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A B S T R A C T  

This study investigates the effect of adding vortex generators (VGs) to a single NACA 

0021 blade applied in vertical axis current turbines (VACTs). The focus is on 

rectangular and trapezoidal VG shapes and their placement between 10 and 30 % of 

the chord length on the hydrofoil surface. CFD analyses were carried out under steady 

state conditions using the Reynolds-Averaged Navier–Stokes (RANS) approach, 

coupled with the k-ω SST turbulence model. The results demonstrate performance 

improvements of the hydrofoil with the inclusion of VGs. Specifically, rectangular 

VGs positioned at 10 % of the chord length increased the average lift coefficient (CL) 

by 31.5 % and reduced the average drag coefficient (CD) by 8 %. Similarly, trapezoidal 

VGs placed at 15 % of the chord length increased CL by 29.5 % and decreased CD by 

7.1 %. Optimizing the geometry and placement of VGs can significantly enhance 

turbine efficiency by improving boundary layer control and delaying flow separation.

1. Introduction 

In general, vertical axis current turbines (VACTs) exhibit several limitations, notably low power 

conversion efficiency, poor self-starting capability, susceptibility to cavitation, and structural vibrations [1, 2]. 

Nevertheless, they offer distinct advantages such as omnidirectional flow acceptance, ease of maintenance, 

low manufacturing cost, and a straightforward design. These favorable attributes have continued to attract 

research attention, prompting numerous studies in recent decades focused on enhancing VACT performance. 

A considerable body of research has focused on enhancing the self-starting capability of VACTs, with 

particular attention to flow control strategies. In parallel, various flow augmentation devices have been 

employed to modify the fluid dynamics around VACTs, including flow perturbation mechanisms [3, 4], 

deflector systems [5], tubercle modifications [6, 7], and vortex generators (VGs), the latter being the primary 

focus of this study. 
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Flow control approaches can be utilized to prevent boundary layer (BL) separation and stalling. Vortex 

generators were originally proposed by Taylor [8] to increase lift and decrease drag by delaying stall at an 

aircraft's wing, in aviation [9]. When VG is on the upper surface of the wing, it helps maintain airflow 

attachment to the wing at high angles of attack (α), reducing stall speed and/or making the control surfaces 

more effective. The Boeing 737 utilizes VG devices not only on the wings but also on the horizontal stabilizer 

and the forward fuselage. The addition of VGs serves to stabilize airflow over the vertical and horizontal 

stabilizers, help control airflow at high speeds, and reduce aerodynamic noise that could disturb the pilot [10]. 

VGs are considered one of the most effective methods for enhancing the performance of horizontal axis 

wind turbines (HAWTs), due to their strong flow control capabilities, low cost, and ease of 

implementation [11]. VGs function by transferring momentum from the free-stream flow into the near-wall 

region, thereby increasing the momentum in this area, which helps delay or prevent flow separation from the 

blade surface in smooth blade configurations [12]. This flow separation, commonly referred to as dynamic 

stall, is a transient and unstable aerodynamic phenomenon. Moreover, VGs can help mitigate adverse effects 

such as vibration, noise, and fatigue stresses induced by stall events, leading to improved aerodynamic 

performance and increased energy output. These advantages have made VGs the subject of considerable 

research interest in recent years [1, 2]. 

Recent studies on VGs have increasingly focused on understanding the underlying flow mechanisms 

and developing effective VG design methodologies to optimize their performance on various airfoil types. 

Optimal VG design is often determined based on parameters such as vortex strength, vorticity trajectories, 

geometric dimensions, and free-stream velocity. The size, placement, and configuration of VGs play a critical 

role in promoting early vortex formation, which in turn enhances airfoil aerodynamic performance [13, 14]. 

However, these investigations also indicate that no single VG model has consistently outperformed others in 

representing the influence of VGs on the flow field when modeled using body force approaches [13, 15]. 

Mueller-Vahl et al. [16] demonstrated that decreasing the spacing between VGs not only delayed flow 

separation by up to 12.5° beyond the conventional stall α and increased the maximum lift coefficient (CLmax) 

by 31 % but also contributed to a reduction in drag coefficient (CD). The enhanced vortex interaction due to 

tighter VG spacing promotes the outward migration of vortex cores from the airfoil surface, improving flow 

attachment. In a related study on the DU97-W-300 airfoil, VG chordwise position and height were identified 

as the dominant factors influencing aerodynamic performance, whereas parameters such as VG length, pitch 

angle, geometry, and spanwise distribution exhibited comparatively minor effects [17]. Complementary CFD 

investigations on the NREL S809 airfoil further revealed that implementing a dual-row arrangement of 

rectangular VGs significantly improved flow separation control, yielding an increase in CLmax of 0.27 over a 

single-row configuration positioned near the leading edge [18]. 

Yan et al. [19] conducted a CFD analysis based on the Reynolds-Averaged Navier–Stokes (RANS) and 

unsteady RANS (URANS) approaches using the k–ω Shear Stress Transport (SST) turbulence model [20, 21]. 

The objective of their study was to evaluate the aerodynamic effects of adding micro–vortex generators 

(micro-VGs) to the NACA 0018 airfoil blade of a vertical axis wind turbine (VAWT). The simulation results 

demonstrated that an optimal micro-VG configuration can effectively energize the boundary layer, delay flow 

separation (stall), and enhance aerodynamic stability across various α. 

Satrio et al. [20] conducted a CFD analysis using ANSYS CFX based on the URANS approach with the 

k–ω SST turbulence model. The objective of the study was to evaluate the hydrodynamic performance of 

triangular VGs integrated into a vertical axis ocean current turbine (VAOCT) employing a NACA 0021 

hydrofoil profile. The results revealed that the addition of VGs significantly enhanced the lift characteristics 

and effectively delayed stall occurrence, thereby improving the overall efficiency of the turbine under low 

ocean current conditions. The integration of VGs on the VAOCT blades also increased the power coefficient 

and delivered better performance under realistic, fluctuating flow conditions, making it a valuable 

enhancement for optimizing renewable energy systems based on ocean and river currents [21, 22]. 

Numerical investigations have been extensively carried out to assess the influence of VG 

implementation on both airfoil and turbine performance [23, 24]. Although high-fidelity approaches such as 

Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES) are utilized in some studies, the RANS 
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method remains the most commonly applied due to its balance between accuracy and computational efficiency 

[5, 7]. To avoid the computational expense associated with resolving detailed VG geometries using fine 

meshes, researchers have widely adopted simplified VG modeling techniques [3]. This improves lift 

production, reduces drag, and enhances the turbine’s overall power output and efficiency, particularly at low 

to moderate flow velocities. Research has shown that integrating VGs into the blades of VACTs leads to 

increased power coefficients and better performance under real world, fluctuating flow conditions, making 

them a valuable addition for optimizing renewable marine and river current energy systems [23, 24]. 

