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ABSTRACT
The airfoil DU91- W2- 150 was investigated in the Low Speed Low Turbulence Tunnel at the Delft University of Technology to 
study unsteady aerodynamics. This experimental study tested the airfoil under a wide range of angles of attack (AoA) from 0° 
to 310° at three Reynolds numbers (Re) from 2 × 105 to 8 × 105. Pressure on the airfoil surface was measured and particle image 
velocimetry (PIV) measurements were conducted to capture the flow field in the wake. By examining the force coefficient and 
comparing the wake contours, it shows that an upwind concave surface provides a higher load compared to a convex surface up-
wind case, highlighting the critical role of surface shape in aerodynamics. When comparing separation at specific locations along 
the chord for all three Re values, it is observed that as Re increases, separation tends to occur at lower AoA, both for positive stall 
and negative stall. The examination of the aerodynamic force variation indicates that, during reverse flow, fluctuations are more 
pronounced compared to forward flow. This is owing to separation occurring at the aerodynamic leading edge (geometric trail-
ing edge) in reverse flow. In terms of vortex shedding frequency, the study found a nearly constant normalized Strouhal number 
(St) of 0.16 across various Re and AoA values in fully separated regions, indicating a consistent pattern under these conditions. 
However, a slight increase in St, between 0.16 and 0.20, was observed for AoA values exceeding 180°, possibly due to the convex 
curvature of the airfoil in the upwind direction. In conclusion, this research not only corroborates previous findings for small 
AoA values but also adds new data on the aerodynamic behavior of the DU91- W2- 150 airfoil under large AoA values, offering 
various perspectives on the effects of surface curvature, Re, and flow conditions on key aerodynamic parameters.

1   |   Introduction

The field of wind turbine aerodynamics, which deals with the 
interaction between wind and wind turbine blades and tower, 
is constantly attracting much focus. Notably, the aerodynam-
ics governing the behavior of an airfoil on a wind turbine 
blade assumes critical significance, given its direct influence 
on the airfoil's force dynamics and, consequently, the overall 
power generation. Nevertheless, the complexities inherent to 
the unsteady aerodynamics of airfoils, attributed to the flow 
characteristics and airfoil geometry, pose significant challenges 

when it comes to experimental investigations or numerical 
simulations [1].

As an airfoil pitches up to a certain angle of attack (AoA), sepa-
ration can occur at the suction side of the airfoil surface. This is 
due to the increase in the adverse pressure gradient; the larger 
the adverse pressure gradient, the earlier the flow separation 
occurs. The separation can be characterized as open or closed. 
Closed separations are usually referred to as separation bubbles 
[2], where the flow first detaches from and then reattaches onto 
the surface of an airfoil. A laminar separation bubble (LSB) can 
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be identified by the plateauing of the surface pressure, starting 
from the separation point and ending before the transition to 
turbulence flow [3]. Conversely, open separation occurs when 
the separated boundary layer interacts and mixes with free 
shear layers, usually shown as “dead air” in the wake of an air-
foil, with the pressure equivalent to that of a free stream [2].

Surface pressure measurements in wind tunnels are often em-
ployed to characterize the instantaneous pressure distributions 
over airfoils. Stall behavior was investigated with pressure taps 
in the tunnel with a maximum AoA of 20° [4]. Interestingly, by 
comparing three layouts of pressure tapping, locations of sepa-
ration and reattachment were compared [5]. In another research 
[6], the unsteady loads of a NACA0021 airfoil at large AoA val-
ues up to 90° were studied, investigating the St number beyond 
the stall angle. The effect of the LSB with the AoA up to 20° was 
discussed [3]. The vortex shedding of the airfoil NACA0018 at 
AoA of 10° was experimentally studied, and it was found that 
the vortex shedding frequency scales with the cross- flow dis-
tance between the two wake vortices under different Re [7]. Both 
pressure tap measurements and microphone measurements 
were conducted for the NACA0018 airfoil and the flow regions 
at AoA values of 8° and 12° were compared [8]. The above- 
mentioned studies are listed below in Table  1. These research 
findings contribute essential knowledge into airfoil aerodynam-
ics at low AoA; however, further investigation is needed to fully 
understand the behavior of airfoils at high AoA.

Recent studies have increasingly focused on airfoil behavior at 
large AoA. Timmer [9] compared several wind tunnel campaigns 
across various airfoil profiles, highlighting general trends in 
maximum drag coefficient and lift- drag ratio, though the under-
lying flow physics remains largely unexplored. Lind and Jones 
[10] experimentally investigated vortex shedding from static air-
foils over a full range of AoA, with particular emphasis on the 
reverse flow region (150° to 180°). They identified three distinct 
reverse flow regions by comparing sharp and blunt trailing edge 
airfoils. In a follow- up study, Lind and Jones further analyzed 
pressure distributions on the airfoil surface at large AoA values 
between 0° and 180° [11], providing key insights into the mecha-
nisms and frequencies of vortex shedding for symmetric airfoils. 
However, given the prevalence of asymmetric airfoil profiles in 
wind turbine applications, further research is needed to explore 
vortex shedding behavior in these more complex geometries.

In several situations, wind turbine blades experience very high 
AoA: those include when a wind turbine experiences an extreme 
change in the wind direction, during yaw misalignment, and in 
parked conditions. At high AoA values, the blade sections be-
have like a bluff body rather than a streamlined airfoil [12]. In 
this scenario, vortices are shed periodically from the blades, and 
vortex- induced vibrations (VIV) can occur for slender blades. 
Detailed discussion on VIV can be found in review papers 
[13, 14]. While some simulation studies have investigated VIV 
in wind turbine blades [15, 16], the detailed flow physics at the 
airfoil level—particularly related to high AoA values—remains 
unknown, leaving the fundamental mechanisms behind VIV 
unresolved.

