overall
tests. And these selected points are evenly dispersed, neat, and comparable. Utilization of OED allows one to substantially reduce
the number of tests and achieve the optimal solution based on restricted runs. In this paper, if all experiment combinations are
simulated, it will take 5°=15625 runs to find an optimal solution. However, it only needs a few of these combinations to determine
the influence of each parameter on the blade using the OED method.

Firstly, we make a further discussion on the work of Sobhani [30]. It is concluded that although the dimple with a larger radius
and closed position to the leading edge of the blade obtains better aerodynamic performance, optimal size is not clear. In this paper,
a dimple is added to the inner side of the blade and three factors of dimple are chosen. Each factor has three levels, as shown in
Table 4. And the positive and negative signs of the depth indicate that the center of the arc moves toward the inside and outside of
the blade in the direction perpendicular to the chord line, respectively. As shown in Fig. 5, for example, if the center of arc (1) moves
inward by 0.25d (i.e., 0.51), it will be recorded as +0.25d. Similarly, if the center of arc (2) is located at the edge of the blade, it will be
recorded as 0; if the center of arc (3) is moved outward by 0.25d, it will be recorded as -0.25d. The Ls(3%) orthogonal is used for the
experimental design in Table 5. The working conditions in these orthogonal experiments are all calculated at the TSR of 3.

Table 5 shows that the influence of these three factors is ranged as follows: diameter, position, and depth. Besides, it can be
seen that a larger size and more forward position of dimple are unlikely to always obtain better improvement. In particular, the
single-dimple airfoil obtains the worse performance when the diameter of the dimple is up to 0.24c. However, the performance can
be improved when the diameter of the dimple is 0.08c. The depth has the least influence among the three factors, and to a certain
extent, the deeper dimple can bring a better performance.

06 [ —— Danao et al. Experment
05[F —4— Present work Transition SST
[ Danao et al. Transition SST(2012)
0.4 — —=— Wekesa et al. Transition SST(2015)
03F
Uh02f
0.1 F i
0.0 F
-0.1
_0.2 : 1 1 1 1 1
0 1 2 3 4 5 6
TSR

Fig. 4. Comparison between the CFD results and the experimental results.
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Fig. 5. Characteristics of the Single-dimple airfoil.

Table 5. The orthogonal test design.

Test number A Empty column B C Test plan
1 1 1 1 1 A1B1C1
2 1 2 2 2 A1B2C2
3 1 3 3 3 A1B3C3
4 2 1 2 3 A2B2C3
5 2 2 3 1 A2B3C1
6 2 3 1 2 A2B1C2
7 3 1 3 2 A3B3C2
8 3 2 1 3 A3B1C3
9 3 3 2 1 A3B2C1
K1 0.088494 0.173298 0.215138  0.236786
K2 0.242993 0.171584 0.191026  0.132067
K3 0.139489 0.126093 0.064812  0.102124
k1 0.029498 0.057766 0.071713  0.078929
k2 0.080998 0.057195 0.063675  0.044022
k3 0.046496 0.042031 0.021604  0.034041
Range R 0.154499 0.047205 0.150325  0.134662
Factors from primary to secondary ABC
Optimal plan A2B1C1
Table 6. Level values of the Dual-dimple airfoil.
Dimple 1 Dimple 2
Diameterd: Depthli Position x/c Diameterd, Depthl, Distances
0.07c +0.15d: 0.1 0.09c -0.3d, 0.2c
0.09¢c -0.15d, 0.2 0.05¢ -0.15d, 0.3c
0.13c +0.3d: 0.3 0.07c 0 0.35¢
0.15¢ -0.3dx 0.4 0.11c +0.3d 0.15c¢
0.11c 0 0.5 0.13c +0.15d» 0.25¢
Table 7. Comparison of 15(5°) orthogonal table and power coefficient.
Column number Result
Test number
2 3 4 5 6 [ Co/Cro
1 0.07c  -0.15d: 0.1c  0.09c -0.3d 0.2c 0.078 135.05%
2 0.07c  +0.15d; 0.2c 0.05¢ -0.15d» 0.3c 0.096 167.63%
3 0.07c +0.3dy 0.3c  0.07c 0 0.35c 0.104 181.40%
4 0.07c -0.3d: 0.4c  0.11c +0.3d> 0.15c  0.105 182.91%
5 0.07c 0 0.5c 0.13¢c +0.15d, 0.25c 0.093 162.53%
6 0.09c -0.15d: 0.2c  0.07c +0.3d 0.25c  0.090 157.19%
7 0.09c +0.15d; 0.3¢c 0.11c +0.15d> 0.2c  0.111 192.25%
8 0.09¢c +0.3dy 0.4c  0.13c -0.3d, 0.3c 0.010 173.52%
9 0.09¢ -0.3dx 0.5c 0.09c -0.15d, 0.35c 0.084 146.32%
10 0.09¢ 0 0.1c  0.05c 0 0.15c  0.083  143.95%
11 0.13¢ -0.15d1 0.3c 0.13¢c -0.15d, 0.15c 0.086  149.26%
12 0.13c +0.15d: 0.4c  0.09c 0 0.25c  0.096 167.69%
13 0.13c +0.3d; 0.5¢c  0.05c +0.3d> 0.2c 0.112  194.04%
14 0.13c -0.3dx 0.1c 0.07c +0.15d. 0.3c 0.043 73.97%
15 0.13c 0 0.2c  0.11c -0.3d 0.35c  0.070 122.05%
16 0.15¢ -0.15d: 0.4c 0.05c +0.15d. 0.35c 0.079 137.15%
17 0.15c  +0.15d; 0.5c 0.07c -0.3d, 0.15c  0.095 165.46%
18 0.15¢ +0.3dy 0.1c 0.11c -0.15d> 0.25c 0.063 109.73%
19 0.15¢ -0.3dx 0.2c  0.13c 0 0.2c 0.060 104.55%
20 0.15¢ 0 0.3c  0.09¢c +0.3d 0.3c 0.085 148.05%
21 0.11c -0.15d» 0.5c 0.11c 0 0.3c 0.058  100.36%
22 0.11c +0.15d: 0.1c  0.13c +0.3d> 0.35c  0.076  132.05%
23 0.11c +0.3dx 0.2c 0.09c +0.15d, 0.15c 0.098 170.50%
24 0.11c -0.3dx 0.3c  0.05c -0.3d 0.25c  0.097 168.46%
25 0.11c 0 0.4c 0.07c -0.15d» 0.2c 0.093  160.95%
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Table 8. OED results of the Dual-dimple airfoil.