The limitations of this research lie in the two micro-VG shapes-rectangular and trapezoidal, each with a 

height equivalent to the local boundary layer thickness at the installation location, a single-row configuration, 

and positioned at 10 %, 15 %, 20 %, 25 %, and 30 % of the chord length. Numerical simulations are performed 

using a Computational Fluid Dynamics (CFD) approach in ANSYS Fluent, based on the RANS equations 

with the k–ω SST turbulence model. The innovation of this research lies in the integration of micro-vortex 

generators (micro-VGs) with rectangular and trapezoidal shapes into a single NACA 0021 profile blade, as a 

VAOCT blade of the H-Darrieus type. The goal is to improve the hydrodynamic performance of turbine blades 

by effectively delaying flow separation (stalling), increasing lift generation, and reducing drag. 

2. Methodology  

This study utilizes a numerical simulation framework centred on a single-blade model, representing an 

isolated hydrofoil element rather than a full multi-blade turbine system as encountered in real-world 

applications. The analysis is conducted on a baseline symmetric NACA 0021 hydrofoil, evaluated in both 

clean and VG, modified configurations. Both rectangular and trapezoidal VGs are employed, with variations 

in their placement along the hydrofoil surface to assess their influence on hydrodynamic performance. The 

primary aim of the simulation is to offer preliminary insights into the effects of VG integration, including 

comparative assessments of configurations with and without VGs, and to evaluate how VG geometry and 

positioning impact stall delay, lift coefficient (CL), CD, and dynamic flow structures in proximity to the 

hydrofoil surface. 

This section outlines the methodology of the study, providing a structured framework to evaluate the 

impact of VG integration on the hydrodynamic performance of the NACA 0021 hydrofoil, which serves as a 

blade in a VACT system. The first step involves defining the geometry and preparing the computational 

domain, which is detailed comprehensively. The subsequent stages include mesh generation, grid 

independence testing, boundary condition setup, and solver configuration. The validation process includes 

evaluating solver settings and performing remeshing if the results deviate from expected validation trends. 

The implementation of rectangular and trapezoidal VGs will only proceed once the validation criteria are 

satisfactorily met. The results section presents the outcomes for two primary hydrodynamic parameters: CL 

and CD. Additionally, a contour analysis of the flow behaviour around the hydrofoil is conducted, comparing 

configurations with and without VGs. The final section of the study offers a performance prediction for VG 

implementation on VACT, focusing on the specific application of VGs on the NACA 0021 hydrofoil within 

the VACT configuration. 

2.1 Model Geometry 

In VACT Type-H turbines, the blades are typically designed using symmetrical hydrofoil profiles, which 

enable them to sustain lift generation on both surfaces during the entire rotational cycle. The NACA 0021 

hydrofoil is characterized by a maximum thickness of 21 %c, positioned at 30 %c from the leading edge. This 

hydrofoil also exhibits a maximum CL of 0.98 [25], indicating its capability to generate sufficient lift under 

various flow conditions. This characteristic makes it a suitable choice for applications in vertical-axis current 

turbines, where consistent hydrodynamic performance is essential throughout the rotational cycle. In the 

present study, VGs are implemented on hydrofoils to examine their functional effects, comparing the 

performance of hydrofoils both with and without VGs. The VGs employed include single-row arrays of 

rectangular and trapezoidal shapes, as well as counter-rotating configurations. 
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Augmentation devices, such as VGs, are employed to modify the fluid flow behaviour around Type-H 

VACTs by strategically altering the boundary layer dynamics. In this study, VGs are mounted on the blade 

surface in spanwise pairs [26], as illustrated in Figure 1. The effectiveness of VG integration in promoting 

vortex formation, delaying flow separation (stall), enhancing lift, and reducing drag is highly dependent on 

several factors, including the VG’s dimensions, placement, configuration, and the specific hydrofoil profile 

used. According to Paraschivoiu [27], the Darrieus turbine, which drives the VACT, is a lift-driven device. 

Increasing lift performance is expected to improve turbine efficiency and self-starting capability. These 

parameters must be carefully optimized to ensure that the induced vortices effectively re-energize the 

boundary layer, thereby maintaining attached flow over a wider range of α. Improper VG placement or sizing 

can lead to adverse flow interactions, potentially increasing drag without significant lift enhancement. 

Therefore, a detailed numerical investigation is essential to evaluate the hydrodynamic impacts of VG 

implementation and to determine optimal design strategies tailored to the NACA 0021 hydrofoil operating 

within a VACT configuration. 

 

Fig. 1  Vertical axis current ocean turbine, H-Darrieus type with vortex generators [14] 

 

Fig. 2  Schematic of the vane-type vortex generators [20] 

These parameters are systematically varied to assess their influence on flow separation control and 

hydrodynamic performance. The placement range between 10 %c and 30 %c, with intervals of 5 %, was 

selected based on prior studies indicating that early boundary layer interaction significantly affects stall delay 

and lift enhancement [19, 20]. The use of a single-row, counter-rotating configuration is intended to generate 

strong, stable vortices that promote boundary layer attachment without introducing excessive drag. Geometric 

details of the VGs, including height-to-chord ratio (h/c), length-to-height ratio (l/h), inter-VG spacing (p/h), 
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and the upstream and downstream distances (f/h and r/h), are designed based on validated references to ensure 

consistency with previous findings. These parameters are illustrated in Figure 2 and quantitatively summarized 

in Table 1 [12]. This systematic variation enables a comprehensive evaluation of VG effects on the 

hydrodynamic behavior of the NACA 0021 hydrofoil in a VACT context. 

Table 1  Single blade and VG specifications for numerical simulation 

Part Name/parameter Specification/value 

Single Blade in VACT 

Hydrofoil type NACA 0021 

Chord length (c) 0.14 m 

Span (S) 0.28 m 

VGs 

Shape Rectangular, Trapezoidal 

Placement location (x) 10 %c, 15%c, 20 %c, 25 %c, 30 %c 

Configuration single-row, contra-rotating 

Height (h/c)  

Length (l/h) 3 

Angle (β) 18o 

Pair distance (p/h) 7 

Rear distance (r/h) 3.5 

Front distance (f/h) 1.65 

Table 2  Main parameters of the small VGs simulated in this study 

x / c (%) h (mm) l (mm) p (mm) r (mm) f (mm) 

10 0.38 1.14 2.66 1.33 0.63 

15 0.49 1.47 3.43 1.72 0.81 

20 0.60 1.80 4.20 2.10 0.99 

25 0.72 2.16 5.04 2.52 1.19 

30 0.87 2.61 6.09 3.05 1.44 

In the numerical simulation of a foil with the addition of VGs, several variations are considered, 

including the dimensions and placement of the VGs, as shown in Table 2. The height of the VG changes for 

each difference in VG position relative to the c. This is because the VG height equals the BL thickness at each 

placement location on the foil surface. The relative height of VGs is typically represented by the variable h/δ, 

where h denotes the VG height and δ represents the boundary layer thickness [6, 27]. Based on their height, 

VGs are categorized into two types: conventional VGs (h/δ ≥ 1) and submerged VGs (0.1 < h/δ < 0.5) [6], 

also known as "micro" or "low-profile" VGs. Every change in VG height always affects other VG dimensions, 

such as length (l), spacing between VG pairs (p), and the total number of VGs along the span for each variation 

of placement location (x/c). 