To investigate the aerodynamic perspective of VIV on wind 
turbine blades at the airfoil level, this research aims to exper-
imentally study the unsteady aerodynamic characteristics of 
the static airfoil DU91- W2- 150 in a wide range of AoA values 
from 0° to 310°, with a focus on the wake flow dynamics, vortex 
shedding characteristics, and airfoil loading. The experiments 
were performed at Re numbers of 2 × 105, 5 × 105, and 8 × 105. 
Pressure taps were mounted over the airfoil surface to measure 
the static pressure and in turn the aerodynamic loads and forces.

Particle image velocimetry (PIV) is a measurement technique 
that allows the quantitative visualization of fluid flows. In 
the last years, PIV has been widely used for studying the flow 
around airfoil sections [17–19]. In this campaign, planar PIV 
measurements were conducted to visualize the wake flow field 
under different Re and AoA values. Meanwhile, proper orthog-
onal decomposition (POD) analysis is applied to PIV images to 
extract the most important flow structures in the airfoil wake 
region.

2   |   Methodology

2.1   |   Experimental Setup and Test Cases

The experiment was conducted in the Low Speed Low 
Turbulence Tunnel at the Delft University of Technology. The 
wind tunnel has a maximum wind speed of 120 m/s and Re up 
to 3.5 × 106 for two- dimensional testing. It has a large contrac-
tion ratio of 18.7, which yields a maximum turbulence intensity 

TABLE 1    |    Unsteady aerofoil experimental research.

Reference Airfoil Method AoA (°) Re (− )

[4] NACA0015, NACA63- 418 
RISØ- B1- 18, RISØ- C2- 1

Pressure taps 6–20 1.6 × 106 to 6 × 106

[5] S8036 Pressure taps, surface 
flow visualisation

4–14 7.5 × 103 to 2 × 105

[6] NACA0021 Pressure taps 0–90 2.7 × 105

[3] NACA0012 and NACA4412 Pressure taps −6–20 5 × 104 to 2 × 105

[7] NACA0018 Pressure taps 10 3 × 104 to 2 × 105

[8] NACA0018 Pressure taps and microphones 8 and 12 1 × 105
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of 0.2% at maximum speed [20]. The test section has a size of 
1.80 m high, 1.25 m wide, and 2.60 m long. The inner side view 
of the test section is shown on the left in Figure 1.

The asymmetric profile DU91- W2- 150 was used as the exper-
iment airfoil. The nondimensionalized geometry is shown on 
the right in Figure  1. The wing spans the entire vertical di-
mension of the test section (1.8 m) and has a chord of 150 mm. 
A total of 42 pressure orifices (21 on either side of the wing, 
as shown on the right in Figure 1) were used to measure the 
static pressure over the airfoil surface. The orifices were con-
nected to pressure transducers with a sampling frequency of 
331.6  Hz, and data were acquired for approximately 10s for 
each test cases.

PIV measurements were conducted using the apparatus shown 
in the schematic plot in Figure 2. The flow inside the tunnel was 
seeded with water- glycol droplets of 1μ m of median diameter 
produced by a SAFEX smoke generator. The flow was illumi-
nated by a Quantel Evergreen Nd:YAG laser (200  mJ of pulse 
energy, 15 Hz of repetition rate, 532 nm of wavelength). It cre-
ated a 2- mm thin laser sheet. The measurement plane was lo-
cated close to the midspan of the airfoil, avoiding the location 
of the pressure orifices used for pressure measurement. Flow 
field imaging in the wake of the airfoil was conducted using 
two LaVision's Imager sCMOS cameras (2560 × 2160 pixel, 16 
bit, 6.5 × 6.5μ m- pixel size) with 50 mm of Nikon lenses using 
f# of 4. This camera can capture two images with 120 ns of in-
terframe time. Two cameras were mounted side by side so that a 
large field of view could be achieved, capturing the airfoil wake 
and the evolution of the vortex shedding. The averaged imaging 
magnification was M = 0.05 with a digital resolution of 8 pixels/
mm. The cameras were controlled by a LaVision programma-
ble timing unit PTU X, where precise pulses are triggered and 
synchronized for cameras and lasers. This PTU X is controlled 
through software DaVis 8.4 from LaVision GmbH. In the exper-
iment, the acquisition frequency was set at 15Hz. For most test 
cases, 200 images were acquired for each camera; For the cases 
of AoA = 0°, 100 images were acquired. The convergence study 
can be found in Section C.

Pressure measurements were carried out for a wide range of 
AoA values: from 0° to 130° and from 175° to 310°. Note that the 
missing range from 130° to 175° and from 310° to 360 was due to 
the pitch limitation of the turning table of the setup. However, 
since our primary focus is on the high AoA, we chose to con-
centrate on the remaining angles that could be measured more 
readily. The test cases are shown in Table 2. It is important to 
note that we were unable to reach higher Reynolds numbers 
(Re) due to the relatively short (15 cm) chord length of the model 

FIGURE 1    |    Side view of the test section with the mounted airfoil (left) and the nondimensionalized geometry of airfoil DU91- W2- 150 with loca-
tions of pressure taps marked with circles (right).

FIGURE 2    |    PIV setup.

TABLE 2    |    Test cases for the pressure measurement.

