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ABSTRACT

This study experimentally investigates the dynamic stall of a pitching NACA 643418 airfoil under reverse flow conditions, whereby the
geometric trailing edge is located upstream of the geometric leading edge. The investigation focuses on the correlation between surface
pressure, aerodynamic forces, and the evolution of the dynamic stall vortex (DSV) and the aerodynamic trailing edge vortex (TEV). A range
of mean angles of attack from 5� to 25�, pitching amplitudes from 5� to 15�, and reduced frequencies between 0.05 and 0.21 were tested on
an airfoil using a combination of particle image velocimetry (PIV) and surface pressure measurements. The results reveal a distinct dynamic
stall mechanism in reverse flow conditions: multiple flow separations occur during both the upstroke and downstroke periods, yet the DSV
maintains partial attachment. While the outer layer of the DSV sheds into the flow, its inner core remains anchored and is subsequently
reinforced by shear layer feeding. This sustained vorticity injection leads to periodic DSV re-growth, which manifests in the force hysteresis
loop as multiple distinct peak regions. In addition, it is also found that the largest difference between conventional and reverse flow dynamic
stall lies in the initial stage of the DSV development. For reverse flow dynamic stall cases, the initial flow separation near the leading edge
causes a gradual decrease in the pressure coefficient. However, for conventional dynamic stall cases, the laminar separation bubbles that occur
before the DSV cause the maximum suction on the airfoil surface. Furthermore, by comparing the dominant modes from Proper Orthogonal
Decomposition (POD) analysis, it is found that the type of flow regime depends mainly on the mean angle of attack within the tested range
of pitching amplitudes and frequencies. In particular, the dominant vortex determines the flow dynamics. At low mean angles of 5� and 10�,
the most energetic flow features are associated with DSV dynamics. At a mean angle of 15�, both DSV and TEV dynamics contribute. At
higher mean angles of 20� and 25�, the flow is dominated more by TEV dynamics. Despite these mean-angle-dependent variations in modal
dominance, all dominant POD modes share a consistent physical interpretation where they capture the growth or decay of DSV and TEV
structures.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0294915

I. INTRODUCTION

Dynamic stall appears in a wide range of aerodynamic applica-
tions such as helicopters, rapidly maneuvering aircraft, wind turbines,
and insect wings.1 It occurs when a lifting surface undergoes rapid
changes in the angle of attack, leading to unsteady flow separation, vor-
tex formation, and shedding. These processes significantly impact aero-
dynamic performance, often resulting in large unsteady loads,
vibrations, fatigue, and potential structural damage. Understanding
dynamic stall is, therefore, essential for optimizing the design and oper-
ation of aerodynamic systems, particularly under unsteady conditions.

Highly influential pioneering work from the 1970s to the 1990s
provides not only a wide range of experimental studies on the forces
and vortex dynamics during dynamic stall (see McCroskey and

Fisher,2 Carr,1 McCroskey,3 and Mcalister et al.4) but also widely used
numerical models for dynamic stall (see Leishman and Beddoes,5

Truong,6 and Tran and Petot7). In recent years, research on dynamic
stall has continued to advance, with a strong focus on conventional
flow conditions. Akbari and Price8 applied a vortex method to simulate
a pitching NACA 0012 airfoil under dynamic stall conditions, where
the effects of pitching parameters of reduced frequency, mean angle of
attack, location of pitch axis, and Reynolds numbers were investigated.
Mulleners and Raffel9 conducted an experimental investigation of a
pitching airfoil with dynamic stall, employing various numerical meth-
ods to identify coherent flow structures. Their work classified dynamic
stall into distinct stages based on the life cycle of dynamic stall vortices,
providing significant insights into vortex development. Building on
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this, Mulleners and Raffel10 further explored the vortex dynamics and
flow mechanisms during dynamic stall, identifying primary and sec-
ondary instabilities. Similarly, Gupta and Ansell11 experimentally stud-
ied the unsteady flow physics of a dynamic pitching airfoil, with a
particular focus on the airfoil boundary layer, leading-edge laminar
separation bubble, and dynamic stall vortex. Kiefer et al.12 expanded
on these findings by conducting experimental measurements on a
ramp-type pitching airfoil, revealing universal pressure patterns inde-
pendent of parameter variations of mean angle, ramp angle amplitude,
Reynolds number, and reduced frequency. Their study also empha-
sized the impact of Reynolds number and reduced frequency on
dynamic stall behavior, demonstrating that the angle of attack during
pitching relative to the static stall angle, which depends on Reynolds
number, plays a key role in the temporal progression of the stall pro-
cess. Additionally, they found that once a critical reduced frequency is
reached, both the load magnitude and the vortex evolution become
independent of further increases in the reduced frequency.
Collectively, these works provide a detailed picture of vortex forma-
tion, force variation, and parameter sensitivity in conventional
forward-flow dynamic stall.

In contrast, dynamic stall under reverse flow conditions, where
the geometric trailing edge faces the incoming flow, remains far less
understood. Meanwhile, reverse flow dynamic stall has been docu-
mented in helicopter applications.13,14 For wind turbines, this phe-
nomenon is critical during parked conditions or during installation, as
omnidirectional wind exposure can trigger vortex-induced vibrations
(VIV) and significantly accelerate fatigue damage. However, the funda-
mental flow mechanisms governing reverse flow dynamic stall remain
unsolved, leaving a critical gap in our ability to address these opera-
tional challenges.

One of the most defining features of dynamic stall, whether under
conventional or reverse flow conditions, is the development of the
dynamic stall vortex (DSV). The DSV typically forms near the aerody-
namic leading edge, grows in size as it convects downstream, and even-
tually detaches from the airfoil surface, causing significant variations in
aerodynamic forces and moments. In conventional cases, this process
is well-documented and characterized by strong hysteresis effects in
lift, drag, and pitching moment. Guillaud et al.15 numerically investi-
gated a pitching airfoil under forward flow conditions and observed
that as the reduced frequency16 (defined as 2pf � ðc=2Þ=U1, where f is
the pitching frequency in Hz, c is the chord length of the airfoil, and
U1 is the incoming wind speed) increases, the leading-edge vortex
(LEV) exhibits a shorter life span, although its formation and shedding
occur over a larger range of angles of attack. This behavior results in a
more abrupt force drop at higher reduced frequencies. Wei et al.17

studied a conventional dynamic stall setup, where the near-wall devel-
opment characteristics and near-wall evolution velocity are studied in
detail. From their pressure measurement, it is found that two LEVs are
formed at different locations on the airfoil surface, which then develop
together into a DSV. Khalifa et al.18 numerically studied the dynamic
stall on a pitching NACA 0012 airfoil, where the interaction between
multiple LEVs and turbulent separated vortices is captured. By con-
trast, for reverse flow dynamic stall, much less is known. Lind and
Jones19 observed the formation of two DSVs in a single cycle, with
fewer vortices at higher reduced frequency, attributing the secondary
force peak to weaker vortex shedding. Yet, without detailed flow-field
validation, such interpretations remain tentative. Thus, while DSV

dynamics in conventional stall are now well established, their manifes-
tation in reverse flow conditions is still an open question, which
directly motivates the present study.

Motivated by these gaps, the present study investigates experi-
mentally the dynamic stall phenomenon under reverse flow condi-
tions. The main goal is to study the vortex dynamics, surface pressure
distribution, force variation, and the dominant flow feature during
reverse-flow dynamic stall. The analysis is based on both the surface
static pressure measurements and the particle image velocimetry (PIV)
flow field measurements. The structure of the paper is as follows: in
Sec. II, the experimental design and setup are introduced, followed by
wind tunnel data correction methods used in the study. Then, in Sec.
III, the pressure measurement results and PIV flow fields are compared
and analyzed for the tested dynamic stall cases. Afterward, the most
energetic flow structures in the different pitching conditions are inves-
tigated by means of Proper Orthogonal Decomposition (POD) analy-
sis. Finally, the main conclusions of this work are reported in Sec. IV.

II. METHODOLOGY
A. Definitions and nomenclature in reverse flow
dynamic stall conditions

To analyze reverse-flow dynamic stall systematically and to better
compare with conventional dynamic stall cases, it is essential to define
the key parameters and conventions for an airfoil under reverse flow
conditions.

First of all, the angle of attack during a reverse flow dynamic stall
a is defined as a ¼ 180� � a0, where a0 is the nominal angle of attack
in degrees defined in many fundamental books, such as those by
Anderson.20 In this paper, each case is labeled as aa1Da2ka3 (or
a0a1Da2ka3 for conventional dynamic stall cases), where a (or a0 ) is
the mean angle of attack during pitching, D is a shorter symbol for the
pitching amplitude (Da), and k is the reduced frequency. k is defined
as 2pf � ðc=2Þ=U1,16 where f is the pitching frequency in Hz, c is the
chord length of the airfoil in meters, and U1 is the incoming wind
speed in meters per second. Finally, a1, a2, and a3 indicate the specific
numerical values of a (in �), Da (in �), and k separately.

