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The present work entails investigation of the unsteady aerodynamic 
characteristics of a wind turbine airfoil operating in four stall-induced vibration 
(SIV) regimes, including normal (SIV-1) and reverse (SIV-2) flow conditions. We 
conducted computational fluid dynamics simulations using OpenFOAM (OF) 
over the full angle-of-attack range (180° to +180°) and compared the results 
with those of semi-empirical dynamic stall models obtained using BLADED 
software, including the Øye, Beddoes–Leishman (BL), and IAG models. Numerical 
verifications confirmed that both conformal and non-conformal meshes could 
reproduce the key aerodynamic trends with limited sensitivity, except near 
the stall onset. In the SIV-1 regime, the OF simulations accurately captured 
hysteresis loops compared to wind tunnel data; the IAG model demonstrated 
superior performance among the engineering models, while the Øye and BL 
models significantly underestimated the hysteresis characteristics. In the SIV-
2 regime representing reverse flow conditions relevant to parked or idling 
wind turbines, pronounced asymmetries were observed between the positive 
and negative ranges owing to directional vortex evolution and geometric 
effects of the airfoil. The OF results revealed early separation, irregular vortex 
shedding, and wide hysteresis loops that could not be reproduced by the 
existing semi-empirical models without additional treatments. Flow-field analysis 
confirmed that the reverse flow aerodynamics is dominated by coherent 
and directionally dependent vortical structures, suggesting that conventional 
definitions of the stall onset are inadequate in the SIV-2 regime. We observed 
that setting the critical stall normal force to zero improved the prediction of 
dynamic stall for the IAG model, although the strong amplitudes of the unsteady 
loads remained underrepresented. Overall, our findings highlight the need for 
advanced modeling frameworks capable of capturing the asymmetric vortex-
driven phenomena in reverse flow regimes that are critical to standstill load 
assessments. 
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 1 Introduction

Wind energy has become one of the fastest-growing sources of renewable energy 
worldwide given the ongoing efforts to improve turbine efficiency and reliability over a 
wide range of operating conditions (Bangga, 2022; Kim et al., 2025). The aerodynamic 
performances of wind turbine blades are highly influenced by complex unsteady flow
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phenomena, particularly when subjected to transient inflows, yaw 
misalignments, or rapid changes in the angle of attack α. These 
considerations have become major challenges to the ever-increasing 
size of wind turbines over the last decade because the rotor blades 
have become longer than those of conventional turbines.

Various issues have emerged as the sizes of wind turbines 
have increased rapidly, and the most critical among such issues 
is the increased susceptibility to blade instability (Bangga, 
2025a; Bangga et al., 2023a). The standstill operation wherein 
the turbine is exposed to extreme wind speeds at large yaw 
misalignments is known to drive high ultimate loads and 
often causes strong instabilities, where the blade movements 
and vibrations can have significant impacts on the resulting 
loads (Bangga et al., 2023a). The angle of attack at the blade 
section also varies considerably under the combined effects 
of inflow turbulence, flow inclination, and yaw misalignment 
(Bangga et al., 2023a). It is also noted that variation in 
the angle of attack can be substantial even with small yaw 
misalignments (Wang et al., 2017).

Dynamic stall occurs when the instantaneous α value exceeds 
the static angle during a rapid pitching or cyclic motion, 
resulting in a time-lagged separation and reattachment process 
(Pereira et al., 2022). Dynamic stall may be triggered when the 
turbine operates at low tip-speed ratios (TSRs) (Salimipour and 
Yazdani, 2020). High-wind or gust events can alter the direction 
and magnitude of the inflow, and these disturbances can trigger 
large-scale separation on the absence of effective pitch or control 
mechanisms (Santhanam et al., 2023). Three-dimensional effects 
near the root and tip of the blade, including spanwise flow, 
rotational increase, and vortex formation, can also enhance 
the tendency for localized flow separation owing to complex 
pressure gradients and weakened aerodynamic loading. Dynamic 
stall is characterized by the formation of a large leading-edge 
vortex (LEV) (Binbin et al., 2023), which induces pronounced 
hysteresis in the lift and drag coefficients and occasionally 
causes negative pitching moments (Santhanam et al., 2023; 
Zhou et al., 2024; Zhu et al., 2021). The Beddoes–Leishman 
(BL) model and its variants are widely used to predict such 
behaviors because of their balance between physical realism 
and computational efficiency (Leishman and Beddoes, 1989). 
However, most of these models have been developed, validated, 
and applied almost exclusively for the normal flow regime, where 
the direction of entry and pressure distribution conform to the 
conventional aerodynamic orientation of the airfoil (Hansen, 2015; 
Huang et al., 2021). Recently, the IAG dynamic stall model 
(Bangga et al., 2020; Bangga et al., 2023c) was developed to 
address the deep stall characteristics of wind turbines. This model 
was validated against experimental data for various airfoils of 
different thicknesses (Bangga et al., 2023c). The IAG dynamic 
stall model has shown promising results for load predictions 
and associated aerodynamic damping effects (Bangga, 2025c; 
Bangga et al., 2023a; Bangga and Yu, 2024; Haowu et al., 2025; 
Mohamed et al., 2024; Zhang et al., 2024). Although the load 
analyses reported by Bangga (2025c), Bangga et al. (2023a), and 
Bangga and Yu (2024) included the design load case (DLC) 6.2 
(DNV, 2021; IEC, 2019) encompassing the entire polar regime 
of α = [–180°, +180°], there were no reported comparisons 
against higher order approaches, for which the verifications were 

carried out solely on the basis of engineering assessments for 
the issues of interest. In DLC 6.2, the wind turbine standard 
(DNV, 2021; IEC, 2019) dictates the use of an extreme wind 
model in which the wind speed is approximately 40 m/s. In 
this condition, the reverse flow regime is usually important. 
However, recent field-test data (Bangga, 2025b) show that long 
blades can be unstable within the reverse flow zone at wind 
speeds as low as 8 m/s. This highlights the importance of reverse 
flow consideration for ultra-large wind turbine designs (rated
power >  15 MW).