Modifications in VG height inherently affect other geometric parameters, including the VG length (l), 

the spacing between counter-rotating VG pairs (p), and the total number of VGs distributed along the blade 

span for each placement variation (x/c). These interdependent dimensional changes are critical to maintaining 

the intended flow control characteristics, such as efficient vortex generation and sustained boundary layer 

attachment. Through systematic variation of these parameters, the simulation framework is designed to 

provide a robust evaluation of VG performance in mitigating flow separation, enhancing lift, and reducing 

drag on the NACA 0021 hydrofoil. 

The BL thickness on a hydrofoil is determined using ANSYS Fluent by analyzing the velocity profile 

within the computational domain. The first step involves solving the flow field around the hydrofoil using 

either steady-state or transient simulations, depending on the nature of the problem [28]. Once the solution is 

obtained, the BL is identified by observing the velocity gradient near the hydrofoil surface, typically using the 

wall-function approach or a low-Reynolds number model [6]. Specifically, the BL thickness (δ) is defined as 

the distance from the surface at which the velocity reaches 99 % of the freestream velocity [29]. 
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ANSYS Fluent calculates the BL characteristics by monitoring the velocity components in the vicinity 

of the hydrofoil surface. The BL thickness can be derived from the local velocity profiles using Fluent’s post-

processing tools [30]. Additionally, BL separation and transition can be analyzed by examining the change in 

the velocity gradients and flow direction near the hydrofoil surface, particularly in regions prone to flow 

separation and stall phenomena. Accurate determination of BL properties relies on a sufficiently refined mesh, 

especially near the hydrofoil surface, to resolve the velocity gradients effectively and capture the detailed 

behavior of the BL. 

2.2 CFD Modelling 

2.2.1 Computational domain 

The computational domain was developed using ANSYS Design Modeler, with mesh generation 

conducted in ANSYS Meshing. To ensure fully developed flow and minimize boundary-induced effects, the 

domain was sized at 30c, consistent with best practices established in prior hydrodynamic studies [31]. As 

depicted in Figure 3, this domain configuration is optimized to facilitate α parameterization through the 

manipulation of inlet velocity components, thereby enabling the simulation of varying α without altering the 

hydrofoil’s geometric orientation or creating multiple model instances [20]. 

 

Fig. 3  Circular shape of the Computational domain and boundary conditions 

This modeling strategy enhances computational efficiency while ensuring consistent boundary 

conditions across all cases. It further allows for a continuous sweep of α values, typically ranging from 0° to 

180°, which is essential for accurately capturing the hydrodynamic response of the hydrofoil, particularly in 

the critical stall region. Such an approach is highly advantageous for evaluating unsteady flow phenomena 

and performance degradation due to flow separation. 

The boundary conditions used during the numerical simulation were adjusted to match the test 

conditions conducted by Holst et al. [32]. The test conditions used air as the working fluid, on a Reynolds 

number of 1.8x105, a velocity of inlet 20 m/s, a turbulence intensity of 1 %, and a viscosity ratio of 6 [33]. 

Boundary conditions in the numerical simulation are adjusted to test conditions as shown in Figure 3. Side 

boundaries were set as symmetry to replicate the extended range used in further research. Hydrofoil surface 

and VG were set as no-slip wall boundary conditions. The low Reynolds number indicates that the hydrofoil 

may have difficulty in self-starting due to the lower fluid velocity. 

The simulation campaign encompasses α ranging from 0 to 180°, using an incremental step of 5°. 

Particular emphasis is placed on the 0 to 40° range, which is recognized as the critical regime where stall onset 

and major hydrodynamic transitions typically occur. Focusing on this range enables a more refined analysis 

of the hydrofoil’s hydrodynamic behavior, especially in relation to flow separation dynamics. 

This selective approach provides deeper insights into how VGs influence lift enhancement, drag 

reduction, and stall mitigation under conditions where flow detachment is most prevalent. By isolating the 

performance characteristics within this critical α interval, the study can more effectively evaluate the 
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functional benefits of VG integration, informing optimal design parameters for improved hydrofoil and turbine 

blade efficiency in low to moderate angle regimes. 

2.2.2 Meshing Generation and Setup 

The computational domain is developed using ANSYS Design Modeler, and the meshing process is 

carried out in ANSYS Meshing. For the clean hydrofoil configuration, a hybrid O-type topology is adopted, 

with the domain radius set to 15 times the c to ensure far-field boundary effects are minimized. The mesh is 

composed of three distinct zones: a structured, multi-block region that accurately resolves the boundary layer; 

an unstructured zone surrounding the hydrofoil to maintain a relatively uniform cell size and improve 

flexibility; and a second structured region extending toward the far field to enhance numerical stability and 

grid quality. 

The numerical simulation of CFD based on the RANS approach is commonly used to predict fluid flow 

behavior while efficiently accounting for turbulence effects. The RANS approach solves the time-averaged 

Navier–Stokes equations, where velocity fluctuations caused by turbulence are not directly simulated but are 

instead modeled using a turbulence model. RANS offers a balance between accuracy and computational 

efficiency. In this study, the k–ω SST turbulence model was employed. This model combines two turbulence 

models the k–ω (Wilcox) model and the k–ε model to take advantage of the strengths of each. Specifically, 

the k–ω model is applied near the wall region, as it can accurately predict velocity gradients and shear stress 

within thin boundary layers, while the k–ε model is used in the freestream region, as it is more stable and less 

sensitive to inlet boundary conditions [31]. 

(a) Meshing on the domain 

 

 
(b) Mesh generation for hydrofoil without VG 

 
(c) Boundary layer 

Fig. 4  Computational mesh for clean foil NACA 0021 
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The computational grid employed in this study for the baseline NACA 0021 hydrofoil consists of 

1,467,736 elements and 405,280 nodes. The finest mesh density is concentrated near the hydrofoil surface to 

accurately resolve the near-wall flow characteristics, with a mesh growth rate of 1.2, as illustrated in Figure 4. 

The overall mesh distribution within the computational domain is presented in Figure 4(a), while a closer view 

of the mesh surrounding the hydrofoil is shown in Figure 4(b). 

The CFD visualization in Figure 4(c) illustrates the development of the boundary layer along the surface 

of the hydrofoil, represented by color contours of velocity magnitude. The color variation clearly indicates the 

progressive change in flow velocity from the free-stream region to the near-wall zone. In the region close to 

the leading edge, the velocity gradient near the wall is relatively steep, signifying a thin boundary layer and 

strong wall shear. As the flow moves downstream, the boundary layer thickens gradually due to viscous effects 

and momentum loss near the wall. This thickening is evident from the expansion of the low-velocity region 

(dark blue) adjacent to the surface. 