Figure 1 shows the schematic plot of the airfoil orientation at case
a10D10k0:1 compared to a reference orientation where a0 ¼ 0�. The
pitching airfoil reaches the minimum angle of amin ¼ 0� and the maxi-
mum angle of amax ¼ 20�. The cross in the figure represents the loca-
tion of the physical pitching axis, which is at xc=c ¼ 0:4012. xc
denotes the chordwise coordinate along the airfoil, where xc=c ¼ 0 is
the geometric leading edge. The wind comes from the left. Under this

FIG. 1. Schematic plot of airfoil orientation at case a10D10k0:1. Solid lines repre-
sent the suction side of the airfoil surface, while the dotted lines represent the pres-
sure side. Arrows indicate pitching motion directions. The aerodynamic leading and
trailing edges are indicated with black dots.
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reverse flow condition, the geometric trailing edge becomes the aero-
dynamic leading edge. For clarification, if not specified, the leading
edge and trailing edge mentioned in the rest of the paper are referred
to as the aerodynamic leading edge and aerodynamic trailing edge,
respectively. In addition, in order to make a fair comparison with con-
ventional dynamic stall cases, in the reverse flow dynamic stall condi-
tion, the upstroke motion is defined as when a increases (aerodynamic
leading edge moving down), and the downstroke motion is defined as
when a decreases (aerodynamic leading edge moving up).

During the pitching motion of the airfoil, two coordinate systems
are defined as shown in Fig. 2, where x and y are the global coordinate
system with x aligning with the free-stream direction, and xc and yc fol-
low the airfoil coordinate system, where xc aligns with the chordline of
the airfoil. The origin in the airfoil coordinate system is located at the
geometric leading edge, which aligns with the conventional airfoil con-
vention. Instead, the origin of the global coordinate system is positioned
at the location of the geometric trailing edge when a ¼ 0� (a0 ¼ 180�).

The aerodynamic lift coefficient Cl and the aerodynamic moment
coefficient Cm are analyzed in this study. These results are obtained
from the integration of the measured pressure using equations
reported in chapter 1 of Anderson’s book.20

B. Experimental design and setup

1. Wind tunnel and model

The experiments were conducted in the low-speed low turbulence
tunnel (LTT) at the Delft University of Technology in the Netherlands.
The LTT is a closed-test section, closed-circuit wind tunnel with a
nominal turbulence intensity varying from 0.015% at 20m/s to 0.07%
at 75m/s and an octagonal test section 1.80m wide, 1.25m high, and
2.60m long. A wing with a NACA 643418 profile was used in the
experiments. The wing spans the entire vertical dimension of the test
section (1.25m) and has a chord length of 250mm, leading to an
aspect ratio of 5. A total of 49 pressure sensors were used to measure
the static pressure over the airfoil surface. The airfoil geometry and
pressure tap locations are shown in Fig. 3.

2. Pressure measurement

The surface pressure was measured using the Digital Temperature
Compensation (DTC) Initium electronic pressure scanning system,
which supports up to eight DTC scanners to facilitate as many as 512
channels of pressure measurements. The accuracy is60:05% for a full-
scale range (>5 psid) measurement. The system can measure at a maxi-
mum frequency of 1200Hz when scanning 16 channels per scanner. In
this campaign, the acquisition frequency was set to 300Hz.

The test matrix for reverse flow dynamic stall conditions is shown
in Table I, where the chord-based Reynolds number Re was set at 2:5�
105 and the free stream velocity (U1) is approximately 14.9m/s. The
design of the test matrix is explained in the appendix. Additionally, a
few conventional cases are also tested, with the test matrix shown in
Table II. The number of cycles required for each test case was deter-
mined through a convergence study. One pitching case was measured
over a duration of 299 cycles, with each cycle consisting of one upstroke
and one downstroke. The standard deviation was evaluated for compar-
isons between 50 and 298 cycles. Note that the first cycle was excluded
from the standard deviation calculation to avoid transient effects in the
measurement. Further details can be found in Appendix A. Based on
the study, 150 cycles were selected for each test case to ensure high
accuracy while minimizing test duration. The results presented in this
study are based on the 149 cycles following the excluded first cycle.

FIG. 2. Illustration of the two coordinate systems used in the study.

FIG. 3. Shape of the NACA643418 airfoil, together with the location of the pressure
taps.

TABLE I. Test matrix of the experimental campaign for reverse flow conditions.

a (�) Da (�) f (Hz) k (–)

5, 10, 15, 20, 25

5 1, 2, 3, 4 0.05, 0.1, 0.16, 0.21
10 1, 1.5, 2,

2.5, 3, 3.5
0.05, 0.08, 0.1, 0.13, 0.16, 0.18

15 1, 2, 3 0.05, 0.1, 0.16a

aThe case with k ¼ 0:16 at Da ¼ 15� was only tested at a ¼ 20� and 25� due to experi-
mental constraints.

TABLE II. Test matrix of the experimental campaign for conventional cases.

a0 (�) Da (�) f (Hz) k (–)

5, 10, 15
5 1, 2, 3, 4 0.05, 0.1, 0.16, 0.21
10,15a 1, 2, 3 0.05, 0.1, 0.16

aInstead of Da ¼ 15� , the case with a0 ¼ 15� was tested with Da ¼ 14� due to experi-
mental constraints.
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To represent the uncertainty of the pressure measurement, we
calculate the 95% confidence interval for the mean value of lift coeffi-
cient Cl and moment coefficient Cm over 149 cycles. The following
procedure shows an example of uncertainty calculation for Cl .

First of all, the standard deviation of Cl (rCl ) is calculated as

rCl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn
i¼1

Cl;i � Cl

� �2s
;

where n is the number of cycles, Cl;i is the Cl time series at the i’s cycle,
and Cl is the cycle-averaged Cl .

Then the standard error (SE) of the mean value is calculated as

SE ¼ rClffiffiffi
n

p :

Assuming the data are approximately normally distributed, the
95% confidence interval for the mean Cl is given by

Cl95% ¼ Cl6t0:975;df � SE;
where t0:975;df is the critical value from the Student’s t-distribution,21

with df ¼ n� 1 degrees of freedom (reflecting the number of inde-
pendent observations used to estimate the variance), corresponding to
the two-sided 95% confidence interval. For n ¼ 149, this value is
t0:975;df ¼ 1:976.

3. Particle image velocimetry (PIV)

PIV measurements were conducted using the apparatus shown
schematically in Fig. 4. The flow inside the tunnel was seeded with
water–glycol droplets of 1 lm median diameter produced by a SAFEX
smoke generator. The flow was illuminated by two Quantel Evergreen
Nd:YAG lasers (200 mJ pulse energy, maximum 15Hz repetition rate,
532nm wavelength), shooting from the two sides of the test section to
illuminate both pressure and suction sides of the airfoil. Flow field
imaging was conducted using two LaVision Imager sCMOS cameras
(2560� 2160 pixel, 16 bit, 6:5� 6:5 lm2 pixel size) equipped with
50-mm Nikon lenses; the lens numerical aperture was set to f ¼ 8.
The optical magnification wasM ¼ 0:03, yielding a digital image reso-
lution of 4.94 pixels/mm. The cameras were controlled by a LaVision

programmable timing unit PTU X, where precise pulses are triggered
and synchronized for cameras and lasers.

Based on the convergence analysis shown in Appendix A in
Fig. 26, 50 cycles yield a low standard deviation of less than 2.5%.
Therefore, in order to maintain a high efficiency while measuring, for
PIV measurements, 50 pairs of images were taken for each phase. The
field of view (FoV) has a size of approximately 430�363 mm2. The
images were first filtered with a Butterworth high-pass filter22 with a
filter length of seven images. Then the vector calculation is performed
with two rounds of passes: the initial pass has an interrogation window
size of 128�128 pixel, with an overlap ratio of 50%; the second pass
has an interrogation window size of 32�32 pixel, with an overlap ratio
of 75%. The last pass gives the vector pitch of 1.343mm.

The uncertainty in the PIV measurements is determined based
on the ensemble data size and the flow velocity fluctuations, as out-
lined by Ye et al.23 For each measured phase, 50 uncorrelated snap-
shots were collected, resulting in the standard uncertainty of the
phase-averaged flow velocity being given by

eu ¼ ru
U1

ffiffiffiffi
N

p : (1)

ru is the representative standard deviation value of the streamwise
velocity component (ru=U1 is approximately 0.1 in the airfoil’s
wake), and N represents the number of uncorrelated samples. This
equation yields eu � 1:4% for the present experiment.