Re

Free- stream 
velocity U (m/s) AoA

2 × 105 21.8 (For all Re) from 
0° to 130° with 2° 

interval, 175°,

5 × 105 53.5 From 178° to 210° 
with 2° interval,

8 × 105 92.5 And from 215° to 310° 
with 5° interval
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employed in this study. At large AoA and Re above 8 × 105, we 
observed significant tunnel and model vibrations accompanied 
by intense aeroacoustic noise. The maximum wind speed tested 
in this campaign is aligned with the maximum wind speed 
tested for high AoA values in this wind tunnel previously [21].

PIV measurements were carried out along with the pressure 
measurement. However, due to optical blockage in the cameras' 
fields of view, PIV measurements could be conducted only at 
AoA = 90°, 130°, 270°, and 310°.

2.2   |   Data Processing Method

2.2.1   |   Correction for Pressure Measurement System 
Dynamic Response

While measuring the unsteady pressure using the pressure mea-
surement system, a certain delay and damping for the measure-
ments can be expected due to geometrical features of the pressure 
measurement tubes and sensors. One way of correction is to use 
a transfer function to correct the data in the frequency domain. 
Using the MATLAB code PreMeSys2GUI.m based on the the-
ory from [22], the transfer functions were calculated based on 
the pressure tube lengths, pressure tube radius, the volume of 
the cavity of the tubes, and so on. The corrected data in the fre-
quency domain were then transformed in the time domain for 
further analysis. The transfer functions are shown in Section A.

2.2.2   |   Wind Tunnel Wall Correction

Due to the presence of wind tunnel walls, the flow condition 
might be different around the airfoil compared to the condition 
where the airfoil is in the free air. Therefore, corrections should 
be applied to the raw pressure data before further analysis. 
Considering the condition that the flow is attached to the airfoil 
(at low AoA values) or separated from the airfoil (at large AoA 
values), there are two dominant correction methods, respec-
tively, namely, Julian's method [23] and Maskell's method [24]. In 
this research, both methods are employed and compared. Details 
about these correction methods are reported in Section B.

2.2.3   |   Aerodynamic Forces

The airfoil's lift and drag coefficient Cl and Cd are calculated as 
follows: 

where Cn and Ct are the normal and tangential force coefficients 
and are calculated as follows: 

where Cpu and Cpl are the pressure coefficient on the upper and 
lower surfaces of the airfoil and yu and yl are the y coordinates of 
the lower and upper surfaces.

2.2.4   |   PIV and POD Analysis

The PIV recordings were processed with the Davis 8.4 soft-
ware from LaVision GmbH. At each pixel location, the average 
intensity over a short sequence of 5 images was subtracted to 
eliminate the background light reflections. Due to the optical 
blockage of the lower structure of the wind tunnel test section, 
masks were defined for each test case where the blocked part 
was masked out of the flow field calculation. Then, the image 
recordings were processed with an iterative cross- correlation 
based algorithm with window deformation. The initial interro-
gation window size was set to 128 × 128 pixels with 50% overlap, 
while the final window size was set to 24 × 24 pixels with 75% 
overlap.

At large AoA values, due to the intrinsic characteristic of sepa-
rated flow, POD analysis is conducted to identify the most en-
ergetic flow structures and flow dynamics in the airfoil's wake. 
POD is used to obtain low- dimensional descriptions of high- 
dimensional processes and is often used to extract modes from 
experimental data [25]. For example, a POD analysis was con-
ducted to extract the most energetic physics from the wake of a 
blade in a compressor cascade [26]. Furthermore, the unsteady 
behavior of flow over an axisymmetric backward- facing step 
was examined using high- speed PIV and through POD of the 
PIV data [27]. Here, it was found that 50% of the total fluctuat-
ing energy is contained within the first 10 modes. The unsteady 
flow field around a square two- dimensional cylinder at inci-
dence using PIV was studied [28]. POD analysis is confirmed to 
be an efficient method to describe the large- scale coherent wake 
motion when using the first two POD modes for the reconstruc-
tion of flow.

3   |   Results and Discussion

3.1   |   Time- Averaged Behavior

3.1.1   |   Airfoil Aerodynamic Performance

The lift and drag polar of the DU91- W2- 150 airfoil is shown 
in Figure 3 by taking the average of the unsteady data from 
the experiment. The performance for Re = 5 × 105 and 8 × 105 
is similar while that for 2 × 105 deviates: It has higher drag at 
90° but lower drag and lift after 210°. This can mean that at 
Re = 2 × 105 and at those AoA values, viscosity plays a larger 
role which has a greater influence on the airfoil than at other 
higher Re values.

As the airfoil passes through a wide range of AoA values, re-
verse flow can happen at specific locations as the geometric 
trailing edge is in the front which creates immediate separa-
tion. The illustration of the AoA values with respect to the 
wind is shown in Figure  4. Figure  5 shows the comparison 
between forward flow and reverse flow at three Re values. 
For the forward flow region of AoA between 0° and 90°, the 

(1)Cl = Cn cos(AoA) − Ct sin(AoA)

(2)Cd = Cn sin(AoA) + Ct cos(AoA)

(3)Cn = ∫
1

0

(Cpl − Cpu )d
x

c

(4)Ct = ∫
1

0

(Cpu
dyu
dx

− Cpl
dyl
dx

)d
x

c
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comparison is made with the reverse flow region of AoArev 
from 180° to 270°. And AoArev is subtracted by 180° to match 
the comparison plot. Similarly, for the forward flow region of 
270° to 310° (airfoil nose down), a fair comparison is made 
with AoArev from 90° to 130°. And AoArev here is added by 180° 
in the plot.