Despite the importance of dynamic stall under a reverse flow 
regime, where the local flow direction is reversed relative to 
the chord line over certain portions of the blade, the subject 
remains underexplored in wind energy research. This condition 
usually occurs under standstill operation in either parked or 
idling mode, where the wind flow is in a direction opposite 
to the normal operating orientation (also called the backwinded 
condition). This effect can strongly influence the stability and 
structural integrity of a large wind turbine. In these circumstances, 
the fluid flow is strongly influenced by adverse pressure gradients 
(Kong and Li, 2023), separation bubbles, and reverse vortex 
shedding patterns (Wang et al., 2020) that differ fundamentally from 
the normal flow dynamics. These flow characteristics alter the onset, 
progression, and recovery of dynamic stall, leading to deviations in 
the aerodynamic hysteresis loops and unsteady load amplitudes that 
conventional models may fail to predict accurately.

Based on the above considerations, the present study is 
specifically aimed at assessing the dynamic stall characteristics 
of a wind turbine airfoil under normal and reverse flow 
regimes. The study begins with the validation case, for which 
experimental data are available under both static and dynamic 
conditions. Then, the results from computational fluid dynamics 
(CFD) calculations are compared with state-of-the-art dynamic 
stall models such as the Øye (Øye, 1991), incompressible BL 
(DNV, 2025; Hartvig Hansen et al., 2004), and latest version 
of the IAG (Bangga et al., 2023c) models. Discussions are 
also presented on the strengths of the models and how their 
improvements may be applied to the development of future 
engineering models.

The remainder of this paper is organized as follows: Section 2 
provides the descriptions of the investigated wind turbine airfoil and 
its general parametric settings; the tools used in the study and their 
associated assumptions are also described. The results of the studies 
are documented and discussed in Section 3. Finally, all findings are 
summarized in Section 4. 

2 Methods

This section outlines the methodological aspects used in 
the aerodynamic analyses, including the modeling assumptions, 
computational setup, and evaluation procedures. The material 
here is divided into three parts, with Section 2.1 presenting 
the description of the test case and some fundamental 
definitions, Section 2.2 offering a brief overview of adopted CFD 
methods, and Section 2.3 describing the wind turbine design tool 
BLADED used for the engineering calculations. 
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FIGURE 1
Polar operating range and definitions of different potential aerodynamically induced blade vibration zones (image obtained from Bangga (2025a)).

2.1 Polar operating range and case 
description

Figure 1 presents the polar demarcation of a typical wind 
turbine airfoil based on the potential blade vibrations caused by 
aerodynamic effects (Bangga, 2025a). The stall-induced vibration 
(SIV) zone 1 (SIV-1) represents the potential blade vibrations due 
to unsteady aerodynamic characteristics of the airfoil in stall; this 
occurs at normal operating range, where the fluid generally flows 
from the leading edge toward the trailing edge. This regime is 
divided into positive and negative α ranges. In contrast, when 
the fluid flows from the trailing edge to the leading edge of 
the airfoil (reverse flow), the regime is indicated as SIV-2 zone 
2 (SIV-2); this regime is also divided into positive and negative 
α ranges. Meanwhile, when the flow is perpendicular to the 
chord line, stall plays a minor role while the 3D spanwise vortex 
characteristics become more prominent; this zone is indicated as the 
vortex-induced vibration (VIV) zone. Different zones have different 
modeling challenges that are important for accurately predicting 
wind turbine instability under standstill operation (Bangga, 2025a). 
The airfoil orientations at different SIV zones are illustrated in 
Figure 2 (Bangga, 2025a).

In the present work, we particularly focus on SIV-1 and SIV-2 
in both the positive and negative α ranges. Studies were carried out 
to assess the aerodynamic parameters such as lift (CL), drag (CD), 
and pitching moment about the quarter chord (CM) coefficients at 
different angles of attack encompassing the entire [–180°, +180°] 
range. This large range is needed when the wind turbine operates 
at harsh conditions in standstill, at which point the dynamic stall 
plays a major role (Bangga et al., 2023a). The dynamic motion of the 
airfoil follows a sinusoidal pattern. The airfoil is hinged at the quarter 
chord (c/4), and the pitching motion is applied with specific values of 
the mean angle of attack (α0),amplitude (Δα),and frequency ( f ).To 
describe the unsteadiness, it is common to normalize the pitching 

frequency as the reduced frequency given by Equation 1:

k =
π fc
U∞

, (1)

which depends on the chord length (c) and incoming wind speed 
(U∞).

The dynamic stall modeling includes pitching the airfoil in a 
sinusoidal motion in these four SIV zones. The same values of 
reduced frequency (k) = 0.0675 and amplitude ( ͞α) = 10.65° are 
applied to all the tests. The mean angle of attack (α0) is varied from 
18.55° (where experimental data are available) for the positive SIV-1 
range, −15° for the negative SIV-1 range, 160° for the positive SIV-2 
range, and −160° for the negative SIV-2 range. Table 1 summarizes 
the pitch oscillation settings at the four SIV zones.

The aim of this work is to use common wind turbine airfoils for 
which extensive measurement data are available. Herein, we selected 
the measurements for the S814 airfoil reported by researchers at the 
Ohio State University (Janiszewska et al., 1996). This airfoil has a 
relative thickness (δ/c) of 24%, which is quite common for wind 
turbine applications. The evaluations were performed on the airfoil 
with a Reynolds number of approximately 1.0 × 106 according to the 
available measurement data. The airfoil includes a leading-edge grit 
(turbulator) to model the “soiled” effects on a wind turbine blade 
unless stated otherwise, thereby avoiding the need for modeling 
laminar–turbulent transitions. 

2.2 OpenFOAM

The CFD simulations were performed using the OF code to 
solve the incompressible Reynolds-averaged Navier–Stokes (RANS) 
equations for a Newtonian fluid. The turbulence closure was based 
on a two-equation k–ω SST turbulence model (Menter et al., 2003) 
to capture the boundary layer and flow separation effects. Since the 
goal of this work is to provide an estimate of the practical CFD 
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FIGURE 2
Airfoil orientations at different SIV zones (image obtained from Bangga (2025a)).

TABLE 1 Test description and pitch settings for the different SIV zones.