The uncertainty of the root mean square of the velocity fluctua-
tions is estimated as (Sciacchitano andWieneke24)

eu0 ¼ ru
U1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðN � 1Þp : (2)

The expression yields eu0 � 0:1%.

C. Data processing

1. Unsteady pressure measurement correction

When measuring unsteady pressure, delays and damping effects
are often observed due to the geometric characteristics of the pressure
tubes and sensors. To address this, one approach is to apply a transfer
function to correct the data in the frequency domain based on the the-
oretical framework developed by Bergh and Tijdeman.25 The theory
assumes that (1) the sinusoidal disturbances are very small, (2) the
internal radius of the tube is small compared to its length, and (3) the
flow is laminar throughout the system.

For N connected tubes with N volumes as shown in Fig. 5, a
recursive formula for the pressure P in volume j can be derived as

FIG. 4. Schematic plot of the PIV setup with reference directions. The components
of the measurement are ‹ incoming wind, › test section, fi lasers, fl illumination
plane, � airfoil model, – cameras, and † field of view.

FIG. 5. A series of N connected tubes with N different volumes at the end of each
tube. Rj represents the tube radius.
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Pj
Pj�1

¼

"
coshð/jLjÞ þ

Vvj

Vtj
rj þ 1

k0;j

� �
nj/jLjsinhð/jLjÞ

þVtjþ1/jþ1LjJ0ðajÞJ2ðajþ1Þ
Vtj/jLjþ1J0ðajþ1ÞJ2ðajÞ � sinhð/jLjÞ

sinhð/jþ1Ljþ1Þ

� coshð/jþ1Ljþ1Þ �
Pjþ1

Pj

� �#�1

if j < N;

coshð/jLjÞ þ
Vvj

Vtj
rj þ 1

k0;j

� �
nj/jLjsinhð/jLjÞ if j ¼ N;

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

(3)

where L is the tube length, Vv is the pressure transducer volume, Vt is
the tube volume, r is the dimensionless increase in transducer volume
due to diaphragm deflection, k0 is the polytropic constant for the pres-
sure expansion in the transducer volume, equaling to 1.4 for isentropic
pressure expansion, and J0 and J2 are Bessel functions of first kind of
orders 0 and 2.

In addition, /j, aj (shear wave number), nj (kind of polytropic
constant) are calculated as

/j ¼
x
a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J0ðajÞ c
J2ðajÞ nj

s
; (4)

aj ¼ i
ffiffi
i

p
ffiffiffiffiffiffiffiffiffiffiffiffi
xPm

R0T l

s
Rj; (5)

nj ¼ 1þ c� 1
c

�
J2 aj

ffiffiffiffiffiffi
Pr

p� �
J0 aj

ffiffiffiffiffi
Pr

p� �
2
64

3
75
�1

; (6)

where x is the angular frequency, Pm is the atmospheric pressure, R is
the tube radius, R0 is the specific air constant, which is 287 J/kg K, T is
the ambient air temperature, l is the dynamic viscosity of air, c is the
specific heat ratio, which is equal to the ratio between the specific heat
at constant pressure and the specific heat at constant volume, and Pr is
the Prandtl number.

After Eq. (3) is obtained, the phase delay and the amplitude ratio
between the corrected and uncorrected pressure can be calculated by
taking the absolute value and the angle value of the response.

2. Wind tunnel wall correction

Due to the presence of wind tunnel walls in a closed test section,
the flow conditions are different compared to free-air conditions.
Therefore, corrections should be applied to the raw pressure data,
accounting for the lift interference, blockage, and wake buoyancy.
Similarly to Xu et al.,26 two correction methods were applied depend-
ing on the angle of attack: the method from Timmer27 for instanta-
neous angles of attack not exceeding 20� (mainly for the static
measurement as shown in Fig. 27 in Appendix A); the method from
Maskell28 for higher angles of attack.

3. Proper Orthogonal Decomposition (POD)

The Proper Orthogonal Decomposition (POD) is a well-
established mathematical method aimed at obtaining low-dimensional

approximate descriptions of high-dimensional processes.29 In flow
dynamics, POD is extremely helpful because it extracts the most ener-
getic coherent structures from complex, high-dimensional flow fields.
In this study, POD analysis is performed on the airfoil suction side
surface pressure. In POD, the original pressure coefficient field
Cpðxc=c; tÞ is decomposed into a linear combination of spatial modes
[/kðxc=cÞ] and time coefficients (akðtÞ):

Cpðxc=c; tÞ ffi
XM
k¼1

akðtÞ/kðxc=cÞ; (7)

where the approximation becomes the exact limit as M (the number of
retained POD modes) reaches infinity. The decomposition is derived
from solving the eigenvalue problem of the spatial correlation matrix,
ensuring that the modes optimally capture the pressure fluctuations.

III. RESULTS AND DISCUSSION
A. Pressure, force, and vortex dynamics during
dynamic stall under reverse flow conditions

The analysis begins with a comprehensive examination of pres-
sure fields, integrated aerodynamic forces, and flow structures across
all test cases. A detailed discussion is presented of two representative
cases: a10D10k0:1 and a20D10k0:1, characterized by a different num-
ber of suction regions on the airfoil surface.

1. Localized suction region case: a10D10k0:1

This section discusses the case a10D10k0:1, where the airfoil is
operated at a ¼ 10�, Da ¼ 10�, and k ¼ 0:1.

Figure 6(a) presents the cycle-averaged pressure coefficient Cp on
the suction side of the airfoil. From the left to right of the plot, the col-
ormap indicates the value of Cp during the upstroke period from
a ¼ 0� to 20� and then downstroke to a ¼ 0�. A schematic airfoil is
plotted on the left of the figure with the leading edge (xc=c ¼ 1) and
trailing edge (xc=c ¼ 0) aligned with the y-axis. This airfoil is oriented
at a ¼ 0�, and the suction side is marked by the solid line. In the color-
map, gray isolines indicate the Cp-levels in increments of DCp ¼ 0:25.
Meanwhile, the measured PIV phases are marked with vertical dashed
lines, where the vorticity fields are shown in Fig. 7. During the initial
upstroke motion from phase a (0�) until approximately phase c (4.0�),
the flow remains attached to the airfoil surface, with the lowest Cp near
the highest thickness region (xc=c � 0:4). The vorticity fields from the
PIV measurement during these phases are shown in Figs. 7(a)–7(d).
Likewise, no major flow event happens, and the flow remains fully
attached. The high vorticity in proximity to the airfoil surface is repre-
sentative of the boundary layers forming on both the pressure and suc-
tion sides. Starting approximately at phase d and starting from the
leading edge, Cp decreases to below zero. This is ascribed to the initia-
tion of the DSV, which grows from the leading edge, where the flow
separation (FS) can be seen from the suction side near the leading edge
(from phases d to f). As the suction region grows larger, the DSV is
formed as shown at phase g [a ¼ 18:1�, Fig. 7(g)]. At this phase, the
DSV core [xc=c ¼ 0:28, marked by the blue curve in Fig. 6(a)] is visi-
ble, which is close to the maximum thickness region of the airfoil. The
vortex core location is evaluated using the C1 method.30,31 The circula-
tion of the DSV is shown in Fig. 6(b), which is obtained by integrating
the positive vorticity in the wake of the airfoil region, thus excluding
the negative vorticity, which is associated with the TEV. The result
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shows that C is initially relatively low until phase f and then increases
sharply to a local maximum at phase g. It is noted that from phases a
to g, the FoV of the PIV measurements is large enough to cover almost
the full area of the vortex evolution; instead, from phase h onward,
part of the vorticity from the DSV and TEV exits the field of view,
yielding an under-estimation of C. At the same time, the Cp colormap
indicates that during this upstroke period, the suction region (Cp below
zero, blue areas) on the airfoil surface extends from less than 40%
(phase e) to more than 90% (phase g) of the chord length.