For AoA and AoArev −180° between 0° and 90°, the airfoil has 
higher Cl in forward flow conditions. In this condition, Cd is 
slightly higher despite slightly lower reverse flow conditions 
when AoA and AoArev − 180° is lower than 20°. However, 
when AoA and AoArev + 180° is between 270° and 310°, in 
general, the airfoil in the reverse flow condition has higher 
Cl and Cd.

As Cl and Cd are calculated from the pressure difference from 
the upper and lower surface, the Cp comparison between for-
ward flow and the corresponding reverse flow condition is 
shown in Figure 6. For AoA = 40°, the local stagnation near 
the leading edge on the pressure side makes the pressure dif-
ference smaller than that for the corresponding AoArev case, 
which proves the higher lift in the forward flow case. When 
AoA = 270°, the pressure difference in the trailing edge region 
is smaller than that of the corresponding value at AoArev due to 
a different influence of separation on the pressure side, which 
gives a higher lift for the reverse flow condition. The above re-
sults show that no matter whether the flow is forward or re-
verse, as long as the concave surface is facing upwind as the 
pressure side, aerodynamic loads are in general higher. When 

FIGURE 3    |    Aerodynamic performance of DU91- W2- 150 at three Re values.

FIGURE 4    |    Schemetic plot of different AoA values tested in the campaign. The wind comes from left to right. The corresponding AoA is 30°, 90°, 
and 130° for the first row and 210°, 270°, and 310° for the second row. When the geometric trailing edge is facing the front wind, reverse flow occurs.
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AoA is between 0° and 90° and when AoArev + 180° is between 
270° and 310° (AoA between 90° and 270°), the concave pres-
sure side brings higher aerodynamic force as there might be 
local separation near the trailing edge concave area.

Figure 7 depicts Cl slope for the forward flow and reversed flow 
cases. When Cl slope is smaller than 0, the region is unfavor-
able for wind turbine blade structures as it indicates a higher 
possibility of negative aerodynamic damping, which can lead 
to structural instability [29]. This figure shows that the influ-
ence of Re is minimal, especially at large incidence angles (AoA 
(AoArev − 180) larger than 25° and AoA (AoArev + 180) between 
270° and 310°). At these angle regions, �Cl∕�� maintains slightly 
below zero, contributing marginally to negative aerodynamic 
damping. Before the static stall angle (approximately 10°), 

�Cl∕�� presents an overall positive value for both forward flow 
and reverse flow cases. In contrast, after the static stall angle, 
�Cl∕�� sharply drops to negative values with a minimum of 
approximately −0.18 from all the test cases. This sharp decline 
highlights a strong destabilizing effect, indicating a risk of struc-
tural instability near stall.

3.1.2   |   Reynolds Effect on the Separation Point

The time- averaged surface pressures are plotted for all the 
measured Re values near the positive stall region in Figure 8. 
At AoA  =  8°, the transition point to the turbulence region, 
indicated by the sudden drop of Cp, gets closer and closer to 
the leading edge as Re increases. At AoA  =  10°, the flow is 

FIGURE 5    |    Aerodynamic performance in forward flow and reverse flow conditions at three Re values.

FIGURE 6    |    Surface pressure comparison between forward flow and the corresponding reverse flow angle at Re = 5 × 105. Shaded area represents 
the standard deviation.

(a) (b)
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separated for Re = 8 × 105, with a plateau after x∕c = 0.6. For 
lower Re values, the flow remains attached despite of transi-
tion to a turbulent boundary layer. At AoA = 14°, flow is sepa-
rated for all Re values, while the highest Re has the separation 
point more towards the leading edge. The experiment results 
align with the previous findings [4], indicating that a higher 
Re leads to an earlier stall. This is attributed to the increased 
dominance of viscous forces at lower Re values, promoting flow 
attachment to the surface.

Similarly, the surface pressures near the negative stall region 
from 188° to 198° are plotted for all the measured Re values in 
Figure 9. The x- axis is flipped in order to show the aerodynamic 
leading edge (the geometric trailing edge) first. The suction side 
is the concave surface which is the pressure side for the positive 
stall case. Different from the positive stall region, a local separa-
tion near the leading edge is happening, which can be seen for 
AoA up until 196° at Re = 8 × 105, up until 194° at Re = 5 × 105, 
up until 192° at Re = 2 × 105. This is attributed to the sharp ge-
ometry of the leading edge, while it still follows the same sepa-
ration order as the positive stall onset where lower Re induces 
earlier separation.

The separation locations for all Re values on the suction side 
of the airfoil are depicted in Figure 10. It is important to note 
that the plotted points correspond to locations that are fully 
separated up to the trailing edge, excluding those that have 
been reattached to the surface. Across all Re values, there is 

a distinct trend of the separation location moving towards the 
leading edge as the AoA increases. As AoA increases, at Re 
= 2 × 105, the separation is the latest. For Re = 8 × 105, sep-
aration happened the earliest as AoA increases to 20°. Then 
the separation remains in the same position at x∕c = 0.08 for 
6° more and slowly reaches the leading edge at AoA = 38°. 
As can be seen in Figure 3, the force at AoA region between 
20° and 38° after the stall angle is highly nonlinear. Under 
high Re conditions, this situation worsens. The presence of 
small leading- edge vortices can quickly shed with rapid reat-
tachment, causing the separation point not to remain fixed at 
the leading edge for this Re. This is illustrated by the suction 
peaks near the leading edge area in Figure 11.