SIV zone k α͞ α0

Positive SIV-1 range 0.0675 10.65 18.55°

Negative SIV-1 range 0.0675 10.65 −15°

Positive SIV-2 range 0.0675 10.65 160°

Negative SIV-2 range 0.0675 10.65 −160°

usage in the wind industry for airfoil polar generation, the two-
dimensional (2D) configuration was chosen. It is noted that this will 
effectively eliminate the three-dimensional (3D) effects caused by 
the spanwise flow generation (such as stall cells). The 2D CFD results 
will be less accurate than the 3D solutions; however, performing 
the full 3D simulations is too costly for generating a full [–180°, 
+180°] polar table for all airfoils comprising the blade. We note 
that a wind turbine blade is generally defined by 5–10 different 
airfoil shapes and is interpolated for sections between the airfoils. 
Therefore, adopting a 2D approach is a common practice when 
balancing the computational cost against project completion time 
and accuracy.

In the present work, two different mesh topologies are 
considered, namely, conformal and non-conformal meshes, as 
illustrated in Figure 3. For both mesh topologies, the first cell 
layer was set to satisfy the condition y+ ≈ 5. This is considered 
an acceptable choice because a wall function is used to model the 
viscous sublayer. At least 20 cell layers were applied in the normal 
direction from the airfoil wall. The airfoil wall itself is modeled with 
the no-slip boundary condition. The far-field of the domain was set 

FIGURE 3
Illustration of the two mesh topologies adopted in the OpenFOAM 
simulations. Top: conformal mesh configuration, bottom: 
non-conformal mesh configuration.

large enough for at least 50c in all directions from the pitch center 
of the airfoil to avoid any potential flow reflection effects. For the 
2D simulations, the entire domain was extruded in the spanwise 
direction for 1c and it contained one cell layer with symmetric 
boundary conditions on both sides.

For dynamic cases involving a pitching motion, the CFD 
solutions were obtained for at least three pitching cycles. Since 
these studies employ the unsteady RANS (URANS) solutions, we 
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TABLE 2 Default parameters adopted in different dynamic stall models in BLADED software.

Model A1 A2 b1 b2 Tp Tf Tv Tvl Impulsive Kirchhoff

Øye N/A N/A N/A N/A N/A 3.0 N/A N/A N/A N/A

BL 0.165 0.335 0.0455 0.3 1.7 3.0 6.0 7.5 OFF OFF

IAG 0.3 0.7 0.7 0.53 1.7 3.0 6.0 6.0 ON ON

observed that the solutions reached a periodic hysteresis loop after 
the second pitching motion and that no cycle-to-cycle variations 
could be identified. The data were extracted from the last cycle 
for further postprocessing and comparisons. Section 3.1 provides 
deeper insights into the verifications carried out for the spatial and 
temporal discretization effects in the present work. 

2.3 BLADED software

BLADED is an industry-standard wind turbine software 
program that has been used to design the majority of wind 
turbines installed to date. The code provides the aero-servo-
hydro-elastic solutions using either blade element momentum 
(BEM) theory or vortex wake theory coupled with hydrodynamics, 
structural, and control algorithms. The aerodynamic loadings 
were obtained using time-marching approaches for the local 
induced velocities at the blade stations. Efficient solutions for these 
complex non-linear problems are achieved using available fixed-step 
integrators. Several publications have documented the performance 
of BLADED and its accuracy (Anstock and Schorbach, 2020; 
Bangga et al., 2023c; Bangga et al., 2023b; Beardsell et al., 2018; 
Collier and Sanz, 2016; Schütt et al., 2020). The latest internal 
development version of BLADED (i.e., unreleased BLADED 4.19+ 
version) was used in the present study.

Three dynamic stall models included in BLADED were 
tested in this work, namely, the Øye (Øye, 1991), incompressible 
BL (DNV, 2025; Hartvig Hansen et al., 2004), and IAG 
(Bangga et al., 2023c) models. The BL model (DNV, 2025; 
Hartvig Hansen et al., 2004) has been widely adopted in wind 
turbine designs and can be considered a state-of-the-art model; 
although this model works sufficiently well for most conditions, 
its accuracy deteriorates under complex inflow conditions at deep 
stall. In this situation, the IAG model has been proven to perform 
better (Bangga, 2025c; Bangga et al., 2023a; Bangga et al., 2020; 
Bangga et al., 2023c; Bangga and Yu, 2024; Haowu et al., 2025; 
Mohamed et al., 2024; Zhang et al., 2024). In BLADED, the 
default constants and subsettings differ between these dynamic 
stall models, as shown in Table 2. The effects of these settings are 
highlighted in Bangga and Yu (2024).

3 Results and discussion

This section presents a comprehensive analysis of the 
numerical and aerodynamic characteristics obtained from the 
simulations. Section 3.1 shows verification of the accuracy of the 
numerical model, providing a reference point for subsequent 
evaluations. Section 3.2 explores the aerodynamic behaviors in 
various SIV ranges, including the steady-state characteristics and 

detailed responses under SIV-1 and SIV-2 in both positive and 
negative ranges. Section 3.3 provides an in-depth discussion of 
the flow-field asymmetry and vortex dynamics of SIV-2, while 
Section 3.4 and Section 3.5 extend the analysis through quantitative 
error metrics and parametric investigations of the reduced-
frequency and Reynolds-number effects to establish a unified 
physical interpretation of the reverse-flow dynamic stall as a 
vortex-dominated regime. 

3.1 Numerical verification

The static aerodynamic performance of the airfoil was verified 
using non-conformal (NC) and conformal (C) mesh configurations, 
as shown in Figure 4. The CL curve was evaluated over the entire 
range of α (−180° to +180°), encompassing both the normal and 
reverse flow regimes. Since experimental data are available only for 
the normal flow regime (−20° ≤ α ≤ +40°), this range was used for 
model verification, while the numerical results outside this range 
provide extended insights into the reverse flow behaviors.

For the NC mesh, simulations performed with 25,000 (25k), 
39,000 (39k), and 51,000 (51k) cells highlight that increasing mesh 
resolution improves agreement with experimental data. The meshes 
with 25k and 39k resolutions underestimate the peak of the CL
curve and smooth the stall onset, while the 51k resolution accurately 
captures the stall behaviors and post-stall decay. Although small 
deviations were observed near the stall region, the overall lift polar 
trend agreed relatively well with the experimental data. Beyond 
the experimental range, the NC results maintained a physically 
consistent CL curve, confirming the numerical stability under a 
reverse flow regime.