Meanwhile, the pressure coefficient fields were derived from the
PIV velocity measurements. The results are obtained by applying
the Reynolds Averaged Navier–Stokes equation, and then solving for
the static pressure using the Poisson equation formulation, as described

by Van Oudheusden.32 The boundary conditions adopted in the com-
putations are specified as follows. At the inlet (left boundary of the PIV
flow field), a Dirichlet boundary condition is imposed, with the pressure
value determined from the Bernoulli equation. For the remaining
boundaries, including the top, bottom, and right boundaries of the PIV
flow field as well as the boundary of the airfoil, Neumann boundary
conditions are applied, where the pressure gradients are obtained from
the Navier–Stokes equations. The same boundary condition was
applied previously by Xu et al.33 As shown in Fig. 8, as the airfoil
pitches up from phases a to c (aerodynamic leading edge moving
down), a low-pressure region is present only on the airfoil suction (bot-
tom) side, near the location of maximum thickness (xc=c � 0:4). At
phase d, the low-pressure region is concentrated at both the leading

FIG. 6. Pressure and DSV information at
case a10D10k0:1: a ¼ 10�, Da ¼ 10�,
and k ¼ 0:1. (a) Cycle-averaged pressure
coefficient Cp on the suction surface over
a pitching cycle. The vertical dashed lines
represent measured PIV phases. The
blue curve indicates the DSV core location
in the chordwise direction, identified using
the C1 method.30,31 (b) Circulation of the
DSV at the measured PIV phases. (c)
Streamwise location of the DSV core.
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edge and the maximum thickness region. As the airfoil pitches up,
higher suction takes place near the leading edge (phases e and f) and
then the suction region grows bigger and reaches the maximum at
phase g, where it covers the entire suction side of the airfoil, with the
minimum Cp approaching �2. For higher angles of attack (phases h
and i), the low-pressure region moves to the aerodynamic trailing edge,
indicating the shedding of the DSV. Hence, it can be concluded that,

during reverse flow dynamic stall, the DSV development follows a char-
acteristic pressure propagation: first the leading edge experiences high
suction, then (at a � 18�) the suction region extends to the entire suc-
tion side of the airfoil, and finally (at a � 20�) the vortex is shed down-
stream, resulting in the lower pressure near the aerodynamic trailing
edge. This DSV-induced pressure fluctuation is widely recognized as
the most dominant feature of dynamic stall and can be found in many

FIG. 7. Vorticity field xc=U1 for case
a10D10k0:1: a ¼ 10�, Da ¼ 10�, k
¼ 0:1. Green cross represents the loca-
tion of DSV core center, identified using
C1 method.

30,31 FS: flow separation.
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works in the literature11,34,35 for conventional dynamic stall. Similarly,
for reverse flow cases, Datta et al.13 and Potsdam et al.14 also docu-
mented the reverse flow DSV-induced pressure wave for helicopters. A
comparison of the DSV-induced pressure wave from conventional and
reverse flow dynamic stall will be discussed later in this section.

Successively, when the airfoil pitches up to the largest a of 20.1�

[phase h, Fig. 7(h)], it is observed that the negative vorticity at the trail-
ing edge increases (larger blue area). At phase g, the local circulatory
flow shows signs of TEV formation. This TEV is induced by the
upstroke motion and the convection of the DSV toward the trailing

FIG. 8. Pressure coefficient field Cp for
case a10D10k0:1 derived from PIV mea-
sured velocity field.
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edge, which both lead to the increase in adverse pressure gradient near
the trailing edge. When the airfoil pitches to the maximum angle at
phase h, the TEV grows bigger, which causes a higher suction near the
trailing edge region. At the same time, from phases g to h, the DSV
partially separates from the airfoil surface [marked by region I in
Fig. 7(h)]. Meanwhile, the inner part of the DSV remains attached to
the airfoil, which is marked by region II in Fig. 7(h). Overall, this par-
tial separation leads to a decrease in C within the FoV [Fig. 6(b)]. After
reaching the maximum a, the airfoil starts to pitch down (aerodynamic
trailing edge moving down) and the vorticity field is shown from phase
i [Fig. 7(i)] to phase o [Fig. 7(o)]. As a decreases to 19.8� [phase i,
Fig. 7(i)], the TEV grows larger. Together with the downstroke move-
ment of the airfoil, the recirculating part of the DSV moves upstream,
as shown in Fig. 6(c) from x=c ¼ 0:78 (phase h) to x=c ¼ 0:69
(phase i). Due to the upstream motion of the DSV during this period,
the negative Cp region at phase i expands toward the upstream loca-
tion, while for the previous phase (h), the negative Cp region concen-
trates at the trailing edge region, which can be seen in Fig. 6(a).
Following the partial separation phases of h and i, at phase j [Fig. 7(j)],
the attached DSV grows, fed by the shear layer separating at the aero-
dynamic leading edge. This growth is facilitated by the TEV shedding,
which allows the DSV to develop unimpeded. This leads to an increase
in circulation measured inside the FoV. As the airfoil continues pitch-
ing down to approximately 7.3� (phase m), the DSV moves away from
the trailing edge, and the flow begins to reattach onto the airfoil surface
progressively. During this period, the circulation within the FoV drops
sharply and returns to a value close to zero by the end of the cycle.

The aerodynamic force and moment during the pitching process
for this case are also examined. The results are obtained through the
integration from the measured pressure. The hysteresis loops of the lift
coefficient Cl and pitching moment coefficient Cm are shown in Fig. 9.
Solid lines indicate the upstroke motion, while the dashed lines repre-
sent the downstroke motion. These two lines represent the cycle aver-
aged value, while the red shaded area (very thin in the plot) represents
the 95% confidence interval level. The measured PIV phases are also
marked on the lines. As the airfoil pitches up from phase a to phase c,
the flow remains attached; thus, both Cl and Cm vary approximately
linearly with the angle of attack. From phase c to phase g, Cl keeps
decreasing, owing to the increasing suction from the growing DSV. In
this period from phase c to phase f, as the airfoil pitches up, the DSV-
induced suction at the leading edge generated ahead of the pitching
axis [as shown in Figs. 8(d)–8(f)] creates a counterclockwise (negative)
moment on the airfoil. At the same time, the suction near the trailing
edge only has a minor impact on generating the clockwise (positive)
moment. Thus from phase c to phase f, Cm decreases. At phase g, the
DSV causes the huge suction region over 90% of the airfoil length
from the leading edge [see Fig. 6(a)]. This suction, centered on the
downstream (right-hand) side of the airfoil pitching axis, creates a
clockwise (positive) moment. This is the reason for the increase in Cm

at phase g. Meanwhile, at phase g, Cl reaches the maximum absolute
value while the DSV is still attached and features maximum strength.
Between phases g and h, the partial detachment of the DSV leads to a
drop in Cl . Between these two phases, Cm also decreases due to the
decrease in suction on the airfoil surface. Afterward, as the airfoil
pitches up (phases h to phase j), both Cl and Cm first feature an
increase in magnitude due to the higher suction induced by the
attached (partial) DSV (phases h and i) and then (phases i and j) a

decrease in magnitude as the DSV convects away from the airfoil. As
the airfoil pitches further down from phase j to phase o until the end
of the downstroke cycle, the DSV convects further away from the trail-
ing edge, and Cl and Cm decrease in magnitude. Overall, the hysteresis
loops indicate two times the sharp increase in Cl and Cm magnitude,
which are related to the DSV initial growth (phases d to g) and the
attached DSVmoving upstream (phases h and i), respectively. The sec-
ond increase in Cl and Cm is smaller compared to the first one, as (1)
the strength of the attached DSV is smaller compared to the original
DSV, (2) the second increase happens during the downstroke period,
therefore the DSV decreases in strength when a returns back to 0.

The static Cl measurement is marked as the gray line in Fig. 9(a).
During the range of the pitching angles from 0� to 20� (a0 from 180�

to 160�), Cl decreases to the minimum of �0:93 at 10.1�. Afterward,
the Cl magnitude decreases due to flow separation. After 14.2�, the
steady Cl curve remains relatively constant at approximately �0:67.
The Cp distributions on the airfoil surface from 10� to 20� are shown

FIG. 9. Hysteresis loop of the lift coefficient Cl , and pitching moment coefficient Cm
for case a10D10k0:1. Line styles and confidence intervals as described in the text.
PIV phases are marked on the curves.
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in Fig. 10(a). The suction side is represented as a solid line and the
pressure side as a dashed line. Initially from 10� to 13�, the suction
side has a Cp peak region near the aerodynamic leading edge
(xc=c ¼ 1, which is the geometric trailing edge), which is ascribed to
the flow separation near the sharp leading edge. From 14� to 20�, the
flow on the suction side remains fully separated, with only minor
changes near the trailing edge (xc=c ¼ 0) for the pressure side. This
leads to the stable Cl after 14.2�.