3.1.3   |   Surface Pressure

The time- averaged surface pressure at Re = 5 × 105 is further 
compared for different AoA values and is shown in Figure 12. 
The two plots in the first row show the Cp surface for the AoA 
values measured on the suction side, while the two plots in the 
second row show the pressure side. Suction peaks are shown in 
the forward flow (AoA between 0° and 30°) and reverse flow 
(AoA between 180° and 270°) cases near the leading edge and 
trailing edge region, respectively. Due to the early separation 
at the aerodynamic leading edge, the suction peak region is 
smaller in reverse flow than that in a forward flow. The stag-
nation point on the pressure side (− Cp = − 1) moves towards 

FIGURE 7    |    Cl slope in forward flow and reverse flow conditions at three Re values.

FIGURE 8    |    Pressure coefficient Cp near the possible stall region for all the measured Re values.
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8 of 19 Wind Energy, 2025

the trailing edge as AoA increases from 0° to 130° and moves 
back towards the leading edge as AoA goes from 180° to 310°. 
On the suction side, beyond AoA of 40° and 215°, the Cp surface 
smoothens and maintains a uniform distribution. The obtained 
results align with previous measurements [11] for the available 
results of AoA lower than 180°. As shown in Figure 3, the flow 
well exceeds the positive stall and negative stall onset region 
after these two AoA values (36° and 215°), which indicates that 

the flow does not undergo a sudden change in pressure; as in 
most instances, the flow is fully separated.

3.1.4   |   PIV Mean Flow Field

Figure  13 shows the mean flow field and vorticity field at 
AoA = 90°, 270°, 130°, and 310° at Re = 5 × 105. As shown in 

FIGURE 9    |    Pressure coefficient Cp near the negative stall region for all the measured Re values. The x direction was flipped in the plot which 
shows the geometric leading edge first as it serves as the aerodynamic leading edge. The pressure side are shown as dashed in order for clarification.

FIGURE 10    |    Separation locations on the airfoil surface on the suc-
tion side for different Re values.

FIGURE 11    |    Leading edge surface pressure for AoA from 20° to 38° 
at Re = 8 × 105.
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9 of 19

Figure 13a, a region with stalled flow is shown near the mid-
dle of the chord at AoA = 90°. As a comparison, the result of 
AoA = 270° at Re = 5 × 105 is presented here in Figure 13c,d. 
When AoA = 270°, the pressure side of AoA = 90° becomes the 
suction side. Due to the concave curvature of the aerodynamic 
suction side, the center of the wake (blue area in Figure 13c) 
shifts slightly towards the trailing edge.

This is also revealed in Figure  14a where the wake contour 
lines of Vx∕U  = −0.2, 0, 0.4 and 0.75 are plotted together with 
90° cases. The 270° case has a faster wake recovery since it 
reaches the same speed with a shorter downwind distance 
compared with 90°. This reveals that convex and concave sur-
faces of the asymmetric airfoil create different aerodynamic 
effects on the airfoil. When AoA is below 180°, the concave 
surface is facing the wind. This surface will cause a drastic 
change to the flow field, which has a potential to expand the 
wake. On the other hand, when AoA is above 180°, the con-
vex surface is facing upwind. This more streamlined surface 
has less influence on the flow field than the concave surface, 
which results in a faster recovery. This is also confirmed with 

the wake width comparison shown in Table 3 where the wake 
width of 90° at velocity Vx∕U = 0.75 is wider than that of 270°.

Figure  13e–h presents the wake results for AoA = 130° and 
310° at Re = 5 × 105. Note that 310° is the angle where the 
leading edge and trailing edge swap their positions compared 
with 130°. For these two AoA values, the average flow fields 
(Figure 13e,g) and vorticity fields (Figure 13f,h) are similar, 
except for the locations of the maximum reverse velocity. This 
difference is also shown in Figure 14b, where the wake con-
tour lines of Vx∕U  = −0.2, 0, 0.4 and 0.9 are plotted for 130° 
and 310°. This contour plot also shows a faster recovery and 
a smaller wake for 310° due to the upwind concave curvature 
where the reverse flow occurs. Compared with 90° and 270°, 
the wakes at 130 and 310° are narrower. At 130° and 310°, the 
projected length at the wind tunnel cross section is smaller, 
which leads to a smaller interference on the flow. When the 
airfoil is at 90° or 270°, the flow separates abruptly from the 
airfoil, giving a longer recovery time. While for 130° and 310°, 
the shorter projected length in the wind tunnel direction gives 
less blockage to the flow.

FIGURE 12    |    Average of pressure coefficient − Cp for all AoA values tested at Re = 5 × 105. Note that the suction side is the different side for AoA 
larger than 180°.
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10 of 19 Wind Energy, 2025

FIGURE 13    |    Mean flow field (left column) and vorticity field (right column) at AoA = 90°, 270°, 130°, and 310°, Re = 5 × 105.

FIGURE 14    |    Wake contour lines of Vx∕U = −0.2, 0, 0.4 and 0.75(0.9) for several AoA values at Re = 5 × 105. Note that the contour line Vx∕U = 0.75 
was plotted for 90° and 270° while Vx∕U = 0.9 was plotted for 130◦ and 310°.
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3.2   |   Unsteady Behaviors

3.2.1   |   Variations of Cl and Cd

Variations of time series of forces are examined to study the 
unsteadiness. Specifically, the influence of forward flow and 
reverse flow are compared and shown in Figure 15. Here, two 
times the standard deviation (2�) is used to represent the overall 
fluctuation. When AoA or AoArev − 180° is between 0° and 30°, 
the fluctuation of Cl remains relatively low (below 0.1), despite 
some spikes in the stall onset between 10° and 20° and between 
the corresponding negative stall region of AoArev − 180 between 
10° and 20°. When AoA is between 20° and 30°, a higher 2� 
is expected as the flow fluctuates near the leading edge region 
with an unfixed separation point, which is shown in Figure 10.