di kL x/c d, I, S
k1 0.095407 0.078097 0.068405 0.088285 0.087932  0.090499
k2 0.093533  0.094894 0.08303 0.093303 0.084407 0.076315

k3 0081315 | 0.095368 0.096544 0.084992 0.080274  0.082691

k4 0076477 0077774 0094567 0.081349 | 0.093645 [N
k5 0084226 0084826 0.088412 0.08303  0.084697  0.088055
max 0095407 0.095368 0.096544 0.093303 0.093649  0.090499
min 0076477 0077774 0.068405 0.081349 0.080274 0.076315
average 0086192 0086192 0.086192 0.086192 0.086192 0.086192
R 0.094648 0.087969  0.140695 0.059763 0.066875  0.085427

According to the above data, adding a dimple on the blade can obtain good aerodynamic performance. Then, a dimple is added
with different parameters behind dimple 1 in Fig. 6. The influential factors are set to 6, and the level of each influence factor is set
to 5. These factors are the position x/c, diameter di, depth I of dimple 1, diameter d», depth I of dimple 2, and the distance s between
the Dual dimples, respectively. Table 6 and Table 7 show the level of each factor and the distribution of the orthogonal table,
respectively.

Our goal is to determine the optimal arrangement among the important design parameters. The range of parameters can be set
in a relatively loose state. However, an excessively large size of dimple may damage the strength of the blade, and it hurts both
dividing grids and calculating convergence. Therefore, the paper deals with the range of parameters in an acceptable range.

4. Results and Discussion
4.1. Analysis of the OED results

Section 4 begins with a systematic analysis of the impact of various design parameters on the power coefficient for dual-dimple
arrangements, based on OED methodology as detailed in Section 4.1.

4.1.1. Analysis of the range of the OED results

The 25 working conditions are listed in Table 7 to identify the influence of design parameters. Table 8 lists the average power
coefficient distribution as a function of different parameters and levels. R represents the range between the maximum and
minimum values of a particular parameter at different levels. It is obvious that the position of dimple 1 has the largest R-value,
which means that the factor of x/c has the greatest influence on the value of the power coefficient. The gray areas in Table 8 are the
maximum values of each level. When the corresponding parameter of gray values adopts the maximum value, the value of the
power coefficient is relatively high.