Compared to the steady Cl , during pitching [Fig. 9(a)], the
upstroke motion leads to a higher magnitude and a delayed magnitude
drop near phase g. Similarly, compared to the static Cm [the gray curve
in Fig. 9(b)], dynamic Cm presented at this pitching case also shows a
lower minimum from approximately �0:22 (static) to �0:35
(dynamic) and a delayed magnitude recovery. This aligns with conven-
tional dynamic stall results, where a lift and moment overshoot is

reported.3,5 Meanwhile, it is also shown that for a between 1.2� and
12.6�, both upstroke and downstroke motions lead to a lower Cl mag-
nitude compared to the static case. The Cp distributions compared to
the steady Cl at 10� are shown in Fig. 10(b). For the steady measure-
ment, the suction side is marked as the black solid line, and the pres-
sure side is marked as the black dashed line. For the pitching cases,
lines of Cp distribution when ja� 10j 	 0:2 are plotted. The pressure
side Cp remains close to the steady case, with the main differences
lying in the suction side Cp. During the downstroke motion, the flow
remains fully separated from the airfoil surface, which creates the low
flat Cp on the suction side. This uniform Cp is also shown in Fig. 6(a)
(marked by line o) and Cp map [Fig. 8(l)]. These results contribute to a
lower Cl compared to the steady measurement during the downstroke
period. During the upstroke period, strong suction regions are
observed near the leading edge and around the pitching axis location
(xc=c ¼ 0:4), as evidenced in Figs. 8(d) and 8(e). The lower �Cp mag-
nitude outside these regions leads to the deviation from the suction
side of the steady result, leading to an overall decrease in Cl values.

Through the examination of all DSV-present cases, suction side
Cp in a reverse flow condition shows distinct patterns where multiple
suction regions can be found. Appendix C (Fig. 31) reports the results
for representative tested cases. In order to compare the difference
between conventional and reverse flow dynamic stall, a conventional
dynamic stall case tested in this campaign is shown in Fig. 11, where
a0 ¼ 10�, k ¼ 0:16, and Da ¼ 10�. The phases measured by PIV are
marked by vertical dashed lines, and the corresponding vorticity fields
are shown in Fig. 33 in Appendix E. Note that the colormap and color-
bar range are modified in order to match the result as shown in Visbal
and Benton.34 In their research, large eddy simulation was performed
on a NACA 0012 airfoil at angles of attack ramped up from a mini-
mum value of a0 ¼ 4� to a maximum of a0 ¼ 30�.36 During the
upstroke period, the conventional test case in this campaign shows
similar patterns to the reverse-flow case. However, the leading edge is
characterized by extremely low pressure (Cp < �5) between approxi-
mately a0 ¼ 10� to a maximum of a0 ¼ 20�. This extremely low pres-
sure is ascribed to the development and burst of the laminar
separation bubble (LSB).36

For this conventional (non-reverse) flow case, the Cp distribution
on the airfoil surface at a0 ¼ 18� (phase f for the upstroke) is shown in
Fig. 12. The unsteady cases are plotted for ja0 � 18j 	 0:2. The result
shows that at phase f (the red curves), Cp from the suction side exceeds
the value from the steady measurement. Especially at the leading edge
region (between xc=c ¼ 0:002 and 0.03), the Cp overshoot leads to a
plateau near �Cp ¼ 5:3, which indicates the presence of a leading
edge separation bubble. From the PIV vorticity field, it is shown that
from phase d [Fig. 33(d)] to phase f [Fig. 33(f)], the flow separation
occurs near the trailing edge of the airfoil’s suction side. From phase g
[Fig. 33(g)] to phase i [Fig. 33(i)], the trailing edge separation leads to
the roll-up of the shear layer and eventually to the formation of the
DSV at phase i. Therefore, for conventional cases, the LSB at the lead-
ing edge plays an important role, which creates abrupt pressure drops
prior to the DSV development. Similar spatial–temporal suction side
Cp pattern can be found in many previous works in the
literature.11,34,35 In contrast, reverse flow conditions exhibit a more
gradual pressure decrease during the initial DSV formation period, as
consistently observed across all DSV-present cases (representative
cases shown in Appendix C, Fig. 31). In forward flow, the streamlined

FIG. 10. Cp distribution (a) from 10� to 20� for steady measurement (solid lines rep-
resent suction side and dashed lines represent pressure side) and (b) at 10� for
both the steady and unsteady cases.
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leading edge accelerates the flow smoothly, creating a suction peak just
downstream of xc=c � 0:002, followed by a deceleration. In reverse
flow, the sharp leading edge triggers immediate separation even at a
small angle of attack, resulting in a flat, low-pressure plateau
(�Cp � 1:5) in the separated flow region (Fig. 10). This lack of accel-
eration/deceleration contrasts sharply with the Cp dynamics of forward
flow.

Overall, during one pitching cycle of case a10D10k0:1, a single
DSV is shed at the end of the downstroke, while partial flow separation
occurs once during the upstroke due to the increasing angle of attack.
This experimental observation captures the detailed vortex evolution
throughout the pitching cycle in a reverse flow dynamic stall scenario.
It suggests that the DSV shedding process is influenced by the interac-
tions with the shear layer emanating from the sharp leading edge,

which continues to feed into the still-attached portion of the DSV. In
comparison, Hodara et al.37 observed two DSVs in one pitching cycle
during their reverse flow dynamic stall experiments using a NACA
0012 airfoil at a ¼ �8:9�, Da ¼ 9:9�, Re ¼ 3:3� 105, and k ¼ 0:16.
Their Cp maps indicated two distinct suction regions, and instanta-
neous PIV images showed that the second DSV formed during the
downstroke. Notably, the vortices in their study were fully separated,
in contrast to the partially attached vortices observed in the present
work. Such partially attached vortices are not only linked to additional
force fluctuations but also influence flow reattachment dynamics and
the unsteady aerodynamic loading. Additionally, in conventional
dynamic stall cases, the dynamic stall development typically involves
an initial instability stage followed by the formation of a DSV,10 which
differs from the behavior observed under reverse flow conditions. The
present research provides a detailed physical understanding of the
DSV development mechanism in reverse flow, showing that (1) the
flow separation at the initial stage of DSV development leads to a grad-
ual Cp decrease compared to the conventional dynamic stall case,
where the LSBs lead to a suction peak before the DSV forms. (2)
Moreover, the partial DSV attachment and the shear layers feeding of
the attached DSV lead to additional force fluctuations during the
pitching cycle.

2. Extended suction region case: a20D10k0:1

This section discusses the flow physics of case a20D10k0:1, where
only the mean pitching angle is changed to 20� compared to the previ-
ous case (case a10D10k0:1). The suction side Cp and DSV evolution
are shown in Fig. 13, the PIV vorticity fields are shown in Fig. 14, and
Cp obtained from the PIV flow field are present in Fig. 32.

Two major differences in pressure imprint can be found between
these two cases. First, the suction region persists over a significantly
larger portion of the pitching cycle in case a20D10k0:1 compared to
a10D10k0:1. While the lower angle case (a10D10k0:1) exhibits the
maximum suction near mid-cycle (phase g, corresponding to
a ¼ 18:1�), the higher angle case (a20D10k0:1) develops suction
immediately at the minimum pitch angle of 10�, maintaining it

FIG. 11. Cycle-averaged pressure coeffi-
cient Cp on the suction surface at case
a010D10k0:16. The PIV measured
phases are marked by vertical dashed
lines and the vorticity fields of which are
shown in Fig. 34.

FIG. 12. Cp distribution at 18� for both the steady and unsteady cases for the con-
ventional dynamic stall case a010D10k0:16.
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throughout the motion. Examples can be seen from phases a [Figs. 14(a)
and 32(a)] and b [Figs. 14(b) and 32(b)], where the leading edge flow
separation is present at both phases, yielding a suction pressure growth
at the beginning of the upstroke cycle. It is also noticed from phase o, the
last captured downstroke phase, that the shear layer emanating from the
aerodynamic leading edge is still detached from the airfoil surface
[Fig. 14(o)], which indicates that the growth of the DSV starts from the
previous cycle at the end of the downstroke period. Overall, this wider
suction region on the airfoil surface is inherent for case a20D10k0:1 as it
has a higher a during pitching. As a result, Cl and Cm for case
a20D10k0:1 (Fig. 15) already feature large variations with the angle of
attack near the small a region (from phases o to a to b).

Second, unlike case a10D10k0:1, where the partial separation of
the DSV happens once, the Cp map of case a20D10k0:1 shows three

major enclosed suction areas on the airfoil suction side, which are
linked to the multiple partially separated DSV. Initially, from phase a
[Fig. 14(a)] to phase d [Fig. 14(d)], the DSV starts forming from the
leading edge, becoming fully visible at phase d. During this period,
the DSV remains attached to the airfoil surface; C is initially low up
to phase c, and then it increases at phase d due to the vorticity feed-
ing from the shear layer. As the airfoil pitches up from phase d to
phase e [Fig. 14(e)] and f [Fig. 14(f)], the DSV starts to detach from
the airfoil surface. Similar to case a10D10k0:1, the DSV is partially
shed, marked by the region I in Fig. 14(e), while the inner part
remains attached to the airfoil surface (marked by region II).
Different from case a10D10k0:1, this interaction happens during the
early stage of the upstroke period, which is attributed to the higher a
for this case.