As the angle exceeds 30°, 2� starts to increase for both Cl and 
Cd and 2�(Cl) reaches the local maximum near 40° (220°). 
Afterwards, the flow remains fully separated and 2�(Cd) stays 
at almost the same level while 2�(Cl) slowly drops to below 0.05° 
to 90° (and 270°) as Cl slowly diminishes to near 0 as shown in 

Figure 3. In the nose- down region of 270° to 310° and its cor-
responding reverse flow region, an axis- symmetric variation 
pattern is shown compared to the range from 50° to 90°. In this 
region, 2�(Cl) is the lowest for 270° (90° for AoArev) and grad-
ually increases as AoA increases. Meanwhile, in general, the 
forward flow (indicated as triangle markers) has less fluctua-
tion compared to reverse flow regions (indicated as the circle 
marker) in each Re. The higher fluctuation for the reverse flow 
cases is attributed to the earlier separation in the aerodynamic 
leading edge, which induced instability.

3.2.2   |   POD Analysis

POD analysis results are presented in Figure  16 for AoA = 
90°. The first two dominant modes in the streamwise direc-
tion from POD analysis are shown in Figure 16a,c for AoA = 
90°. From the energy plot in Figure 17, the first mode accounts 
for 29.9% of the energy and the second accounts for 23.8%. 
Therefore, the first two modes take up more than half of the 
total energy, which makes the first two modes dominant in the 
flow movement. It can be seen from the structure that the first 
two modes are in the same shape and are paired. The dashed 
lines in the center of the peaks reveal the shift of one- quarter 
wavelength, which corresponds to a phase shift of 90°, which 
is in agreement with previous finding [30]. These two modes 
lead to the vortices shedding from the leading and trailing 
edges in turn and together formulate the sinusoidal shape 
wake, as shown from the wake reconstruction in Figure 16b. 
The temporal coefficients of the first two modes are plotted 
against each other in Figure 16d and the red circle represents 
the theoretical values. The scatter of the points in the vicinity 
are also an indication of the cyclic vortex- shedding process 
where the first two modes are paired.

TABLE 3    |    Wake width at four AoA values.

AoA 
(°)

Wake width 
D/c (- )

Location 
x∕c (- )

Wake velocity 
Vx/U (- )

90 1.52 2 0.75

270 1.49 2 0.75

130 1.09 1 0.9

310 1.01 1 0.9

FIGURE 15    |    Fluctuations (two times the standard deviation 2�) of unsteady Cl and Cd for different Re values in the forward flow and reverse flow 
conditions.
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3.2.3   |   Variation of Vortex Shedding Frequency 
and Corresponding St Number

The time series of corrected pressure was transformed into the 
frequency domain using the Welch method, where a flattop win-
dow was applied. By taking the Fast Fourier transform (FFT), the 
power spectrum density (PSD) of Cp at the suction surface under 
different AoA values at chordwise locations near the leading 
edge (x∕c = 0.05), in the middle of the chord (x∕c = 0.49) and in 
the trailing edge (x∕c = 1) were plotted and shown in Figure 18 
for Re = 5 × 105. Owing to the periodicity of vortex shedding, the 
dominant peak shown in the FFT plot indicates the dominant 

vortex shedding frequency. For Figure 18a (10°) and Figure 18b 
(190°), the FFT for each chordwise location is mixed together 
and they do not show a dominant peak. As these two AoA values 
are in the vicinity of stall, the aerodynamic force experiences 
large variations and nonperiodic vortex shedding which makes 
the process unstable. Thus, multiple shedding frequencies can 
occur and the dominant shedding frequency is not obvious in 
the FFT plot.

The vortex shedding frequencies are different if one considers 
forward flow and reverse flow. Differences can be found in the 
last three rows of subfigures in Figure 18. For AoA at 30°, 50°, 
and 90°, the shedding frequency is always slightly smaller than 
the corresponding cases in AoA at 210°, 230°, and 270°. This 
also coincides with the result of the wake contours in Figure 14 
which shows a thinner wake when the convex surface is facing 
upwind and undergoing reverse flow. A thinner wake results in 
a higher shedding frequency due to a smaller projected length 
in the flow. It is also noted that all the subfigures show a wide 
range of high- power spectral density at low frequencies. This 
may be due to the vibration of the model.

The dominant peak for each AoA is plotted with regard to AoA 
in Figure  19a. It is noted that when AoA  =  90° (Figure  18g), 
the dominant peak occurs near 56 Hz, and a second peak near 
112 Hz is observed, which is likely the first harmonic (twice the 
frequency) of the fundamental 56 Hz peak. The vortex shedding 
frequency is nondimensionalized into St as shown in Figure 19b 
where St is calculated as St = fc sin(AoA)∕U . Here, the charac-
teristic length used for calculating St is the projection length of 
the chord (c) in the cross- section plane of the wind tunnel. It is 
noted that in order to obtain the dominant frequency more pre-
cisely, FFT of Cl was used for finding the peaks. This is because 
Cl takes the integral of the surface pressure; therefore, the small 

FIGURE 16    |    POD mode analysis at AoA = 90°, Re = 5 × 105. (a, c) First two modes. (b) Corresponding wake reconstruction based on the first two 
modes. (d) Correlation of the temporal coefficient of the first two modes.