In this study, a specific y⁺ value of 0.85 has been included to ensure adequate near-wall resolution and 

to improve the accuracy of the boundary layer representation. Maintaining y⁺ below 1 in the near-wall region 

ensures accurate resolution of the viscous sublayer, consistent with the requirements of the k–ω SST turbulence 

model. This approach enables a wall-resolved simulation, allowing the near-wall flow behavior to be captured 

without the use of wall functions, thereby improving the accuracy of shear stress and pressure distribution 

predictions along the hydrofoil surface. The computational grid near the wall region was refined using a first 

inflation layer height of 1.2981×10⁻5 m to achieve the desired y⁺ value, with a growth rate of 1.2 and layers 

number of 9 to maintain mesh quality and numerical stability. This mesh configuration ensures that the 

development, separation, and reattachment of the boundary layer are accurately resolved, which is essential 

for evaluating the hydrodynamic performance of the hydrofoil equipped with micro-VGs. 

Mesh quality refers to the measure of how well the elements in a mesh align with ideal geometric 

properties to ensure accurate and efficient simulations. High-quality meshes minimize numerical errors, 

improve solution stability, and enhance computational efficiency. The mesh quality summarized in Table 3 

shows that the skewness value is below 0.25, indicating good quality; the orthogonal quality is below 0.8; and 

the aspect ratio lies within the acceptable range of 5-8. 

Table 3  Mesh Quality 

Quality Hydrofoil NACA-0021 

Skewness 0.2168 

Orthogonal Quality 0.7813 

Aspect Ratio 5.7708 

Secondly, the meshing was generated for the NACA 0021 hydrofoil model with the addition of VGs, 

where the VG height was set equal to the local boundary layer thickness. The boundary layer thickness varies 

along the x/c position, being thinner near the leading edge and gradually increasing toward the trailing edge, 

as shown in Table 2. To maintain consistency, the meshing approach used for the original hydrofoil is adopted 

for meshing the hydrofoil with VGs. 

 

Fig. 5  Mesh generation for the foil with integrated VG 
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Figure 5 illustrates one of several VG placement variations on the foil surface in this study, consisting 

of a single row with a contra-rotating configuration, where the VGs are arranged along the span. The total 

number of mesh elements used is 3,692,602 elements, and the node number is 916,662 nodes. The VG meshing 

is constructed with a density level of 10 % of the VG height. 

2.2.3 Numerical Setup 

URANS solves the RANS equations while accounting for unsteady behavior in the flow that evolves 

over time. Although turbulence is still modeled through time-averaged equations, URANS is capable of 

capturing significant transient phenomena such as periodic vortex shedding, transient stall, fluctuating 

hydrodynamic forces on hydrofoils, and non-stationary vortex interactions. This approach requires time-step 

computations, which results in higher computational costs compared to steady RANS, but provides a more 

realistic representation of physical flow behavior.  

In RANS, the flow is assumed to be in a steady-state condition where flow parameters such as velocity, 

pressure, and aerodynamic forces do not change with time. Although the real flow is inherently turbulent and 

fluctuating, the effect of turbulence is represented through time-averaged values, eliminating the need for 

time-dependent calculations. This method is computationally efficient and is suitable for studies focused on 

steady-flow conditions, without requiring predictions of time-varying phenomena such as force oscillations, 

vortex shedding, or unsteady stall dynamics. Since modeling detailed VG geometries demands fine mesh 

resolution and significant computational effort, most numerical studies have instead implemented simplified 

VG models to achieve a balance between accuracy and efficiency [3]. 

This turbulence model has been formulated using k-ω SST [18], which is known for its excellent 

performance and accuracy in adverse pressure gradients and separated flows. In the present simulations, a 

low-Reynolds-number approach without wall functions was adopted, allowing the near-wall flow to be 

resolved directly down to the viscous sublayer. Consequently, the near-wall mesh was designed to satisfy a 

dimensionless wall distance of y+<1, ensuring adequate resolution of the boundary layer. 

2.2.4 Verification and validation 

Validation is a crucial step in the CFD workflow, ensuring the accuracy of results by comparing them 

with experimental reference data. Quality assurance plays an essential role in ensuring that CFD results are of 

high quality, reproducible, and traceable [20, 32, 34]. It establishes standardized procedures and verification 

protocols that help minimize numerical errors and inconsistencies. Sensitivity analysis aims to assess the 

impact of various parameters, by providing a consistent methodological approach to achieving accurate 

numerical results, particularly for thick current turbine hydrofoils. This approach is essential for understanding 

how small variations in design parameters or boundary conditions can influence flow characteristics and 

hydrodynamic performance. The following sections elaborate on these topics, beginning with the analysis of 

the clean profile and subsequently transitioning to the controlled profile. 

In the CFD simulations performed using ANSYS Fluent, the Finite Volume Method (FVM) is employed, 

in which the governing conservation equations are discretized and solved over individual control volumes. 

Consequently, grid resolution in the grid-dependence study is more appropriately characterized by the number 

of control volumes rather than by the number of nodes or geometric mesh elements. As demonstrated by the 

results obtained for progressively refined grids, variations in the CL and CD directly reflect the influence of 

control-volume resolution on discretization errors. This approach is consistent with the fundamental principles 

of FVM, where numerical accuracy and solution convergence are governed by the size and distribution of the 

control volumes within the computational domain. Accordingly, the evaluation of the Grid Dependence (GD) 

Index and the Grid Convergence Index (GCI) based on control-volume counts provides a more rigorous basis 

for assessing numerical accuracy and for ensuring that the computed solutions systematically approach the 

grid-dependence limit. 

Grid dependence refers to the sensitivity of CFD results to spatial discretization, as numerical solutions 

obtained using the Finite Volume Method (FVM) inherently contain discretization errors that depend on the 

size, distribution, and number of control volumes. A grid-dependence study is therefore performed through 
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systematic grid refinement to evaluate whether key solution variables asymptotically approach a grid-

independent solution as the mesh is refined [35, 36]. 

Table 4  Grid dependence test (GDT) 

Elements CD GI CL GI 

365,782 0.0356408 - 0.5978161 - 

733,522 0.0351602 0.032 0.6026012 0.022 

1,467,736 0.0354005 0.019 0.6118848 0.043 

2,935,503 0.0356692 0.060 0.6145331 0.013 

A grid dependence study was carried out on the hydrofoil model without VG at an α of 10°. The resulting 

CL and CD from the simulation were validated against the experimental data of Holst et al. [32]. A grid 

dependence test was performed using the coupled second-order upwind method to evaluate the GD values for 

CL and CD across varying element counts: coarse (733,522 elements), medium (1,467,736 elements), and fine 

(2,935,503 elements). The findings of this study elucidate the influence of elements count variations on the 

measured values of CL and CD. The GDT conducted between the medium and fine grids yielded results of 

1.9 % for CD and 4.3 % for CL. 