FIG. 13. Pressure and DSV information at
case a10D10k0:1: a ¼ 10�, Da ¼ 10�,
and k ¼ 0:1. (a) Cycle-averaged pressure
coefficient Cp on the suction surface over
a pitching cycle. The vertical dashed lines
represent measured PIV phases. The
blue curve indicates the DSV core location
in the chordwise direction, identified using
the C1 method.30,31 (b) Circulation of the
DSV at the measured PIV phases. (c)
Streamwise location of the DSV core.
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FIG. 14. Vorticity field xc=U1 for case a20D10k0:1: a ¼ 20�, Da ¼ 10�, k ¼ 0:1. Green cross represents the location of DSV core center, identified using C1 method.
30,31
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Similarly, from phase g to phase h, from phase i to phase j, and
from phase k to phase l, the same partial separation can be observed: at
the earlier phase of the two (phase g, i or k), the Cp distribution on the
suction surface [Fig. 13(a)] reaches the local minimum, with the vortic-
ity field featuring a round-contour DSV, which is attached to the airfoil
surface; At the latter phase (phase h, j or l), the shear layer does not
fully recirculate back toward the surface; instead, its outer part sheds
into the wake. Owing to this, phases e, g, i, and k lie roughly near the
local peak of Cl , and the Cl recovery happens at the corresponding fol-
lowing phases, as shown in Fig. 15(a).

Apart from the hysteresis of Cl , the hysteresis of Cm also exhibits
similar characteristics compared to case a10D10k0:1, where the loca-
tion of the DSV highly influences the variation of the Cm value. For

example, during the initial DSV formation period, the low pressure
region starts from the leading edge (phase a, [Figs. 14(a) and 32(a)]
and then extends to close to the pitching axis [Figs. 14(d) and 32(d)].
As a result, it creates a counterclockwise moment, which leads to the
decrease in Cm. After the DSV development in phase d, at phase e
[Figs. 14(e) and 32(e)], the partially attached DSV is located on the
right-hand side of the pitching axis, generating a clockwise motion,
which increases Cm.

Therefore, compared to the single partial separation observed in
case a10D10k0:1, case a20D10k0:1 presents four partial separations,
which is a more complex flow dynamics due to the higher pitching
angles. Although previous research on conventional dynamic stall also
focused on the development of the DSV,10,38,39 the influence of the
partial separation was not discussed. Our experimental campaign
reveals that the partial separation leads to the secondary growth of the
DSV, which can happen multiple times during the pitching cycle,
depending on different pitching parameters (as shown in Fig. 31). This
partial separation extends the overall DSV development time and
delays the time at which the DSV detaches. In addition, the DSV vor-
tex formation leads to an increased magnitude of the aerodynamic lift,
followed by a reduction when partial DSV separation occurs; as indi-
cated before, this process occurs multiple times (specifically for case
a20D10k0:1, four times) during the oscillation cycle.

B. POD analysis

As established, dynamic stall under reverse flow conditions
presents a complex aerodynamic phenomenon marked by multiple
(partial) separations and shedding of the DSV. Building on previous
POD analyses of conventional dynamic stall,9,17,40 we employ Proper
Orthogonal Decomposition (POD) of the pressure coefficient Cp on
the suction side of the airfoil, across all cases where a DSV is present,
to identify the dominant flow features characterizing the reverse flow
conditions. The energy contents from the first two POD modes are
shown in Table III, clearly indicating that the first two modes together
contribute to about 90% of the total energy. The results are grouped by
a. For cases with a ¼ 5�, a single dominant mode captures more than
of 76% of the total energy, suggesting that the flow is highly dominated
by one distinct flow pattern. For the other cases with a ¼ 10�; 15�,
and 20�, the first mode decreases its dominance, with the lowest value
46.9% of the total energy. This indicates that for larger a, two promi-
nent flow patterns coexist, suggesting a more complex flow dynamics
compared to the single-mode dominance observed at lower angles.
The different flow regimes are color-coded, which will be explained at
the end of this section.

To investigate the spatial location of these high-energy activities,
the mode shapes / of the first mode for all the cases are shown in
Fig. 16, where each sub-figure contains the result from the cases with
the same a. Since PODmode shapes are determined up to an arbitrary
sign, we analyze their absolute peak values to identify the most domi-
nant flow features.

For a ¼ 5� and 10� cases [Figs. 16(a) and 16(b)], the first mode
shapes exhibit uniform peaks near the aerodynamic leading edge
(xc=c ¼ 1), indicating that the most dominant modes are concen-
trated in this region. This peak in the mode shape is likely associated
with the dynamics, namely, formation and growth, of the DSV.
Conversely, for a ¼ 15�, the mode shapes become less monotonic; in
general, two local maxima are present, one at the leading edge and

FIG. 15. Hysteresis loop of the lift coefficient Cl , and pitching moment coefficient
Cm for case a10D10k0:1. Line styles and confidence intervals as described in the
text. PIV phases are marked on the curves.
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one at the trailing edge, respectively. For example, for the case
a15D10k0:1 [the red curve in Fig. 16(c)], the mode shape is relatively
flat, with the value of �0:24 at xc=c ¼ 0:69 and �0:25 at
xc=c ¼ 0:19. This means that, in such a case, the flow contains equally
significant energy at the leading edge and trailing edge, which suggests
that the DSV and the TEV contribute equally to the flow dynamics.
When a ¼ 20� and 25�, even though some cases still shows a mixture
of energy from both the leading edge and the trailing edge, the other
cases (including a20D10k0:1, a20D10k0:13, a20D15k0:05,
a20D15k0:1, a25D10k0:18, a25D15k0:05, and a25D15k0:1) start to
exhibit dominance from the trailing edge only. This result suggests
that, at higher mean angles of attack, the flow is dominated by the
dynamics of the TEV.

To validate the assumption that links mode shapes to vortex
dynamics, the rest of this section analyzes examples of DSV-
dominated and TEV-dominated flows using POD.

1. DSV-dominated flow

As a representative case, we consider case a10D10k0:1, where the
most dominant mode exhibits a pronounced peak in the leading edge
region. The first two mode shapes (/1 and /2) and the time average
Cp (/0) at each chordwise location are shown in Fig. 17. The temporal
coefficient of the first two modes, along with the cycle-averaged Cp
variation at chordwise location xc=c ¼ 0:05 and 0.95, are presented in
Fig. 18. These two locations are chosen since they are the peak loca-
tions of /1 and /2.

Overall, /0 experiences a decreasing trend from the trailing edge
to the leading edge, which is representative of a large flow separation
occurring from the leading edge and covering most of the suction side
of the airfoil. While /1 exhibits a peak near the leading edge
(xc=c ¼ 1), ascribed to the formation and growth of the DSV, /2 has a
local peak near the trailing edge region, which is attributed to the TEV
dynamics. From the perspective of the temporal coefficient (Fig. 18),
mode 1’s temporal coefficient exhibits an increasing trend during the
upstroke cycle; during this period, the formation of the DSV leads to
an increasing leading edge suction. Consequently, the first peak of
mode 1’s temporal coefficient coincides with the suction peak of Cp

near the leading edge (xc=c ¼ 0:9). Similarly, the second peak of mode
1’s temporal coefficient coincides with the suction peak at the same
chordwise location during the downstroke period; this suction peak is
due to the secondary development of the attached DSV. Likewise, for
the second mode, the temporal coefficient starts to increase when Cp at
xc=c ¼ 0:05 starts to decrease near a ¼ 17� during upstroke. The two
peaks in mode 2’s temporal coefficient align with the two Cp suction
peaks at xc=c ¼ 0:05. As a result, the first mode correlates with the
dynamics of the DSV. Similarly, the temporal-spatial correspondence
strongly indicates that mode 2 physically represents the dynamics of
TEV development during dynamic stall.

In order to further investigate the physical meaning of each
mode, Cp is reconstructed based on the first two modes. The results
are shown in Fig. 19 with chordwise distribution in the left column
and spatial-temporal field in the right column. /1 (times a constant h)
is added/subtracted to/from the mean Cp (/0); the result is shown in
Fig. 19(a). By adding (or subtracting) /1, the mean Cp shows decreas-
ing (or increasing) values separately. The variation is the highest close
to the leading edge (xc=c > 0:6), and gradually diminishes closer to
the trailing edge; when xc=c < 0:2, the variation is the minimum.

TABLE III. Energy distribution of the most dominant mode(s) across all cases,
grouped by a. The flow regimes are color-coded as follows: orange for DSV-
dominated flow, black for TEV-dominated flow, and blue for mixed-energy cases
where both vortices contribute significantly. The classification criteria for these
regimes are discussed later in this section.