Table 8 shows that the weight of the influence of each parameter on the power coefficient is x/c > d1 > 1 > s > I, > d», and the
corresponding level is k3, k1, k3, k1, k4, k2, respectively. According to the value range of the design parameters, the optimal solution
is d1=0.07c, l1 = +0.3d, x/c = 0.3, d2 = 0.05c, I = +0.3d, s = 0.15c. The model of the optimal Dual-dimple airfoil as shown in Fig. 6. The C;
of the optimal Dual-dimple airfoil is 0.1227 for the numerical simulation at TSR = 3. The following numerical simulation adopts the
model of the optimal Dual-dimple airfoil. At the same time, we also found that the 13th group had the worst effect, and the structure
was shown as shown in the Fig. 7. .

4.1.2. Analysis of the variance of the OED results

Analysis of the variance is used to estimate the relative influence, each of which contributes to the power coefficient. It can
reflect all the design parameters that have a different influential degree on the power coefficient.

Table 9 lists the results of variance and the parameters in the analysis process. The sum of squares of deviation specific to a
design parameter is divided into the sum of squares within a group (SSW) and the sum of squares between groups (SSB) [40]. The
degree of freedom within a group (DoFW) represents that the value of the total number of trials subtracts the number of levels, and
the degree of freedom between groups (DoFB) represents that the value of the number of design parameter levels subtracts 1. Among
them, Fuane is determined by the following formula:

SSIy
value S S% OFW

Fig. 6. Configuration of the optimal Dual-dimple airfoil.

Fig. 7. The least effective blade structure.
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Table 9. Variance table of OED analysis.

di L x/c d> I S
SSwW 0.005898  0.005711  0.004659 0.006753  0.006706  0.006283
SSB 0.001304 0.001491 0.002543  0.000449 0.000495 0.000919
DoFW 20 20 20 20 20 20
DoFB 4 4 4 4 4 4
Fuatue 1.105687 1.3054 2729366  0.332587 0.369362  0.731342
Foa 2.25 2.25 2.25 2.25 2.25 2.25
Significance 0 0 1 0 0 0

The standard Fuaue is determined by the F table which provides the statistical significance. When DoFW is 20 and DoFB is 4, the
standard Fuaue is 2.25 from the query table at the 10% significance level. When the Fuane of a particular parameter is greater than the
standard value F0.1, it means that the parameter has a significant effect on the power coefficient. In Table 9, the Fuaue of the position
parameter x/c of arc 1 is 2.729366, which is greater than Fo1. The Fuaue of other parameters is less than Foi. Therefore, the results of
the analysis of variance revealed that the position parameter x/c of dimple 1 has the most influence on the aerodynamic
performance, which is also consistent with the results of the orthogonal analysis.

The position x/c of dimples has the greatest impact on aerodynamic performance, which is directly related to the boundary
layer and dynamic stall theory. In dynamic stall, insufficient kinetic energy in the boundary layer can lead to airflow separation,
while the vortices generated by the dimples can replenish energy to the boundary layer to delay the separation. The location of the
dimple determines the timing of the interaction between the vortex and the boundary layer: if it is too far forward, it will interfere
with the incoming flow prematurely. If it is too late, the crucial stage of inhibitory separation will be missed. When x/c is at the
optimal value, x/c = 0.3, the dimple can precisely inject energy when the boundary layer begins to weaken, effectively delaying
dynamic stall. In contrast, parameters such as diameter and depth mainly affect the intensity of the eddy current, while the position
parameter directly determines the spatiotemporal matching of the energy injection and separation process, and thus has the most
significant impact.

In combination with the above, we also compared the orthogonal experiments of double dents, and quantitatively analyzed the
lift coefficient Cl of smooth blade, optimal double dents blade (best) and worst double dents blade (worst) in Fig. 8. It can be seen
that the peak lift coefficient of smooth blade is 2.02214, and the corresponding angle of attack is 17.6372°. The optimal double
concave blade has a peak value of 2.27543, corresponding to an attack angle of 19.4646°, which is about 12.5% higher than that of
the smooth blade, and a stall attack angle delay of 1.8274°, which has a significant advantage in the range of medium and high
attack angles. For example, at 20°, it is about 26.4% higher than that of the smooth blade, and the peak resistance coefficient is
reduced by about 36.3%, which has excellent comprehensive aerodynamic performance. The peak value of the worst double concave
blade is about 1.6, which is about 20.9% lower than that of the smooth blade. The lift in the range of full angle of attack is low. It
fluctuates violently at low angle of attack, and decreases faster at high angle of attack, which reflects the key influence of the
concave layout parameters on the lift characteristics of the blade. Reasonable layout can significantly optimize the performance,
otherwise it will reduce the performance.

4.2. Analysis of dimple influence

Figure 9 (a,b) compares the tangential and normal force coefficients of the Dual-dimple airfoil with those of the smooth airfoil
at different azimuthal angles. A comparison of the tangential and normal force coefficients for smooth and Dual-dimple airfoils at
different azimuths is shown in Fig. 9. It is easy to see that the Dual-dimple airfoil has a larger tangential and normal force coefficient
than the smooth airfoil, and this variation is particularly dramatic around the 90~140° azimuth.