The GCI is a standardized quantitative metric used to estimate the numerical uncertainty arising from 

grid discretization in CFD simulations. Originally introduced by Roache [31], the GCI provides a systematic 

framework to assess the proximity of a numerical solution to the grid-independent (asymptotic) solution 

through comparisons of results obtained on successively refined grids [37]. The method is based on 

Richardson extrapolation, which assumes that numerical solutions converge toward the exact solution at a 

predictable rate as the grid is refined [35]. By performing simulations on at least three systematically refined 

grids, the apparent order of accuracy and discretization error can be estimated, allowing the GCI to be 

expressed as a conservative percentage measure of the relative discretization uncertainty [37]. A smaller GCI 

indicates weak sensitivity to further grid refinement and low numerical uncertainty, whereas a larger GCI 

suggests strong grid dependence and the need for additional refinement. Owing to its transparency and 

reproducibility, the GCI methodology is widely recommended in CFD best-practice guidelines for reporting 

numerical accuracy independently of experimental validation [37]. 

The order of convergence, denoted as p, is estimated to evaluate the rate at which the numerical solution 

converges as the grid is refined. It is calculated using the solutions obtained from successive grid levels and 

reflects the effectiveness of the numerical scheme in reducing discretization error. A p value approaching the 

formal order of accuracy of the numerical method indicates regular convergence behavior, whereas deviations 

from the expected order may suggest nonlinear effects or remaining numerical errors. 

𝑝 =
ln|

𝜀32
𝜀21

|

ln⁡(𝑟)
   (1) 

Richardson extrapolation is used to estimate the solution on an infinitely fine grid: 

𝜙𝑒𝑥𝑡 = 𝜙1 +
𝜙1−𝜙2

𝑟𝑝−1
   (2) 

The GCI is calculated using the difference between solutions on refined grids, the grid refinement ratio, 

and the estimated order of convergence. A safety factor (Fs) is applied to provide a conservative estimate of 

numerical uncertainty, which is expressed as a percentage and used to assess the sensitivity of the solution to 

grid resolution. Fs = 1.25 is the safety factor recommended by Roache. A small GCI value indicates weak 

dependence of the numerical solution on grid resolution, whereas a large GCI value reflects significant 

sensitivity to grid refinement and non-negligible discretization errors. Formula of the GCI: 

For the medium 2 - coarse 1 grid pair: 

GCI21 = 𝐹𝑠
∣𝜙1−𝜙2∣

∣𝜙1∣(𝑟𝑝−1)
× 100⁡%   (3) 
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For the fine 3 - medium 2 grid pair: 

GCI32 = 𝐹𝑠
∣𝜙2−𝜙3∣

∣𝜙2∣(𝑟𝑝−1)
× 100⁡%   (4) 

Asymptotic range verification was conducted to confirm that the numerical solution converges in a 

systematic manner with grid refinement. The agreement between the GCI ratios and the grid refinement ratio 

indicates that the solution lies within the asymptotic convergence range, and the associated numerical 

uncertainty can therefore be considered reliable. The simulation is within the asymptotic convergence range. 

If this condition is satisfied, the simulation is within the asymptotic convergence range, and the GCI 

assessment is mathematically valid. 

GCI32

GCI21
≈ 𝑟𝑝   (5) 

Table 5  Grid Convergence Index (GCI) 

Elements Number CD GCI CL GCI 

365,782 0.0356408  0.5978161  

733,522 0.0351602 -0.0135 0.6026012 0.0109356 

1,467,736 0.0354005 0.009276 0.6118848 0.0112489 

2,935,503 0.0356692  0.6145331  

Table 5 presents the GCI results for various mesh sizes: coarse, medium, fine, and very fine. Grids with 

the number of elements ranging from 1,467,738 to 2,935,503 elements obtained the lowest GCI values. The 

GCI values of 0.928 % for the CD and 1.125 % for the CL indicate low numerical uncertainty due to grid 

discretization. These results suggest that further mesh refinement would lead to only marginal changes in the 

computed aerodynamic coefficients, and the solution can therefore be regarded as nearly grid-dependence. 

In general, research on hydrofoil performance, particularly for aircraft or horizontal axis turbines, is 

more intensively conducted within the α range of 0-30°, as this is considered a critical stall region. However, 

when the hydrofoil is applied to a vertical-axis turbine, the incidental α of the hydrofoil becomes significantly 

wider. Experimental data by Holst et al. [32], and numerical by Sheldahl and Klimas [34], and Satrio et al. 

[20] provide a more comprehensive α range (0-180°) for the NACA 0021 foil, making it a key reference case 

for this study. The experiments conducted by Holst et al. [32] were performed in a wind tunnel. Fortunately, 

a Reynolds number (Re) of 1.8x105 is relatively easy to replicate with an appropriate inflow velocity. The 

force response does not exhibit significant variations across different working fluids (air and water) as long as 

they are conditioned at the same Re [20, 32, 34]. 

The simulation results exhibit trends consistent with reference data. As shown in Figure 6(a), CL from 

the simulation increases steadily with the α from 0° to 15°, before stalling at α = 20°. Beyond this point, CL 

begins to decrease, although the decline is less abrupt than in the reference case. Up to α = 90°, the simulation 

tends to over-predict CL values, momentarily aligning with the reference before underpredicting in the range 

of α = 110° to 150°. Within this range, the hydrofoil simulation revealed the shedding of large-scale flow 

structures, resulting in a complex flow field that was challenging to capture accurately. 
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(a) 

 

(b) 

Fig. 6  Numerical variations of (a) CL and (b) CD 

Figure 6. illustrates the relationship between CL and CD as a function of the α. The data include both 

experimental measurements and numerical simulation results obtained from previous studies. This validation 

focuses on the NACA 0021 hydrofoil operating at a Reynolds number of 1.8×10⁵, aiming to verify the 

accuracy and reliability of the present numerical approach. 

A comparison between experimental data by Holst [33] and data by Sheldahl and Klimas [34] numerical 

simulation approach shows striking differences. This is then compared with data from Satrio [20] numerical 

simulation approach and data from this study, as shown in Figure 6(a). Figure 6(a) illustrates that CL remains 

consistent within the α range of 0-20°, corresponding to the initial stall region. A similar trend is observed at 

α = 70-110° and α = 170-180°. According to the data reported by Holst, 2019, the second stall occurs at α = 

30°. Furthermore, within the ranges of α = 30-70° and α = 110-170°, a significant discrepancy between the 

two datasets can be observed.  

Figure 6(b) shows that CD remains consistent within the ranges of α = 0-30° and α = 150-180°, while a 

pronounced difference is evident in the intermediate range of α = 30-150°. These inconsistencies may 

introduce bias if the experimental data are used directly for validation. Comparing the experimental CD data 

by Holst et al. [32] with the data from Sheldahl and Klimas [34] numerical approach shows a difference of up 
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to 47.4 %. The numerical CD results based on URANS by Satrio, 2025 and Holst, 2019 show a deviation of 

up to 26 %, with a difference of 10.3 % compared to Sheldahl, 1981. However, in this study, the CD values 

obtained from the numerical simulation based on RANS differed by approximately 26.9 % from the 

experimental data by Sheldahl and Klimas [34] and Holst [33], while the difference with Satrio et al. [20] was 

smaller at 11.4 %. 