The C mesh was tested with 18k, 25k, and 36k cells and achieved 
comparable accuracy with fewer cells. Within the experimental 
range, CL prediction deviated by less than 5% from the experimental 
data, capturing the stall and reattachment behaviors smoothly. 
Beyond the validated range, the C mesh produced consistent CL
variations over the full polar range, demonstrating reliable behavior 
under the reverse flow regime, for which experimental data are 
unavailable.

Overall, both mesh types reproduced the key aerodynamic 
features of the airfoil. For subsequent unsteady simulations, the NC 
mesh with 51k cells and C mesh with 36k cells were selected to 
ensure sufficient accuracy and consistency.

A time-step sensitivity study was conducted to examine the 
influence of temporal resolution on unsteady CL for both the NC 
and C meshes, as shown in Figure 5. The simulations were performed 
at different time steps to identify a suitable temporal resolution for 
accurate and stable predictions for the oscillating airfoil case. The 
resolutions were used T = [500; 750; 1,000; 1,500; 3,000], which 
corresponded to the number of temporal steps per airfoil oscillation 
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FIGURE 4
Effects of mesh resolution on the static lift coefficient (CL) compared with experimental data. Left: conformal mesh configuration; right: 
non-conformal mesh configuration.

FIGURE 5
Variation of the lift coefficient (CL) over one oscillation cycle for different time-step sizes using conformal (left) and non-conformal (right) mesh 
configurations.

period. This implies that the coarsest time step is applied for the case 
with T = 500 and the finest time step is applied for T = ,3000.

For the C mesh, the coarse time steps (T = 500 and T = 
750) exhibited significant phase lag, amplified oscillation, and 
overestimated lift peaks, indicating inadequate resolution to capture 
the rapid vortex dynamics of the dynamic stall process. As the time 
step decreased, the results changed and strong peaks were smeared 
out. The NC mesh displayed faster convergence and lower sensitivity 
to time-step size; at T = 1,000, the CL trend was already close to 
the finer cases and remained stable from T = 1,500 onward. To 
ensure temporal independence and accurate capture of the dynamic 
stall phenomena, T = 3,000 was selected for both meshes for all 
subsequent unsteady analyses. 

3.2 Analyses at various SIV ranges

To provide a comprehensive understanding of the unsteady 
aerodynamic responses of the airfoil, the analysis was extended 
across different SIV ranges. This section examines how 

the flow behaviors, force coefficients, and vortex dynamics 
evolve under varying levels of imposed unsteady motions. 
The results are then analyzed by separating the observations 
into steady characteristics and four distinct SIV ranges 
for clearer interpretation of the trends, non-linearities, and 
hysteresis effects. 

3.2.1 Steady characteristics

Figure 6 presents detailed comparisons of the static CL, CD, and 
CM  curves between the experimental data and OF simulations for 
the normal flow regime (−20° ≤ α ≤ +40°). The overall agreement 
demonstrates that the numerical model can accurately reproduce the 
steady aerodynamic behaviors of the airfoil across the pre-stall, stall 
onset, and post-stall regions.

The gray shaded regions in the plots represent the ranges 
of values obtained for different mesh configurations, illustrating 
the sensitivity of the computed coefficients to mesh density and 
topology. The dispersion within these zones is relatively small, 
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FIGURE 6
Comparison of the steady characteristics of the airfoil between CFD and measured data. The CFD data are obtained from two different mesh types, 
where the results are averaged and the degree of uncertainty is indicated by the gray shaded region.

confirming good grid convergence and numerical consistency 
across the tested meshes. Slight variations are noted around 
the stall region, where the flow field becomes highly sensitive 
to resolution owing to complex leading-edge separation and 
recirculation effects. Nonetheless, the simulated results for 
all mesh types remain within the gray bands, which closely 
envelope the experimental data and demonstrate that the 
selected grid resolutions are sufficient for accurate steady-state
predictions.

The CL predicted by the OF model increases almost linearly 
with α up to approximately 10°, consistent with the experimental 
trend. Beyond this point, the CL begins to saturate as flow separation 
develops near the leading edge. The OF results show a slight 
overestimation of the lift peak compared to the experimental 
data, which can be attributed to the steady-state nature of the 
simulations and the limited ability of the turbulence model to 
capture transient vortex dynamics as well as laminar–turbulent 
transitions (Syawitri et al., 2021). The model successfully captures 
the lift slope in the linear region and reproduces the gradual 
decline in CL beyond stall, confirming that the simulation accurately 
reflects the aerodynamic characteristics of the airfoil under static
conditions.

The CD follows the expected parabolic shape with increasing 
α. The OF results align closely with the experimental data up to 
moderate α, where the flow remains largely attached. We note 
that the experimental data contain only pressure drag information 
without any skin friction contributions. Therefore, the experimental 
CD in the attached flow regime has a slightly lower value than 
the CFD prediction. At higher α, a slight underestimation of CD
is observed, likely due to the limitations of the turbulence model 
in resolving large-scale separation and wake structures. Despite 
these differences, the general curvature and slope of the CD-α 
relationship are well captured, indicating that the viscous and form 
drag contributions are represented accurately.

The CM  value shows a steady reduction with increasing α, 
implying that the aerodynamic center remains relatively stable 
throughout the range considered. Both the experimental and OF 
results exhibit consistent negative slopes, confirming that the 
airfoil maintains a nose-down pitching tendency typical of a 
conventional wind-turbine profile. The simulation shows a more 
positive magnitude of CM  at high α, which may stem from 
the simplified steady-state treatment of unsteady separation near 
the stall and also indicate a potential blockage effect during the 
measurement campaign. 
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FIGURE 7
Comparison of the unsteady characteristics of the airfoil in the positive SIV-1 range for the CFD, engineering model, and measured data. The input for 
the engineering model is the average steady-state CFD polar data. The CFD data are obtained from two different mesh types, where the results are 
averaged and the degree of uncertainty is shown by the gray shaded region.

3.2.2 Positive SIV-1 range

Figure 7 presents comparisons of the dynamic CL, CD, and 
CM  values between the measurements, OF simulations, and three 
engineering model calculations in BLADED. In these results, 
BLADED uses the average steady-state CFD polar data as the input. 
Overall, the CFD simulations demonstrate good agreement with the 
experimental trends, while the semi-empirical models capture the 
general hysteresis patterns with varying levels of accuracy.