It can be observed in Fig. 9 (c) that the torque coefficient of both airfoils reaches their peak values at an azimuthal angle of
around 90°. But compared with the smooth airfoil, the torque coefficient of the Dual-dimple airfoil has a higher peak and average
value. And the downward trend of the Dual-dimple airfoil comes later than that of the smooth airfoil. Compared with the smooth
airfoil, the torque coefficient and the normal force coefficient of the Dual-dimple airfoil obtain considerable improvement.

In Fig. 10, it introduces the lift coefficient with the changing angle of attack under different stages. The curve of both airfoils
shows a similar trend. But the maximum value of the lift coefficient with the Dual-dimple airfoil is 2.275, which is greater than the
smooth airfoil of 2.022. When the angle of attack is about 17°, the lift coefficient of the smooth airfoil reaches a stable level. However,
the lift coefficient of the Dual-dimple airfoil continues to increase under a similar angle of attack. This discovery indicates that
adding dimples on the blade is beneficial to delay the dynamic stall during the upstroke process.

o

—— Smooth

Fig. 8. Comparison of lift coefficient of smooth blade, best blade and worst blade.
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Fig. 9. Comparison of tangential/ normal force and torque coefficients of the smooth airfoil and the Dual-dimple airfoil, (a) Tangential force
coefficient, (b) Normal force coefficient, (c) Torque coefficient.
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Fig. 11. Instantaneous contours of vorticity magnitude at TSR = 3, Azimuthal angle of 80°, Azimuthal angle of 90°, Azimuthal angle of 100°, Azimuthal
angle of 120°.
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There are several stages with the changing angle of attack in Fig. 8. In stage I, the lift coefficient of the smooth airfoil shows a
gentle growth trend, while the lift coefficient of the Dual-dimple airfoil exhibits a high growth trend. This situation also reflects the
differences between both airfoils. In stage II, the lift coefficient of the smooth airfoil also increases with a slow increase of angle of
attack as in stage I, while the Dual-dimple airfoil curve is less volatile. With the angle of attack increasing slightly in stage 1II, the
lift coefficient of both airfoils drops sharply in Fig. 10 due to the high-intensity eddy changes in the VAWT’s system. Among both
airfoils, the lift coefficient of the smooth airfoil decreases more quickly than that of the Dual-dimple airfoil. Furthermore, it can
also be found that the torque exhibits the same trend as the lift coefficient.

After the maximum angle of attack is reached, the lift coefficient of both airfoils exhibits a trend of downward movement. In
stage IV, the lift coefficient of the Dual-dimple airfoil is significantly higher than that of the smooth airfoil. It can be observed that
the separation of the boundary layer is suppressed in Fig. 11 (at an azimuthal angle of 120°). In stage V, with the angle of attack
moving towards a negative value, the lift coefficient of both airfoils decreases and becomes a negative value. Figure 11 shows the
instantaneous contours of vorticity magnitude around the wind turbine. The separation of the vorticity happens in the boundary
layer at an azimuthal angle of 90°. And the vorticity of the smooth airfoil separates a little faster than the Dual-dimple airfoil in Fig.
11 (d).

As Fig. 12 (a) shows the distribution of surface streamline at an azimuthal angle of 110° (it is close to the maximum angle of
attack). When the separation point of the boundary layer with Dual-dimple airfoil leans back on the blade, the dynamic stall is
delayed compared to the smooth airfoil. At this point, the smooth airfoil surface produces a large change in the vortex flow, so the
vortex structure gets larger, and the lift coefficient drops sharply. Figure 12 (b) shows the enlarged surface streamline of the Dual-
dimple. When the Dual-dimple airfoil runs to the current angle of attack, the vorticity produced from the Dual-dimple falls off on
the blade. Compared with the smooth airfoil, the thickness of the boundary layer on the inner side of the Dual-dimple airfoil
becomes thicker over time. It is because the shedding vortex rotated counterclockwise transfers energy to the boundary layer of the
blade and inhibits the separation of the boundary layer. The Dual-dimple airfoil has a smaller vortex structure at the trailing edge
of the blade compared to the Single-dimple airfoil.