To achieve a more consistent comparison, the present study performs a numerical validation against the 

results obtained by Satrio et al. [20], 2025, who employed an URANS method with the k–ω SST turbulence 

model at the same Reynolds number of 1.8×10⁵, as shown in the Figure 6. The difference between the RANS 

and URANS results is relatively small. The slight deviation observed in the RANS simulation can be attributed 

to minor variations in the solver setup and mesh configuration. Overall, the close agreement between the two 

numerical approaches confirms that the present CFD model provides sufficient accuracy and reliability for the 

hydrodynamic analysis of the NACA 0021 hydrofoil [19]. 

Figure 6 presents the CD obtained in this study alongside the experimental data. The results indicate that 

the simulation accurately predicted CD within the α range of 0-25° and 50-180°. Additionally, several 

numerical studies have reported that simulation results closely follow the experimental trend in the pre-stall 

regime. 

3. Result and Discussion 

The Mean Absolute Percentage Error (MAPE) equation was used to compare the results of this study 

with those of other researchers. Since this method considers all data points within the numerical range (0-

180°), which covers a total of 27 angle-of-attack variations. The results indicate an error of 7.75 % for CL and 

20.47 % for CD when compared with the experimental data reported by Holst et al. [32]. In comparison with 

the numerical approach results of Sheldahl and Klimas [34], the errors were 6.0 % for CL and 26.9 % for CD, 

while relative to the URANS-based simulation by Satrio et al. [20], the errors were 1.3 % for CL and 11.4 % 

for CD. These findings indicate that the results of this study are better than those of the other two researchers, 

as they provide a better fit for the experimental data. 

 
(a) 

 
(b) 

Fig. 7  Numerical variations of (a) CL, and (b) CD in the α range of 0-45° on foil with rectangular VG 

The numerical simulation results for the NACA 0021 foil with rectangular VGs arranged in a single row 

at different positions along the chord length (10-30 %c). The VG height (h) was set equal to the boundary 

layer thickness (δ) at each respective location. The simulation results demonstrate that the peak lift coefficient 

increased with the addition of VGs, with the most significant lift enhancement occurring at the 10 %c position, 
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followed by the 15 %c position, shown as Figure 7(a). This finding indicates that positioning the VGs closer 

to the leading edge leads to the highest improvement of the lift [12]. Meanwhile, Figure 7(b) presents the 

numerical simulation results for the CD. The results show that the addition of VGs reduces drag and increases 

lift, thereby enhancing overall turbine performance. 

 

(a) 

 

(b) 

Fig. 8  Numerical variations of (a) CL, and (b) CD in the α range of 0-45 on foil with trapezoidal VG 

Figure 8(a) illustrates the numerical simulation results for the hydrofoil fitted with trapezoidal VGs. The 

data reveals that the highest CL is achieved at an α of 20°, with VGs placed at 10 %c, followed by the 15 %c 

position. These results indicate that locating VGs closer to the leading edge significantly enhances lift 

performance. Figure 8(b) shows that the minimum CD occurs within the  range of 15 to 25°, with the most 

notable reduction at the 10 %c position, followed by the 15 %c position. Compared to the baseline hydrofoil 

without VGs, these configurations demonstrate improved hydrodynamic efficiency. 

  
(a) (b) 

Fig. 9  Numerical results of the blade with vortex generators: (a) CL and (b) CD versus α 

Research on the addition of VG to the NACA 0021 foil blade is still very limited. Due to this limitation, 

we refer to previous studies conducted by other researchers using a numerical approach. As shown in Figure 
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9. a, Satrio et al. [20] used the URANS method and the same k-ω SST turbulence model, the geometry of the 

NACA 0021 blade, the triangular VG shape. The numerical results of Satrio's research show an increase in α 

= 20°, then show a decrease in the CL at α up to 25°. The same thing happens to rectangular and trapezoidal 

VGs, but the increase reaches α = 25°. Meanwhile, Figure 9.b shows that the CD value for the triangular VG 

exceeds the value of the hydrofoil without VG, while for the square and trapezoidal VGs the CD is lower than 

the CD of the hydrofoil without VG. This is because in the simulation the dimensions of the triangular VG are 

larger than the dimensions of the square and trapezoidal VGs. 

 

Fig. 10  The correlation between the CL/CD ratio and the α, NACA0021 

For a hydrofoil without VGs, the lift-to-drag ratio (𝐶𝐿/𝐶𝐷) is recorded at 13.62 when operating at α = 

15° but drops to 7.18 at α = 20°. The addition of rectangular VGs positioned at 10 % of the chord length 

significantly enhances hydrodynamic efficiency, increasing the 𝐶𝐿/𝐶𝐷 to 19.29 at α = 15° and to 9.55 at α = 

20°. Similarly, trapezoidal VGs installed at 15 % of the chord length also contribute to performance 

improvement, resulting in a 𝐶𝐿/𝐶𝐷⁡ of 17.64 at α = 15° and 8.09 at α = 20°. 

Figure 10 presents a comparison of the 𝐶𝐿/𝐶𝐷 with varying α, based on numerical and experimental data 

obtained by each researcher. The figure shows a striking difference between the experimental results of Holst, 

2019 and the numerical results of Sheldahl and Klimas [34], with the most significant difference occurring at 

angles between 5 and 10°. However, the numerical results of this study and Satrio et al. [20] and this study 

show closer agreement and similar trends with the numerical data reported by Sheldahl and Klimas [34]. 

Elevated 𝐶𝐿/𝐶𝐷 values correspond to superior hydrodynamic performance by maximizing lift while 

minimizing drag, whereas diminished ratios reflect increased drag penalties that impair efficiency. This 

hydrodynamic parameter is contingent upon several variables, including hydrofoil geometry, α, flow 

conditions, and surface modifications such as VGs. Implementing VGs is a strategic intervention aimed at 

augmenting lift and mitigating drag, thereby refining the 𝐶𝐿/𝐶𝐷 for optimal hydrodynamic functionality [35]. 
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(a) 

 
(b) 

Fig. 11  Average increase in lift (a) and the reduction in drag (b) from different VG shapes 

Figure 11 presents the average increase in CL and the corresponding decrease in drag for each VG 

configuration, using both rectangular and trapezoidal shapes. The analysis was conducted over a geometry, α 

ranges from 15 to 40°, which represents a critical region where hydrodynamic performance is highly sensitive 

to flow changes. 

As shown in Figure 11(a), the highest average CL improvement was observed with rectangular VGs 

placed at 10 %c, achieving an average CL increase of 0.315. Trapezoidal VGs positioned at 15 %c also 

demonstrated a significant improvement, with an average CL increase of 0.295. A similar trend is evident in 

Figure 11(b), where the greatest average reduction in CD occurred with rectangular VGs at 10 %c, resulting 

in an average CD reduction of 0.08, while trapezoidal VGs at 15 %c achieved a reduction of 0.071. However, 

the hydrofoil without VGs produced an average CL of 0.72 and an average CD of 0.28. 