FIGURE 17    |    Energy fraction for the first 30 modes at 90° in Re 
5 × 105.
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peaks shown in the FFT of Cp will be minimized and the domi-
nant peak will be more noticeable.

Figure  19a shows that for AoA between 0° and 180° and be-
tween 180° and 360°, the vortex shedding frequency follows the 
same trend: it drops until 90° (or 270°) and then increases after 
that. A similar trend can be seen for frequencies of different Re 

values, with higher shedding frequency at the higher Reynolds 
number. Although the vortex shedding frequency is sensitive to 
Re, the corresponding St is not influenced by the tested three Re 
values or AoA. In Figure 19b, St at different Re values collapse 
onto one single curve, remaining almost constant for different 
AoA values although with minor fluctuations. This uniformity 
is due to the full stall characteristics of the airfoil, where the 

FIGURE 18    |    FFT of Cp at airfoil suction surface at Re = 5 × 105.
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flow is dominated by flow separation. In this condition, the vor-
tices are mainly shed from the edges of the airfoil and the shed-
ding process is not influenced by neither Re nor AoA. Previous 
research [31] showed a similar result. In their research, the uni-
versal St of the shedding frequency has been found at large AoA 
values from 65° to 90° for a flat plate with beveled sharp edges. 
The result is also replotted in Figure 19b. The St of the flat plate 
has a slightly lower value than that of the airfoil, which may be 
due to a difference in the Re (in the order of 103 and 104 in their 
campaign) and model geometry. In addition, an experiment was 
conducted in the same laboratory with the same airfoil but with 
different thicknesses [20]. A possible explanation for the higher 
St from that campaign can be a larger influence of the blockage 
effect, which influences slightly the vortex shedding frequency, 
flow speed, and so on.

It is noted that St at AoA lower than 130° matches the flat 
plate St of 0.16 [32]. When AoA is larger than 180°, St increases 
to between 0.16 and 0.18. This is mainly due to the convex 
upwind curvature of the airfoil, which leads to higher vortex 

shedding frequencies and St. This finding significantly proves 
the consistency of St while also providing a more detailed 
comparison when there is a reverse flow for an asymmetric 
airfoil.

Apart from obtaining vortex shedding frequency from the 
pressure measurement, the shedding frequency can also be ex-
tracted from the modes shown in POD. In Figure 16c for AoA 
90°, half of the wavelength (the length from the two neighboring 
peaks in the streamwise direction) is approximately 1.76c. With 
the wake velocity obtained from PIV, the shedding frequency 
is 63Hz, which matches that obtained from the pressure data 
in Figure 19a. The vortex shedding frequency and correspond-
ing wavelengths for the cases at Re = 0.5 × 105 are concluded in 
Figure 20a for AoA =90°, 270°, 130°, and 310°. The difference 
between POD analysis and the pressure measurement mainly 
comes from the limited spatial resolution to determine the dis-
tance (�) and the averaged wake velocity in PIV data (approxi-
mately 60% free stream velocity) when calculating the estimated 
frequency.

FIGURE 19    |    Vortex shedding frequency and Strouhal number calculated with projected height. The result of St at Re = (1.1 − 3.2) × 104 for a flat 
plate [31] and the result for DU91- W2- 150 at 7 × 105 [20].

FIGURE 20    |    Comparison of frequency and wavelength (�) from experiment measurement and from POD analysis (left) and the relation of drag 
coefficient with wavelength (�). On the right figure, the data from experiments from left to right are the case of AoA 310°, 130°, 270°, and 90°.
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The wake of the flow is strongly influenced by the force experi-
enced by the airfoil. As depicted in Figure 20, the impact of drag 
on vortex shedding in the wake conforms to a linear relation-
ship. This can be attributed to two factors. Firstly, this is related 
to the blockage of the airfoil to the flow. When an airfoil has 
a relatively large angle, it projects a longer length in the wind, 
which leads to a larger Cd. This explains the trend from the 
group of AoA = 90° and 270° and the group of 130° and 310°. On 
the other hand, in the case of 90° and 270° (or the case of 130° 
and 310°), although the relative angle is the same in each case, 
due to the upwind convex characteristic of the airfoil surface for 
AoA 270° and 310°, these two AoA values have slightly lower 
drag. And since the upwind convex surface has a smaller impact 
to expand the wake, these two AoA values also have shorter vor-
tex wavelengths. Hence, these two reasons account for the linear 
relationship as shown.

4   |   Conclusion

In this paper, an experimental research is presented to study 
the unsteady aerodynamic performance of a DU91- W2- 150 
airfoil under a wide range of AoA values up until 310° at three 
Re values at the magnitude of 105 using pressure measure-
ment and PIV technique. The experimental data for large AoA 
values are valuable either for future fundamental airfoil study 
or wind turbine study at stand still condition. A wide variety of 
effects were studied. Four conclusions can be drawn from the 
analysis here.

• Effect of airfoil geometry on the mean airfoil load: The plot of 
Cl and Cd for the forward flow and reverse flow shows that 
no matter the direction of the flow, as long as the concave 
surface is facing upwind, the aerodynamic loads are higher. 
The wake contour lines of AoA = 90°, 270°, 130°, and 310° 
further validate this result.

• Effect of Re on the separation on the airfoil: The separation 
point on the airfoil was found based on the previous the-
ory and for all three Re values tested in the campaign, the 
separation points tend to move towards the leading edge 
as AoA increases. For this DU91- W2- 150 airfoil, as Re in-
creases from 2 × 105 to 8 × 105, separation tends to happen 
earlier for both the positive stall and the negative stall. This 
is mainly due to that the viscous force is less dominant in 
the flow as Re increases. For the highest Re tested, local sep-
aration very close to the leading edge happened just before 
the positive stall onset as the high Re flow induces instabil-
ities in the flow.