The gray shaded zones in Figure 7 represent the dispersion of 
the OF results obtained using different mesh configurations. This 
variation is most notable around the stall onset region, reflecting 
the sensitivity of the unsteady flow separation and vortex shedding 
behavior to mesh resolution. However, the dispersion remains 
limited, showing that the mesh influence on the overall aerodynamic 
trend is minor and that the numerical setup achieves relatively 
consistent results.

The lift polar plot illustrates the hysteresis loop characteristics 
of the dynamic stall, where the airfoil experiences delayed flow 
separation during the upstroke motion and a sharp decrease in 
lift during the downstroke motion. The OF results reproduce the 

amplitude and phase of this loop reasonably well, aligning closely 
with the experimental data for most of the cycle. It can be observed 
that the Øye and BL models tend to massively underpredict the 
lift overshoot and hysteresis width. The IAG model shows better 
agreement with the experimental data compared to the other 
engineering models but slightly overpredicts the CL peak, while 
the downstroke phase shows a higher lift than the CFD and 
experimental data.

The drag behavior also exhibits hysteresis, with a gradual 
increase during the upstroke and delayed recovery during the 
downstroke. The OF simulations closely follow the experimental 
trends for most of the α range, although a slight underprediction 
occurs near the maximum stall, where separated flow dominates. 
Among the dynamic stall models, the IAG model shows the closest 
match to the experimental drag hysteresis, whereas the Øye and BL 
models predict smoother, less dissipative loops.

For CM , all datasets display the typical nose-down moment 
behavior associated with dynamic stall. The OF simulations capture 
the phase lag and magnitude variations effectively, matching the 
experimental data during the upstroke phase, while the OF values 
are more positive than the measurement data during the downstroke 
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FIGURE 8
Comparison of the unsteady characteristics of the airfoil in the positive SIV-1 range for the CFD, engineering model, and measured data. The input to 
the engineering model is the measured steady-state polar data of the wind tunnel. The CFD data are obtained from two different mesh types, where 
the results are averaged and the degree of uncertainty is shown by the gray shaded region.

phase in the post-stall regime. The IAG model shows a slightly 
stronger moment recovery than the CFD prediction. In contrast, the 
Øye and BL models massively underestimate the hysteresis levels.

It is noted that the inputs to the engineering models in 
Figure 7 are the average steady-state CFD polar data. However, it 
is observed from Figure 6 that the static CFD predictions have 
slight inaccuracies in the post-stall regime. To assess the impacts on 
the resulting engineering model predictions, additional calculations 
were performed in BLADED using steady-state experimental data. 
Figure 8 clearly shows that the hysteresis curves change depending 
on the input data. Both the upstroke and downstroke magnitudes of 
the dynamic lift decrease compared to the predictions in Figure 7, 
effectively shifting the lift hysteresis to a lower mean CL level. It 
is also noted that the CD and CM  predictions are improved when 
employing the measurement data directly. The downstroke the CD
and the CM  levels in post-stall from the IAG model are better 
matched with the measurement data than the CFD predictions. 
This highlights the importance of providing good-quality input 
data to the engineering model predictions. Nevertheless, in all the 
predictions, the IAG model shows superior performance compared 
to the other dynamic stall models. 

3.2.3 Negative SIV-1 range

Figure 9 presents the dynamic behaviors of CL, CD, and CM
as functions of α during a dynamic pitching cycle in the negative 
α range. This condition corresponds to the airfoil in the negative 
stall range, which is highly relevant for a standstill wind turbine in 
yaw misalignment. Understanding the aerodynamic characteristics 
in this regime is crucial for predicting blade loads and ensuring 
operational reliability.

Similar to the positive range evaluations in Section 3.2.2, the 
gray shaded zones in the CFD results indicate areas where dispersion 
occurs among the different mesh configurations. This variability 
is most prominent near the onset and reattachment of stall, 
where the flow transitions between the attached and separated 
states and is sensitive to the grid resolution. However, the overall 
aerodynamic trends remain consistent across the meshes, suggesting 
that the numerical solutions are stable and mesh-independent 
within acceptable limits.

The OF simulation results show distinct hysteresis loops 
across all aerodynamic coefficients, reflecting the unsteady 
dynamics of a negative dynamic stall. The lift coefficient 
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FIGURE 9
Comparison of the unsteady characteristics of the airfoil in the negative SIV-1 range between CFD and engineering model. The input to the 
engineering model is the average steady-state CFD polar data. The CFD data are obtained from two different mesh types, where the results are 
averaged and the degree of uncertainty is shown by the gray shaded region.

decreases as the angle of attack becomes more negative and 
recovers with a notable lag during the return phase, indicating a 
delayed flow reattachment. CD increases during the stall phase, 
corresponding to greater flow separation and increased pressure 
drag on the airfoil pressure side (opposite to the positive stall 
behavior, see Figure 2). Meanwhile, the pitching moment exhibits 
cyclic variation associated with oscillatory aerodynamic loading 
caused by vortex shedding and pressure redistribution along 
the airfoil. These patterns collectively demonstrate the time-
dependent response of the airfoil in negative dynamic stall, 
highlighting the influence of unsteady separation and reattachment 
on aerodynamic loading.

The CFD results were also compared with the three semi-
empirical dynamic stall model predictions in BLADED; the Øye, 
BL, and IAG models are widely used for wind turbine simulations 
owing to their computational efficiencies in capturing the unsteady 
aerodynamic effects. The OF results produce similar hysteresis 
trends to these models, although some differences in amplitude 
and phase lag are evident. These discrepancies could arise from the 
simplified treatment of flow separation and vortex evolution in the 
semi-empirical formulations compared to the fully resolved flow 

field in the CFD simulations as well as due to the choice of the steady-
state input data. To assess this, additional simulations were carried 
out in BLADED using the measured steady-state wind tunnel polar 
data as inputs, whose results are shown in Figure 10. It is observed 
that the BLADED predictions improve considerably for the IAG 
model, while the other models fail to predict the hysteresis level. 
The prediction for the stall onset angle is noted to have improved 
significantly.