Case E1 (%) E2 (%)

a5D10k0:05 84.6 8.9
a5D10k0:08 84.4 9.2
a5D10k0:1 85.6 8.1
a5D10k0:13 87.7 6.5
a5D10k0:16 89.9 4.7
a5D10k0:18 91.2 4.3
a5D15k0:05 80.8 14.2
a5D15k0:1 76.6 18.3

a10D5k0:05 56.9 31.9
a10D5k0:1 60.6 28.2
a10D5k0:16 68.7 20.8
a10D5k0:21 75.9 14.4
a10D10k0:05 57.8 27.6
a10D10k0:08 59.7 28.4
a10D10k0:1 59.2 30.9
a10D10k0:13 57.9 33.2
a10D10k0:16 58.3 32.6
a10D10k0:18 58.8 31.4
a10D15k0:05 75.9 18.4
a10D15k0:1 65.3 28.8

a15D5k0:05 90.9 7.8
a15D5k0:1 63.6 32.2
a15D5k0:16 52.4 40.9
a15D5k0:21 60.4 32.1
a15D10k0:05 54.4 36.7
a15D10k0:08 54.1 38.2
a15D10k0:1 52.6 39.7
a15D10k0:13 46.9 45.2
a15D10k0:16 50.3 42.0
a15D10k0:18 53.6 37.9
a15D15k0:05 62.3 28.1
a15D15k0:1 54.9 37.9

a20D10k0:05 69.7 26.9
a20D10k0:08 57.6 38.1
a20D10k0:1 58.4 35.9
a20D10k0:13 54.8 39.1
a20D10k0:16 55.8 38.2
a20D10k0:18 57.5 35.8
a20D15k0:05 67.7 26.4
a20D15k0:1 54.2 39.1
a20D15k0:16 51.0 40.8

a25D10k0:18 75.7 21.0
a25D15k0:05 71.7 25.5
a25D15k0:1 60.6 33.9
a25D15k0:16 55.1 38.2
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Meanwhile, the spatial-temporal Cp reconstructed from mode 1
[Fig. 19(b)] presents two suction regions near the leading edge, which
correspond to the DSV and the secondary development of the DSV,
respectively. Based on the reconstructed Cp, it can be concluded that
mode 1 is correlated with the growth and decay of the DSV.

The reconstructed Cp from mode 2 is shown in Figs. 19(c) and
19(d). Contrary to mode 1, by adding (or subtracting) this mode, Cp

shows decreasing (or increasing) values, stemming from the middle of
the airfoil (xc=c ¼ 0:5) toward the trailing edge (xc=c ¼ 0). At the
same time, Cp in the leading edge region increases or decreases, oppo-
site to the variation in the trailing edge region. The spatial–temporal
plot [Fig. 19(d)] shows that the reconstructed Cp from mode 2 creates
two trailing edge suction areas, which are correlated with the TEV
development. Meanwhile, a high-pressure region is present near the
leading edge at the same phases, which increases the leading edge pres-
sure in mode 2. Therefore, mode 2 is related to two physical activities:
first, it is highly correlated with the growth and decay of the trailing
edge vortex. Second, as a minor effect, it is also related to the growth
(or the pressure recovery) of the DSV, as a consequence of the decay
(or growth) of the TEV.

FIG. 16. POD mode shapes of the most dominant mode (mode 1) for each case.

FIG. 17. POD mode shapes of the time averaged Cp (/0) and the first two modes
(/1 and /2) at case a10D10k0:1.
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2. TEV-dominated flow

The case a20D10k0:1 is selected as representative of TEV-
dominated flow dynamics. The dominating mode shapes are shown in
Fig. 20, with the mean Cp also shown for comparison. Compared to
the previous case, the mean Cp distribution presents lower values, with
Cp < �0:5 even at the trailing edge, indicating a large flow separation
affecting the entire suction side of the airfoil. As already discussed, in
this case, the first mode peaks near the trailing edge region, opposite to
a10D10k0:1, and the second mode has a wider peak region on the air-
foil center region, but still peaks at approximately 30% from the lead-
ing edge.

The temporal coefficient of the first two modes, together with the
phased-averaged suction side Cp at xc=c ¼ 0:05, 0.69, 0.6, 0.8, and 0.9,
are shown in Fig. 21. The two chordwise locations at xc=c ¼ 0:05 and
0.69 correspond to the mode shape peaks as shown in Fig. 20. The
other locations at xc=c ¼ 0:6, 0.8, and 0.9 are plotted to explain the rea-
son why the first mode shape peaks at xc=c ¼ 0:69, which will be dis-
cussed later. The variations of Cp and the temporal coefficient are
related to multiple DSV separations and sheddings, as discussed in the
previous section. It is observed in Fig. 21 that the first mode starts to
increase sharply when Cp at xc=c ¼ 0:05 starts to decrease near
a ¼ 17� during upstroke. When Cp reaches the local minimum at
xc=c ¼ 0:05, mode 1 reaches the local peak values simultaneously. This
means that mode 1 is correlated with the development of the TEV. The
reconstructed Cp from mode 1 is shown in Figs. 22(a) and 22(b) for its
chordwise distribution and spatial-temporal distribution, respectively.
By adding (or subtracting) /1, the Cp distribution decreases (or
increases) accordingly, with the largest variations occurring in the trail-
ing edge region (xc=c ¼ 0:02 to 0.5), and almost no variation in the
leading edge region (from xc=c ¼ 0:75 and onward). The reconstructed
Cp from this mode shows a concentration of suction areas near the
trailing edge region, extending up to approximately xc=c ¼ 0:75. The
multiple suction regions are associated with the dynamics of the DSV,
and in particular, its formation and the subsequent secondary effect
from the partially attached DSVs. The large value of mode 1 in the trail-
ing edge region and the high correlation between its temporal

coefficient and the pressure coefficient near the trailing edge allow us to
conclude that mode 1 is related to the growth and decay of the TEV. By
comparing the vorticity field from the two cases (Figs. 7 and 14), it is
shown that, in the latter case, the TEV is formed much earlier during
the upstroke period and its size is much bigger, which indicates its
stronger impact on the overall flow dynamics.

Instead, mode 2 presents (negative) peaks when Cp at xc=c
¼ 0:69 reaches the local minimum, indicating that this mode repre-
sents the dynamics of the energy from xc=c ¼ 0:69 the most. In order
to examine the physical meaning of this mode, the reconstructed Cp

chordwise distribution and space-temporal distribution are shown in
Figs. 22(c) and 22(d). This mode presents the maximum Cp fluctuation
from the leading edge (xc=c ¼ 1) up until xc=c ¼ 0:19. No major fluc-
tuation is seen near the trailing edge region by adding or subtracting
the normalized /2. In the spatial-temporal field, it is shown that the
suction areas are located near the leading edge, which indicates that
mode 2 represents the growth and decay of the DSV. In the previous
case (a10D10k0:1, Mode 1), the highest energy concentrations associ-
ated with the DSV appear near the leading edge, indicating strong flow
instability initiation there. However, in this case, the dominant energy
peaks shift to a different region (closer to mid-chord at xc=c ¼ 0:69),
suggesting a different DSV development pattern. From the temporal
coefficient and Cp plot (Fig. 21), it is shown that the lowest Cp is
obtained at the same time in the entire region from the leading edge
(xc=c ¼ 0:9) until xc=c ¼ 0:69, at a1 ¼ 17:1� marked in the plot.
Afterwards, due to the initiation of the TEV, the development of the
DSV is hindered, which brings a later suction peak at xc=c ¼ 0:6 at
a2 ¼ 17:5� marked in the plot. This also explains the high mode shape
values of mode 2 between xc=c ¼ 0:6 toward the leading edge; at the
moment the TEV starts to initiate, the DSV develops the most, and the
temporal coefficient of mode 2 reaches the highest value.

C. Trend from POD analysis for reverse flow dynamic
stall

Overall, the two cases presented above showcase two different
flow regimes, which are either DSV-dominated or TEV-dominated. In

FIG. 18. Temporal coefficient of the first
two dominant modes (top) and suction
side Cp (bottom) at case a10D10k0:1.
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order to investigate the flow regimes for all the test cases in Table III,
the following procedure is followed:

1. A reconstruction of the suction side Cp field is performed based
on the first mode, similar to what is shown in Figs. 19 and 22.

2. If the reconstruction field represents the dynamics from only the
DSV or the TEV (i.e., the Cp increases or decreases centered at
the leading edge or trailing edge region),
• If E1 � E2 
 25%, then the first mode is the most dominant
mode and represents one single dominant dynamics from the
DSV or the TEV. These two flow regimes are marked by
orange and black separately.

• If E1 � E2 < 25%, then the first two modes are both consid-
ered important in the flow. Then, an additional reconstruction
of Cp is performed based on the second mode. For all the rele-
vant cases, the second mode represents the dynamics of the

TEV or the DSV, respectively. Therefore, these cases are classi-
fied as a mixed type of energy, marked by blue.