• Effect of forward flow and reverse flow: The 2� plot of Cl and 
Cd indicates that reverse flow induces more fluctuations 
compared to forward flow. This is attributed to the occur-
rence of separation at the aerodynamic leading edge in a 
reverse flow scenario, as shown in the surface pressure plot 
as well.

• Vortex shedding frequency and Strouhal number: The vortex 
shedding frequency matches with the frequency estimated 
from POD, where the vortex shedding wavelengths show a 
strong relation with airfoil drag. The result from normal-
ized St reveals that St remains approximately constant at 

large AoA values despite different Re and AoA values, due 
to full stall characteristics. Meanwhile, St is slightly higher 
when AoA is larger than 180° as an airfoil with a convex 
curvature in the upwind direction has a smaller effect to 
expand the wake, thus higher shedding frequency.
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Appendix A

Dynamic Response of Pressure Measurement System

The transfer function for phase delay and amplitude ratio are calculated. The results are shown in Figure A1 for the concave and convex surface 
based on the tubes they are connected to the pressure transducer.

Appendix B

Wind Tunnel Wall Correction Method

Note that parameters with a prime refer to the uncorrected values.

B.1   |   Julian's method [23]

In Julian's method, the pressures on the upper surface Cpu and lower surface Cpl are corrected as follows: 

q∗u and q∗
l
 are calculated as follows: 
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FIGURE A1    |    Transfer function in the frequency domain for dynamic response correction of the pressure measurement system.
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and the dynamic pressure ratio q
′

q
 can be obtained from the following: 

where M′ is the uncorrected Mach number, t
c
 is the relative thickness of the arfoil, and c

h
 is the ratio of chord length and the width of the test section. 

The body- shape factor Λ, tunnel blockage factor �, and the Prandtl–Glauert compressibility factor � are defined in Equation (B6), Equation (B7), and 
Equation (B8), separately: 

In addition, the corrected AoA � is calculated as follows: 

B.2   |   Maskell's Method [24]

In Maskell's method, the pressure is corrected as follows: 

Here the dynamic pressure ratio q∕q� is calculated as follows: 

The blockage factor for the bluff- body flow � is recommended as 0.96 for 2D flow [24].

B.2.1   |   Comparison Between Two Methods

The two correction methods for the wind tunnel blockage effect were compared for the case Re = 8 × 105; the results are shown in Figure B1. When 
the angle between chord line and inflow is within 30° (AoA in the range of 0◦ to 30° and 175° to 210°), the two correction methods exhibit a small 
difference. However, when the angle is outside of this range, the two corrections start to diverge. The most notable difference is at approximately 90° 
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FIGURE B1    |    Comparison of two blockage correction method for 
Re = 8 × 105 (Gray area represents the AoA values that out of range of 
measurement).
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and 270° for Cd and in the vicinity of the second peak for Cl. Because Maskell's method is known to provide more accurate corrections for separated 
flows [33], the latter is selected for further analysis.

Appendix C

Convergence Analysis of PIV Measurement

Since obtaining the mean flow field is the main goal of this PIV setup, it is of vital importance to check the convergence of the result to obtain good- 
quality data. At small AoA of 0°, 100 images were sampled, while at the other AoA values, 200 images were sampled. Figure C1 shows the evolution 
of mean flow velocity and Reynolds stresses with regard to the number of samples at Re = 5 × 105. The maximum number of samples at AoA = 0° is 
100, while that for AoA = 90° is 200. The mean flow velocity at 0° converges quickly, and the Reynolds stresses remain at a very low value close to 0. 
This means that 100 samples will keep a good quality of 0° cases. At AoA = 90°, the convergence happens after the averaging of 100 samples while a 
bit unstable for the Reynolds stresses Ryy, which the periodic vortex shedding disturbs heavily in the cross flow direction. Considering both accuracy 
and processing efficiency, 200 samples were deemed sufficient.

Appendix D

PIV Uncertainty

The standard uncertainty of the PIV measurements can be estimated from the ensemble data size and the flow velocity fluctuation [34]. For AoA = 0°, 
100 uncorrelated snapshots were taken, while for the rest of the AoA values, 200 uncorrelated snapshots were taken; hence, the standard uncertainty 
of the phase- average flow velocity is equal to the following: 

�u is the representative standard deviation value of the streamwise velocity component (�u∕U∞
 is approximately 0.1 in the wake of the wing) and N 

represents the number of uncorrelated samples. The standard uncertainty for the measurement cases is listed in Table D1.

The uncertainty of the Root Mean Square (RMS) of the velocity fluctuations is estimated as follows [35]: 

And the uncertainty of the RMS of the velocity fluctuations for the measured cases is listed in Table D1.

(D1)�u =

�u

U
∞

√
N

(D2)�u� =
�u

U
∞

√
2(N − 1)

FIGURE C1    |    Evolution of the statistical (a) average velocity and (b) Reynolds stresses at Re = 5 × 105 at AoA = 0° and 90°.

(a) (b)

TABLE D1    |    Uncertainty of the PIV measurements.

�u �u′

Re AoA = 0
AoA 
≠ 0°

AoA = 
0° AoA ≠ 0°

2 × 105 1% 0.7% 0.7% 0.5%

5 × 105 1% 0.7% 0.7% 0.5%

8 × 105 1% 0.7% 0.7% 0.5%
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