These results indicate that the placement and geometry of VGs play a crucial role in modifying the 

boundary layer characteristics, thereby enhancing hydrodynamic performance [38]. Specifically, the optimal 

positioning of rectangular VGs at 10 %c appears to generate stronger streamwise vortices, which delay flow 

separation more effectively and contribute to both increased lift and reduced drag. The slightly lower, yet still 

substantial, performance of trapezoidal VGs at 15 %c suggests that their geometry and position also facilitate 

beneficial flow control, though to a lesser extent. Overall, the findings highlight the importance of careful VG 

configuration to maximize hydrodynamic efficiency [36]. 

3.1 Velocity field and Pressure distribution  

Figure 12 presents the time-averaged streamlines colored by the velocity magnitude distribution on the 

midspan plane for various α, comparing hydrofoil configurations without and with VGs of rectangular and 

trapezoidal shapes. The velocity contour patterns provide insights into the locations of flow separation and 

stall phenomena. As the α increases, the separation point on the suction side tends to shift closer to the leading 

edge. As previously discussed, the implementation of VGs on the hydrofoil helps delay stall to higher α, 

thereby enhancing the overall performance of the turbine blades. 

Figure 12 illustrates the streamlines colored by the velocity magnitude distributions at various α for the 

hydrofoil configurations without and with VGs. The NACA 0021 hydrofoil was modified by adding 

rectangular-shaped VGs with a height of h=δ, where δ represents the boundary layer thickness at the 25 %c 

location. These VGs were positioned at 10 %c from the leading edge. 
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α = 45° 

 

 

 

Fig. 12  Streamlines colored by the velocity magnitude are compared at different α for the 

baseline hydrofoil and those with rectangular and trapezoidal VGs 

A comparative analysis of the streamlines colored by the velocity magnitude for the hydrofoil with and 

without VGs is presented below. 

• It is clearly observed that from an α of 0 to 10°, no significant flow separation occurs in any of the 

variations, as indicated by the similar velocity distribution patterns [38]. From the left side of the figure, 

the clean hydrofoil (without VGs) progressively stalls beyond 20°. As the α increases, the recirculation 

zone expands accordingly. The effects of the vortex generators are immediately evident: the low-

velocity regions are significantly reduced at all α, and the wake remains more stable and aligned with 

the trailing edge direction. 

• The impact of flow separation, characterized by a reduction in the high-velocity flow area, is most 

pronounced within the α = 20-25° range. Within this range, the configuration without VGs exhibits a 

larger low-velocity region, marked in blue, indicating significant flow separation. This velocity 

reduction leads to energy loss, resulting in decreased lift and increased drag, ultimately reducing the 

overall efficiency of the turbine blade. 

• The velocity phenomena observed on the hydrofoil without VGs at α between 25 and 45° are largely 

influenced by flow separation and stall, with the low-velocity region (shown in blue) extending all the 

way to the leading edge. In contrast, for the hydrofoil equipped with VGs, flow separation reaching the 

leading edge occurs only at higher α, between 35 and 45°, while at 25 to 30°, the low-velocity region is 

confined between 30 and 40 %c. The VG configurations with height h = δ effectively delay flow 

separation by re-energizing the boundary layer, shifting the separation points to 30 and 40 %c, 

respectively. Additionally, higher velocity flow is observed near the upper surface of the hydrofoil in 

both VG configurations, as indicated by the green color. 

The range of α examined spans from 0 to 20°, with the CL exhibiting a linear increase up to the onset of 

stall. For the clean hydrofoil configuration, the stall typically occurs at approximately 12° [23], while for the 

hydrofoil equipped with VGs, it occurs around 18-20°, as reported in [24]. Flow separation phenomena begin 

to emerge, leading to a degradation in CL performance. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 13  Comparison of the pressure coefficient distribution on an hydrofoil without and with VGs, (a) α = 10°, (b) α = 20°, (c) α = 

25°, and (d) α = 40° 

Figure 13(a) presents the pressure coefficient (Cp) distribution at an α = 10° for the simulated hydrofoil 

models without and with VGs of different square and trapezoidal shapes. The selection of α = 10° is based on 

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

0% 20% 40% 60% 80% 100%

C
p

x/c

Foil Asli
Foil+VG.rectang
Foil+VG-trap.

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

0% 20% 40% 60% 80% 100%

C
p

x/c

Foil Asli
Foil+VG rectang.
Foil+VG trapez.

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

0% 20% 40% 60% 80% 100%

C
p

x/c

Foil Asli
Foil+VG Rectang
Foil+VG trapez

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

0% 20% 40% 60% 80% 100%

C
p

x/c

Foil asli
Foil+VG rectang
Foil+VG trapez



D. Rahuna et al. Brodogradnja Volume 77 Number 4 (2026) 77401 

 

20 

 

the observation that within the range of α = 0° to α = 10°, there is no significant difference in the CL and CD, 

as illustrated in Figure 12 [39]. The shape of the pressure coefficient curves is relatively similar among the 

hydrofoil without VG and those equipped with VGs of different geometries. The leading section of the 

hydrofoil exhibits higher pressure and lower flow velocity, resulting in a high-pressure region due to fluid 

compression. Figure 13(b) illustrates that at α = 20°, the Cp on the leading side of the hydrofoil with VGs 

increases beyond that of the hydrofoil without VGs. This enhancement contributes to the observed increase in 

CL and reduction in CD. Figure 13(b) illustrates the range of α = 15° to α = 20°, the Cp on the leading side of 

the hydrofoil with VGs increases beyond that of the hydrofoil without VGs. This increase contributes to the 

improvement in CL and the reduction in CD. The curves indicate that Figures 13(c) and 13(d), which represent 

the conditions at α = 25° to α = 40°, show a significant pressure drop on the suction side (face side) of the 

hydrofoil with VGs, while the hydrofoil without VGs exhibits a relatively higher pressure in this region.  

As depicted in the Cp curves in Figure 13, a noticeable shift occurs from α = 20° to α = 40°, where the 

pressure distribution on the rear surface of the foil experiences a substantial decrease. Conversely, the pressure 

on the front surface (face side) of the hydrofoil increases considerably. Among the VG configurations, the 

square-shaped VG demonstrates superior hydrodynamic performance compared to the trapezoidal-shaped VG. 

Clean Foil Rectangular VG, 10%c, 

 

α = 10° 

 

α = 10° 

 

α = 20° 

 

α = 20° 

 

α = 25° 

 

α = 25° 

 

Fig. 14  Flow separation on the hydrofoil without and with VGs 
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3.2 Flow Separation 

Figure 14 presents the flow separation conditions at α ranging from 10 to 25°. At α = 10°, the flow 

separation points observed on the NACA 0021 hydrofoil, both with and without vortex generators, shows a 

similar separation pattern. The flow separation point occurs at 75 %c for both the foil without and with 

additional VG. 

The α = 20° represents the critical angle at which the NACA 0021 hydrofoil experiences stall. As shown 

in Figure 14, at α = 20°, a hydrofoil without a VG experiences significant flow separation, with the separation 

point at 70 % of the chord length and then stalls with further increases in the angle. At α = 20°, a hydrofoil 

with a VG exhibits a slightly different trend, with the flow separation point at approximately 65 %c, suggesting 

that the addition of a VG contributes to delaying stall. 