In Fig. 13, there introduces the distribution of the pressure coefficient (Cpe) at an azimuthal angle of 110°. The pressure coefficient
of the smooth blade drops sharply after reaching a peak at the leading edge and then shows a steady state along the blade, which
is evidence of the greater degree of the separation of the boundary layer. However, the maximum value of the Cpe of the Single/Dual-
dimple airfoils is higher than that of the smooth airfoil. The Cpe of the Dual-dimple airfoil presents obvious fluctuation, which is
caused by the vortex produced by the dimple. Compared with the smooth airfoil, the Cpe of the Single/Dual-dimple airfoils generally
decline gently. Although the Cpe of both airfoils shows a similar trend, the Dual-dimple airfoil exhibits better performance than that
of the Single-dimple airfoil.
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Fig. 12. Surface streamline of three types of airfoils and partial enlargement at azimuthal angle of 110°, Surface streamline, Partial enlargement.

4
Smooth
4 Single-dimple
3 .Y ® Dual-dimple |
3
3
2 w
2, bt
< ‘.
1
0
-1
0.00 0.25 0.50 0.75 1.00

x/c

Fig. 13. Distribution of the pressure coefficient at an azimuthal angle of 110°.
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Fig. 14. Comparison of power coefficient between the Dual-dimple airfoil and the smooth airfoil.

As is shown in Fig. 14, the Cpe of the Dual-dimple airfoil is increased by 114.9%, 22.4%, and 8.2% at the TSR of 3, 3.5, and 4,
respectively. Although the OED method is carried out at a TSR of 3, the performance of the Dual-dimple airfoil improves at other
TSR as well. The phenomenon of the separation of the boundary layer directly illuminates the mechanism of the dynamic stall of
the wind turbine. The results also reveal that the shedding vorticity formed by the airflow around the dimple flows to the bottom
of the blade, and transfers energy to the blade’s surface during the operation of VAWT. This phenomenon has a positive impact on
suppressing the separation of the boundary layer and the efficiency.

5. Conclusion

This paper investigated the influence of the Dual-dimple airfoil on aerodynamic characteristics. Based on the OED method, the
weight of influence on the Cpe was studied among the design parameters. Moreover, compared with the smooth airfoil, the airfoil
with the optimal Dual-dimple layout was designed based on the weight of influence. From the results of the analysis, we can draw
the following conclusions:

1) In this OED method, the position of dimple 1 represented the most influential important parameters, and its Fvaie is 2.729366.

The Fuane of other parameters is less than the standard Fuawe of 2.25.

2) The Dual-dimples with optimized parameters delayed the occurrence of a dynamic stall at a high angle of attack in the
upstream stage. There was not much difference between the smooth airfoil and the Dual-dimple airfoil in the downstream
stage.

3) The weight of the parameters on the Cpe was observed, the parameters with larger weight were concentrated in dimple 1,
and the weight of the parameters on the Cpe lowers gradually in dimple 2. Therefore, the multiple dimples can further
enhance the efficiency of VAWT. But this improvement became less significant as the number of dimples increased.

4) Compared with the smooth airfoil, the Dual-dimple airfoil has a higher Cpe by 114.9% at TSR of 3. And the value of the Cpe
increases by 22.4% and 8.2% respectively at a TSR of 3.5 and 4. It is inferred that the impact of the dimple on the aerodynamic
performance became less when the TSR gradually increases.

Regarding the research deficiencies and future prospects, the shortcomings lie in that we only studied the influence of single
and double dimples on a specific NACA0022 airfoil VAWT, without exploring the effects of different airfoils or multiple dimples
(three or more), and without verifying the numerical simulation results through experiments. For future prospects, we look forward
to expanding to various airfoils and multiple dimple designs, combining wind tunnel experiments to verify the simulation
conclusions, exploring the adaptability of dimples under variable wind speeds and variable tip speed ratios, and further enhancing
the practical application value of VAWT.
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Nomenclature
Cpe Pressure coefficient OED Orthogonal Experimental Design
SSW  Sum of squares within a group CFD Computational Fluid Dynamics
SSB Sum of squares between groups Cp Power coefficient
DoFW  Degree of freedom within a group Re Reynolds number
DoFB  Degree of freedom between groups GF Gurney Flap
Fvane  F-statistic WGD Wind Gathering Device
Foa Critical F-value at 10% significance level LDCS Lift-Drag Combined Starter
TSR Tip Speed Ratio VP Variable-Pitch
URANS Unsteady Reynolds-Averaged Navier-Stokes method SB-VAWT  Straight-Bladed Vertical Axis Wind Turbine
SST Shear Stress Transport H-Darrieus H-type Darrieus wind turbine
D The rotor diameter TSR Tip Speed Ratio
d12 Diameter c The blade chord length
ds The diameter of the center tower o Solidity
l12 Depth x/c Position
P Fluid density k Turbulent Kinetic Energy
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