The improved prediction for the IAG model comes from the 
fact that the steady-state CFD prediction shows inaccurate results 
for the onset of static negative stall (Figure 6), which delays the 
stall from approximately −2° to −5°. This changes the magnitude 
of the stall normal force ((CStall

N )). The formulation of the vortex 
state module in the IAG model depends on the magnitude of CStall

N
(Bangga et al., 2023c), where

ĊVn
=

dCN

dα
α̇en

(1 − 1
4

1 + √x4 (t)
2
) − 1

4
CC

Nn
1 + √x4 (t)

ẋ4 (t)

√x4 (t)
. (2)

Equation 2 is only applied when there is an active dynamic vortex 
state, and ĊVn

= 0 otherwise. The vortex state itself is defined when 
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FIGURE 10
Comparison of the unsteady characteristics of the airfoil in the negative SIV-1 range between CFD and engineering model. The input to the 
engineering model is the measured steady-state polar data of the wind tunnel.

the pressure lag phase is greater/smaller than the critical normal 
force at stall (Bangga et al., 2023c), as shown in Equation 3:

CCRIT
N =

{
{
{

CMAX
N ; if Positive Stall

CMIN
N ; if Negative Stall

. (3)

In addition to affecting the magnitude of the vortex effects, the 
value of CStall

N  influences the start time of the vortex traveling 
effects and accumulated vortex time (Bangga et al., 2023c), 
as shown in Equation 4:

τvn
=

{{
{{
{

τvn−1
+ 0.45 Δt

c
V; if Vortex state

τvn−1
exp(− Δt

c
V); otherwise

. (4)

Here, the variable τvn
 is limited by the vortex travel time constant 

(Tvl = 6.0 for the IAG model used), and the vortex effect is turned off 
when τvn

. From Figure 6, it is observed that the experimental data 
have earlier steady-state stall behaviors, which means that the vortex 
time accumulation starts earlier. This implies that τvn

 reaches Tvl
value earlier when using the steady-state measurement data; hence, 
the dynamic stall onset also occurs earlier and matches better with 

the dynamic prediction from OF. Similar to the case of the positive 
SIV-1 range, this highlights that the IAG model has good prediction 
accuracy when reliable input data are used. 

3.2.4 Positive SIV-2 range

Figure 11 presents the aerodynamic hysteresis characteristics of 
CL, CD, and CM  for α between approximately 148° and 172°. This 
interval corresponds to a reverse flow regime in which the incoming 
flow approaches the airfoil from the trailing edge toward the leading 
edge. This regime is typically related to standstill conditions under 
parking or idling. Under these circumstances, sections of the rotor 
may experience substantial flow separation, generating unsteady 
forces that contribute to fatigue loading and potential dynamic 
instabilities.

Similar to the SIV-1 evaluations, the gray shaded regions 
indicate dispersion among the different mesh configurations, with 
the greatest variability occurring in zones where the aerodynamic 
coefficients undergo rapid temporal changes. This reflects the 
intrinsic sensitivity of the reversed flow vortex dynamics to 
spatial resolution, even as the consistent qualitative trends across 
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FIGURE 11
Comparison of the unsteady characteristics of the airfoil in the positive SIV-2 range between CFD and engineering model. The input to the engineering 
model is the average steady-state CFD polar data.

meshes confirm that the dominant unsteady flow mechanisms are 
captured robustly.

For the examined range of α shown in Figure 11, the 
OF simulation results show pronounced hysteresis loops in 
all aerodynamic coefficients, indicating the highly unsteady 
aerodynamic effects associated with reverse flow conditions. 
CL remains predominantly negative and exhibits oscillatory 
fluctuations associated with transient vortex formation and 
shedding on the suction side (Figure 2). This behavior aligns with 
the fundamental mechanisms that drive SIVs, which primarily 
emerge from the unsteady aerodynamic responses of the airfoil 
during extensive flow separation. The sustained modulation of CL
underscores the pronounced sensitivity of the separated reverse 
flow boundary layer to increased variation in α—a behavior typical 
of horizontal axis wind turbine blades experiencing broad regions 
of flow reversal during non-operational conditions. Similarly, 
CD remains high at low α and decreases after stall onset at 
approximately 159° but has irregular variations reflecting the 
influences of the reverse flow vortex structures. The CM  curve 
also displays a wide hysteresis loop, indicating rapid changes 
in pressure distribution associated with the separated flow
vortices.

In contrast, the semi-empirical dynamic stall models in 
BLADED offer smoother predictions. For CL, the engineering 
models capture only a portion of the magnitude and variability 
of negative lift associated with vortex formation on the reversed 
surface. Similarly, simplified models do not reproduce the irregular 
behaviors in CD or the wide hysteresis in CM  induced by large-
scale separated flow structures. This is attributable to the nature of 
the semi-empirical models based on the first-order principle, where 
the higher order harmonic terms are ignored. The second-order 
version of the IAG model (Bangga et al., 2020) may provide a better 
representation of this effect, but the practical physical relevance of 
the higher order harmonic terms for wind turbine operations and 
stability predictions require further investigations.

Among the dynamic stall models tested herein, the IAG model 
shows the closest match with the OF results in terms of the 
hysteresis magnitude and stall onset prediction. Meanwhile, the 
BL and Øye models fail to recreate the hysteresis loops. This is 
consistent with the prediction results for the normal flow regime 
(SIV-1) given in Section 3.2.2 and Section 3.2.3. In addition, the 
previous analysis for SIV-1 demonstrates that the choice of the 
input polar data matters. When using wind tunnel data, the 
prediction of the IAG model improves significantly owing to the 
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FIGURE 12
Comparison of the unsteady characteristics of the airfoil in the negative SIV-2 range between CFD and engineering model. The input to the 
engineering model is the average steady-state CFD polar data.

more accurate value of Cstall
N . Unfortunately, there is no steady-

state experimental data available in this regime. However, from the 
analyses in Section 3.2.2 and Section 3.2.3, the dynamic stall onset 
angle will likely decrease when using the wind tunnel data (note 
that steady-state CFD data tend to overestimate the stall angle). It 
is expected that this will provide a better match with the dynamic 
predictions in OF. 

3.2.5 Negative SIV-2 range

The aerodynamic behaviors in the negative regime of α (−172°
to −148°) shown in Figure 12 display clear hysteresis loops in all the 
aerodynamic coefficients, consistent with the corresponding positive 
regime of α (+148° to +170°) shown in Figure 11. Although both 
regimes exhibit flow reversal, the directionality of the incoming flow 
relative to airfoil orientation causes notable asymmetries in their 
unsteady responses. In the positive α regime, the lift coefficient 
shows strongly negative values with marked oscillatory variations 
driven by large-scale vortex formation on the reversed suction 
surfaces. The negative α regime similarly demonstrates unsteady 
vortex shedding with differing oscillation amplitudes and loop 
shapes, where the hysteresis loop in the negative α regime appears 

slightly narrower and more elongated. This asymmetry suggests 
differences in the timing, coherence, and stability of the separated 
shear layer between the two directions of reversed flow.