At an α = 25°, the flow separation point on a hydrofoil without a vortex generator extends from the 

leading edge to the trailing edge, ultimately causing stall. In contrast, the hydrofoil equipped with vortex 

generators is still able to withstand flow separation. The square-type VG exhibits flow separation up to 

approximately 50 % of the chord length. This finding indicates that the geometry and placement of the vortex 

generators significantly influence the formation of vortices responsible for delaying stall. Therefore, the VG 

geometry and its placement on the hydrofoil surface play a crucial role in achieving maximum stall delay. 

The delay in stall leads to an increase in the CL and a reduction in the CD. Consequently, the combined 

effect of higher CL and lower CD enhances the overall efficiency of the turbine. 

3.3 Prediction of Turbine Power Enhancement by Integrating Vortex Generators (VGs) 

The integration of a VG on the blades of a VACT, based on simulation data and simplified analytical 

considerations, requires several underlying assumptions. This approach is intended solely to obtain a 

preliminary prediction of the impact of VG integration on the VACT’s performance. In general, achieving 

more accurate predictions requires further simulations involving the entire rotating turbine to comprehensively 

explore its overall behavior. 

Figure 14 shows the change in a single blade's speed vector over a single rotation. Even with constant 

rotating speed and current speed, the resultant velocity and α vary in both direction and amplitude with azimuth 

angle. The upstream half-cycle (0° < θ < 180°) of the bar is positive, whereas the downstream half-cycle (180° 

< θ < 360°) is negative. 

The hydrodynamic performance of vertical-axis turbines is characterized by complex flow phenomena, 

including cyclic variations in the α, dynamic stall effects, and strong flow interference between the upwind 

and downwind passes of the blades. To address these challenges and to provide a computationally efficient 

predictive tool, Paraschivoiu [27] developed the Double-Multiple Stream Tube (DMST) theory—an extension 

of the classical momentum and blade element theories—specifically tailored for Darrieus-type vertical axis 

turbines. 

The fundamental principle of the DMST model is based on dividing the turbine’s swept area into several 

independent stream tubes, each representing a discrete section of the flow field. Within each stream tube, the 

conservation of momentum is applied separately to the upwind and downwind regions of the turbine, hence 

the term double stream tube. This dual treatment allows for distinct induced velocity distributions in both 

regions, reflecting the fact that the downstream flow has already been influenced by the energy extraction 

occurring in the upwind half. 
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Fig. 15  Force and velocity vectors of a VAT [40] and Velocity vectors at different azimuth angles [41] 

Each stream tube is analyzed independently, and the interaction between the aerodynamic forces 

generated by the blades and the local flow conditions is evaluated using a blade element approach. The local 

induced velocities are iteratively updated until the momentum balance between the air stream and the blade 

forces is satisfied. Through this iterative process, the model predicts the distribution of aerodynamic loads, 

torque, and power coefficients across the turbine’s azimuthal positions. 

This section investigates the impact of VG installation on the variation of energy extracted by the VACT, 

which is assumed to harness hydrokinetic energy from ocean currents. Figure 16 illustrates the preparation 

activities for the field trial of the BRIN vertical-axis ocean current turbine prototype conducted in 2014. In 

this study, the turbine prototype corresponds to the BRIN marine current turbine previously tested in the 

Madura Strait, Indonesia. The turbine, equipped with NACA 0021 blades, has a diameter (d) of 3.6 m, a span 

(s) of 2.18 m, and a chord length (c) of 0.18 m. During field testing, the turbine operated under ocean current 

velocities (v) ranging from 0.6 to 1.10 m/s, with a cut-in speed of 0.6 m/s and a total power coefficient of 

37 %. Based on the field test conducted in the Madura Strait, Indonesia, the turbine generated 480 W of power 

at an ocean current velocity of 1.10 m/s [42]. 

 
Fig. 16  BRIN vertical-axis ocean current turbine prototype conducted in 2014 [43] 

The 2014 field test of the marine current turbine was conducted using blades without VGs. In this study, 

it is demonstrated that integrating VGs with the turbine blades improves the flow characteristics around the 
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blades, thereby increasing lift and reducing drag. The enhancement of lift contributes to stall delay and an 

increase in turbine torque, which ultimately leads to an improvement in the power performance of the vertical-

axis marine current turbine. Based on the predicted power enhancement, the addition of square-type VGs 

results in a 31.5 % increase in power output, yielding 631.2 W. Meanwhile, the installation of trapezoidal-

type VGs provides a 29.5 % power increase, resulting in a power output of 621.6 W. 

4. Conclusion 

The placement of rectangular VGs at 10 %c proved to be the most effective in generating strong 

streamwise vortices, which delay flow separation, increase the CL by up to 44.03 %, and reduce the CD by up 

to 28.58 %. Meanwhile, trapezoidal VGs positioned at 15 %c also enhanced performance, increasing the CL 

by 41.16 % and reducing the CD by 25.44 %. However, the performance improvement with trapezoidal VGs 

was not as significant as that achieved with rectangular VGs. Although trapezoidal VGs also provide 

significant performance improvements, their effectiveness is slightly lower compared to rectangular VGs. This 

difference is likely due to variations in the vortex strength produced and their interaction with the airflow over 

the hydrofoil surface. These findings confirm that both the shape and placement of VGs play a critical role in 

flow control and in improving the hydrodynamic efficiency of the hydrofoil. 

At low α = 0-10°, all configurations exhibit similar pressure distribution patterns. However, as the angle 

increases to moderate and high values (15-40°), notable differences emerge. The presence of VGs leads to 

increased pressure on the pressure side and decreased pressure on the suction side of the hydrofoil. This 

indicates that VGs effectively alter the flow by generating vortices that enhance energy within the boundary 

layer. These vortices help prevent or delay flow separation, a phenomenon typically responsible for the 

significant performance degradation of hydrofoils at high α (stall). 

The analysis of flow separation behavior on the NACA 0021 hydrofoil demonstrates that the 

incorporation of VGs effectively delays stall and improves overall aerodynamic performance. At α, the clean 

hydrofoil exhibits extensive flow separation, leading to early stall. In contrast, the presence of VGs—

particularly the square-type configuration placed at 10 % of the chord length—successfully maintains attached 

flow over a larger surface area by shifting the separation point further downstream. This delay in flow 

separation results in a higher CL and reduced CD, thereby enhancing the hydrodynamic efficiency of the 

turbine. 

In the hydrofoil without VGs, the boundary layer lacks sufficient energy to remain attached to the surface 

as the α increases, leading to early separation and a sharp drop in lift, commonly referred to as stall. 

Conversely, hydrofoils equipped with VGs can control boundary layer behavior by generating streamwise 

vortices. These vortices energize the boundary layer, enabling it to better withstand adverse pressure gradients. 

As a result, the flow remains attached over a larger portion of the hydrofoil surface, delaying the onset of 

separation. This delay enhances hydrodynamic performance, particularly at moderate to high α, by 

maintaining lift and reducing performance losses associated with stall. 
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