Although both intervals show general decreases in CD as α 
approaches 170°, the positive α regime exhibits more pronounced 
fluctuations linked to irregular reconfiguration of the separated 
vortex system. In contrast, the negative α regime exhibits smoother 
CD distribution, indicating that geometric asymmetries, such as 
airfoil camber and thickness distribution, continue to influence 
reverse flow dynamics even at extreme α values. The CM  curve 
shows a wide hysteresis in both regimes, where the positive α 
regime results entail deeper oscillation amplitudes and stronger 
oscillations, while the negative α regime loop is more compact but 
still characterized by pressure-redistribution events associated with 
large vortical structures.

These aerodynamic asymmetries are further reflected in the 
behaviors shown in the gray shaded regions, which represent the 
mesh-dependent dispersion. In the positive regime, the shaded areas 
are larger and more irregular, particularly for CL and CD, indicating 
increased sensitivity of the flow field to spatial resolution. This 
increased dispersion aligns with the stronger unsteady fluctuations 
present in the positive regime. In contrast, the gray zones of the 
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FIGURE 13
Vortex flow development (visualized using vorticity in the z direction) at two extreme pitching angles within the positive and negative SIV-2 ranges: (a)
positive SIV-2 range pre-stall; (b) positive SIV-2 range post-stall; (c) negative SIV-2 range pre-stall; (d) negative SIV-2 range post-stall.

FIGURE 14
Steady characteristics of the airfoil from CFD for the positive (left) and negative (right) SIV-2 ranges.

negative α regime are narrower and more coherent, implying that 
although the flow is fully separated and unsteady, its vortex dynamics 
is somewhat more repeatable and less sensitive to grid-induced 
variation. Such differences in dispersion further demonstrate the 
intrinsic asymmetry of reverse flow aerodynamics. Positive α tends 
to produce larger and less-coherent vortical structures, whereas 
negative α yields more consistent yet highly unsteady separated-
shear-layer responses.

Comparing with the semi-empirical dynamic stall models in 
BLADED, both positive and negative regimes show that the models 
consistently produce smoother quasi-steady predictions that do not 

capture the complex unsteady features resolved by OF. However, the 
discrepancies are more prominent in the positive α regime, where 
the vortex activity, hysteresis width, and aerodynamic fluctuations 
are stronger. This confirms that the positive reverse flow regime 
is particularly challenging for low-order models that lack the 
physical mechanisms needed to represent shear-layer instability 
and vortex-driven force modulation. Similar to the analysis in 
Section 3.2.4, this can be caused by not only the lack of higher 
order harmonic terms and choice of input data but also the vortex 
asymmetry effects. Further investigations of this phenomenon are 
discussed in Section 3.3. 

Frontiers in Energy Research 14 frontiersin.org

https://doi.org/10.3389/fenrg.2026.1761590
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Bangga et al. 10.3389/fenrg.2026.1761590

FIGURE 15
Comparison of the unsteady characteristics of the airfoil in the positive (left) and negative (right) SIV-2 ranges between CFD and engineering models. In 
these results, Cstall

N = 0 is assumed.

TABLE 3 L2-norm of error for lift based on different dynamic stall models.

Model SIV-1 positive SIV-1 negative SIV-2 positive SIV-2 negative

Øye 0.2656 0.2057 0.1956 0.2022

BL 0.2594 0.2414 0.1809 0.1999

IAG 0.1242 0.1244 0.1354 0.1363
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FIGURE 16
Absolute lift differences between the engineering model predictions and CFD data.

3.3 Flow-field asymmetry in SIV-2

Figure 13 displays the vortex flow characteristics in SIV-2 for 
both positive and negative α ranges, where the vorticity is clearly 
visualized. To enable a more effective discussion and clear link 
between the dynamic effects and static conditions, the static polar 
plots from the CFD data are presented in Figure 14.

For the positive SIV-2 range, a strong vorticity magnitude is 
observed near the trailing edge in Figure 13a. Although intense, the 
vortex is quite thinly spread along the airfoil chord. A similar effect 
is observed for the normal airfoil range (not shown in this work). 
This occurs at α ≈ 170.65° at the point where static stall occurs (see 
Figure 14). This vortex then develops and breaks down after stall 
onset (see Figure 13b).

In contrast to the positive SIV-2 range, the negative SIV-2 range 
shows an intense vortex flow near the trailing edge at α ≈ –170.65°
in Figure 13c, which is stronger than that observed in Figure 13a. 
However, α ≈ –170.65° is still in the linear polar regime, as shown 
in Figure 14. This shows that the strength of the vortex is not 
symmetric for a non-symmetrical airfoil in reverse flow (SIV-2 
regime). Nevertheless, in both cases, it appears that the entire static 
polar region has a lower gradient than the inviscid counterpart and 

that flow separation has already started at the zero lift regime. In 
this sense, it may be reasonable to actually set Cstall

N  to zero in the 
SIV-2 regimes when working with engineering models so that the 
vortex module can start earlier. Figure 15 presents the engineering 
model calculations with Cstall

N = 0 for both the positive and negative 
ranges. Although there is little impact in the positive SIV-2 range 
(compared with Figure 11), when using the IAG model, the stall 
onset angle prediction is greatly improved for the negative range 
of SIV-2 (compared with Figure 12). However, the magnitude of 
the hysteresis peak remains underestimated. This confirms that the 
vortex effects start earlier for the negative SIV-2 range and that 
adjustment of the dynamic stall module could be beneficial. It is 
noted that simply setting Cstall

N = 0 might not be an ideal solution 
for all airfoil types because the vortex effects may not be as strong 
for symmetrical airfoils or less-curved trailing-edge shapes as for the 
S814 airfoil. 

3.4 L2-norm of error analysis

In this section, the differences between the results of the 
engineering models and CFD are quantified through the L2-norm of 
error according to Holierhoek et al. (2013). The general formulation 
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FIGURE 17
Polar hysteresis of the lift for the positive (left) and negative (right) SIV-2 ranges excited at different reduced frequencies of k = 0.03375 (top), 0.0675 
(middle), and 0.135 (bottom).

for the lift (CL) error reads is given by Equation 5:

LErr
2 = √ 1

N

N

∑
n=1

(CModel
L,n − CCFD

L,n )2, (5)

where n represents the current sample and N is the total number 
of samples.

The error results for the dynamic stall models considered in 
this work are given in Table 3. It is clear that the IAG model 
produces significantly lower error than the other engineering model 
predictions. Figure 16 further shows the absolute lift differences 
between the engineering model results and CFD data over the 
dynamic stall cycle; here, the IAG model shows improved prediction 
in regions where the errors peak in the other models. 
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FIGURE 18
Polar hysteresis of the lift for the positive (left) and negative (right) SIV-2 ranges excited at different Reynolds numbers of Re = 1 × 106 and 2 × 
106 (bottom).

3.5 Effects of reduced frequency and 
Reynolds number

Next, we evaluated the impacts of reduced frequency and 
Reynolds number on the behaviors in SIV-2. Figure 17 presents 
the calculation results at three different reduced frequency values, 
namely, k = 0.03375, 0.0675, and 0.135. The calculations were 
performed at the same Reynolds number magnitude (1 1 × 
106), and the results from the positive and negative ranges were 
investigated. It is observed that the reduced frequency alters 
the hysteresis loops significantly for all SIV-2 ranges. A higher 
value of the reduced frequency tends to create a fuller loop 
with stronger hysteresis effects. The onset of maximum lift (or 
minimum lift for the positive SIV-2 range) is also delayed with 
increasing value of the reduced frequency. This tendency is in 
agreement with the general trends for the commonly observed 
SIV-1 zones. We note that only the IAG model is able to 
follow these prediction trends in the SIV-2 zones, although the 
hysteresis loops are still clearly underestimated by the IAG model. 
Thus, treatments of the separation and vortex modules may be 
adjusted in the IAG model for future improvements to the SIV-2 
predictions.

Figure 18 shows the effects of the Reynolds number for a given 
magnitude of reduced frequency. It is observed that doubling the 
Reynolds number does not significantly alter the hysteresis loops. 
This is in contrast to the effect of reduced frequency, which greatly 
influences the curve. The effects of the Reynolds number appear 
to be weaker than those of the reduced frequency. Furthermore, 
we reconfirm that the IAG model can recreate the hysteresis loop, 
although the magnitude remains underestimated. From Figure 18, 
it is interesting to note that the lift peak decreases slightly when 
the Reynolds number increases. This behavior for SIV-2 might be 
dependent on the airfoil and should be explored in future studies.

4 Conclusions and remarks

In this study, we examined the dynamic stall characteristics of 
a wind turbine airfoil across four SIV regimes, namely, positive 
and negative SIV-1 and SIV-2 zones, covering both normal and 
reverse flow conditions relevant to standstill operations. The 
numerical verifications of the CFD simulations demonstrated 
that although local deviations occurred near stall onset and 
reattachment, the aerodynamic trends remained stable across mesh 
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resolutions for both conformal and non-conformal topologies. The 
OF simulations consistently captured the key unsteady aerodynamic 
features, including hysteresis loops, delayed stall onset, large-scale 
vortex formation, and pronounced phase lag. Furthermore, these 
simulations revealed strong asymmetries between the positive and 
negative ranges, particularly within the deep reverse flow (SIV-
2) regime. These asymmetries underscore the influence of airfoil 
geometry on separated flow structures when the inflow is reversed 
relative to the chord line.

We also noted that the entire static polar region had a lower 
gradient than its inviscid counterpart as well as early onset of 
flow separation in the SIV-2 regime. These indicate that the airfoil 
effectively behaves as if it is stalled across nearly the entire operating 
range in the SIV-2 regime. Consequently, the findings suggest 
that engineering models may require a fundamentally different 
treatment in SIV-2, such as setting Cstall

N = 0 to trigger the vortex 
module earlier. This adjustment improves the predicted stall onset 
(particularly in the negative SIV-2 range), although the semi-
empirical models still significantly underestimate the magnitudes of 
vortex-induced load fluctuations. These observations underscore the 
need for refined physical modeling capable of representing coherent 
and directionally dependent vortex structures that dominate reverse 
flow aerodynamics. Such adjustments would likely depend on the 
airfoil trailing-edge geometry, for which further studies are strongly 
suggested.

Comparison of the semi-empirical model further showed that 
the IAG model exhibited the closest agreement with OF and 
available experimental data, particularly when experimental steady-
state polar data were provided. Meanwhile, the Øye and BL models 
produced over-smoothed hysteresis loops and were unable to 
reproduce essential vortex-driven features, especially in reverse 
flow. These results emphasize that improved physical descriptions 
and reliable input data are critical for predicting stall-induced 
loads under extreme inflow conditions during parked or idling 
turbine scenarios, where dynamic stall strongly influences the 
edgewise stability and ultimate loads. The order of quality for the 
input data can be ranked as follows: experimental polar input > 
3D LES/DES polar input > 2D CFD results > extrapolated data. 
Polar extrapolation is currently the most commonly used approach 
within SIV-2 for wind-turbine designs to date. The present work 
demonstrates the complexity of SIV-2 prediction, where the quality 
of the input data within the SIV-2 zone is crucial. In general, the 
combined static, unsteady, and flow-field assessments demonstrate 
that reverse flow dynamic stall remains one of the least understood 
aerodynamic regimes in wind-turbine aerodynamics and that 
significant advancements are needed to improve the prediction tools 
at both computational and engineering levels.

The present study focused on investigating SIV-2 behaviors for 
the S814 airfoil. The airfoil camber and trailing-edge geometry 
specifically influence the observed asymmetry between the positive 
and negative SIV-2 regimes. The asymmetry would likely break 
down for a symmetric airfoil. Further studies will, therefore, 
be required to obtain a complete understanding of the SIV-
2 phenomena and how engineering models should be tailored 
to predict their effects. Specifically, future works should explore 
alternative physical markers for stall evolution in reverse flow, 
including the formulation of distinct time-delay and flow-memory 
representations for normal and reverse flow conditions, to enable 

more physically consistent identification of separation and vortex-
dominated dynamics in the SIV-2 regime.
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