3. If the reconstruction field represents the dynamics from both the
DSV and the TEV, these cases are also classified as mixed energy
type (blue).

The classification of the flow regimes is shown in Table III.
Overall, the trend is clear: at low mean angles of 5� and 10�, the flow is
DSV dominated, where the growth and decay of the DSV determine
the majority of the force variation. When the mean angle increases to
15�, the DSV loses its dominance, and the flow starts to show a mix-
ture of energy from both the DSV and the TEV. When the mean angle
increases to 20� and 25�, although a mixture of energy is still present,
more cases are dominated by the dynamics of the TEV. These results
indicate that, across the studied reduced frequency range (k from 0.05
to 0.21) and pitching amplitude range (Da from 5� to 15�), a emerges

FIG. 19. Reconstructed Cp chordwise distribution (left column) and reconstructed Cp spatial–temporal field (right column) from the first mode (the first row) and the second
mode (the second row) for case a10D10k0:1.
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as the governing parameter for determining dominant flow regimes
identified through POD analysis. For a ¼ 5�, the low mean angle
results in suction-side Cp distributions (Appendix C, Fig. 31) that lack
a distinct suction peak near the trailing edge, indicating underdevel-
oped TEV. As the mean angle increases to a ¼ 10�, while the domi-
nant mode still captures the DSV dynamics [Fig. 16(b)], the second
mode gains substantially more energy (minimum 14.4%), which pri-
marily reflects the growing influence from the TEV on the flow struc-
ture. However, for higher mean angles of 15�, 20�, and 25�, multiple
separation and shedding events disrupt the DSV development.
Together with the initiation of competing TEV structures, they lead to
a mixture of both DSV and TEV energy or even a TEV-only-dominant
flow regime.

Despite this a-dependent trend, within the cases with the same a
of 15�, 20�, and 25�, variations can be found. For example, at a ¼ 20�

and Da ¼ 10�, both k ¼ 0:1 and 0.13 cases exhibit TEV-dominated
flow [Fig. 16(b)], while the remaining four cases (k ¼ 0:05, 0.08, 0.16,
and 0.18) are dominated by both DSV and TEV. The Cl hystereses of
these cases are plotted in Fig. 23. All cases present negative peak(s)
during the upstroke period (solid lines). As discussed in the previous
section, the decrease in Cl during the upstroke is due to the formation
of the DSV, while the increase in Cl is due to its partial detachment
from the airfoil’s surface. As the reduced frequency increases, Cl

reaches its peak at a later time (or angle) during the upstroke period,
which causes an enlargement in the hysteresis loop. This trend with k
aligns with previous literature with conventional dynamic stall
cases.4,15

In cases a20D10k0:05 and a20D10k0:08, the upstroke period
presents peaks with smaller amplitudes compared to the remaining
four cases. The spatial–temporal evolution of Cp for these two cases, as
shown in Figs. 31(h) and 31(i), presents underdeveloped DSV and
TEV. Therefore, the dominant energy for these two cases comes from
a mixture of both DSV and TEV. It is also interesting to note that even
at the lowest frequency (k ¼ 0:05), which is considered as a quasi-
steady condition,16 the unsteady loop differs from the steady curve.
This indicates that the transition between quasi-steady and unsteady
behavior in reverse flow dynamic stall may occur at frequencies lower
than k ¼ 0:05, where the discrepancy between steady and unsteady
responses becomes minimal. On the contrary, cases a20D10k0:1 and
a20D10k0:13 each present two negative peaks in the hysteresis loop,
both with larger amplitudes. The spatial–temporal Cp of these two
cases [Figs. 31(j) and 31(k)] exhibits two DSV-induced suction regions
during the upstroke period, which indicates multiple separations dur-
ing upstroke. Furthermore, these cases feature fully developed TEVs.
Consequently, the DSV dynamics are suppressed by both the DSV
intermittent separation and the strong TEV influence, resulting in
TEV-dominated flow characteristics for these conditions.

At higher reduced frequencies (cases a20D10k0:16 and
a20D10k0:18), the hysteresis loops exhibit a single dominant peak

FIG. 20. POD mode shapes of the time averaged Cp (/0) and the first two modes
(/1 and /2) at case a20D10k0:1.

FIG. 21. Temporal coefficient of the first
two dominant modes (top) and suction
side Cp (bottom) at case a20D10k0:1. a1
is the angle where the suction peak
occurs between xc=c ¼ 0:9 and xc=c
¼ 0:69. a2 is the angle where the suction
peak occurs at xc=c ¼ 0:6.
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during the upstroke. The corresponding spatiotemporal Cp distribu-
tions [Figs. 31(l) and 31(m)] reveal an extensive DSV-induced suction
region persisting throughout the upstroke. Simultaneously, the TEV
development generates comparable suction levels (average
Cp ¼ �2:5). The competing energy contributions from both vortices
result in a mixed flow regime.

Therefore, at a mean angle of a ¼ 20� and Da ¼ 10�, the dom-
inant flow regime is characterized by contributions from both the
DSV and TEV, depending on k. For low values of k, both vortices
are underdeveloped, while high k values lead to strong, competing
DSV and TEV structures. In both cases, the resulting flow reflects a
mixture of energies from the two vortices. In contrast, at intermedi-
ate k, multiple DSV separations occur, leading to a flow regime dom-
inated by the TEV. Similarly, at both a20D15k0:16 [Fig. 31(p)] and
a25D15k0:16 [Fig. 31(t)] cases, the flow reflects a comparable mix-
ture of energies, arising from the competition between the DSV and
TEV.

It is important to note that the influence of k on the flow behavior
is not universal but case-dependent. For instance, the case a15D5k0:1
exhibits a DSV-dominated flow, in contrast to the other three cases with
the same mean angle and amplitude (a15D5k0:05, a15D5k0:16, and
a15D5k0:21), which all display a mixed vortex regime. The spatial–tem-
poral Cp distributions of these four cases are shown in Figs. 31(c)–31(f).
In the mixed-mode cases, the Cp fields reveal either underdeveloped
DSV and TEV structures (as in a15D5k0:05) or strong, competing
contributions from both vortices (as in a15D5k0:16 and a15D5k0:21).
In contrast, for a15D5k0:1, the TEV remains underdeveloped while
the DSV exhibits a well-defined suction region throughout its forma-
tion period, indicating dominance of the DSV dynamics. This case
demonstrates that flow regime transitions are governed not solely by k,
but by the combined effects of all three pitching parameters: mean
angle of attack, amplitude, and reduced frequency.

In addition, it is also interesting to notice that at a very low
reduced frequency of 0.05, both a20D15k0:05 [Fig. 31(n)] and

FIG. 22. Reconstructed Cp chordwise distribution (left column) and reconstructed Cp spatial–temporal field (right column) from the first mode (the first row) and the second
mode (the second row) for case a20D10k0:1.
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a25D15k0:05 [Fig. 31(r)] exhibit a TEV-dominated flow. For these
cases, due to larger pitching amplitudes, the trailing edge region experi-
ences a longer suction period due to flow separation, even though the
TEV is not present.

From this analysis, it can be concluded that the mean angle of
attack is the main parameter that determines the dominant flow regime.
In contrast, the effects of reduced frequency (k) and pitching amplitude
(Da) are also important, but their influence is neither direct nor linear.
Instead, the dominant flow regime emerges from the specific combina-
tion of pitching parameters, which governs the development patterns of
the DSV and TEV on the airfoil surface. These patterns, such as under-
developed vortices, multiple separation events, or strong competing
DSV and TEV structures, directly define the prevailing flow regime.

D. Comparison with POD analysis from conventional
dynamic stall

In order to further investigate the difference between conven-
tional and reverse flow dynamic stall, the POD analysis was conducted
on conventional dynamic stall cases tested in this campaign. Similar to
the reverse flow case, the suction side Cp distribution was used in the
analysis. Table IV shows the energy content of the first two dominant
modes for all conventional dynamic stall cases. The result shows a uni-
versal trend across all tested conventional dynamic stall cases: the first
mode has a dominant energy content of more than 75% of the total
energy, while the second mode has much less energy, with a maximum
of less than 20%. This means that for conventional dynamic stall cases,
the pitching parameters of mean angle of attack, pitching amplitude,
and pitching frequency do not alter the most energetic flow feature.

From the energy distribution, it is confirmed that the first mode
is the dominant mode for conventional cases. The mode shape of the
first mode for all conventional cases is shown in Fig. 24. Across all
cases, the mode shapes of the first modes all present the same pattern,
where the peak is shown at the leading edge with high concentration.
In order to further confirm the relationship between the mathematical
structures of the dominant POD mode (mode 1) and the physical
dynamics in the flow field, the suction side Cp at case a010Da10k0:16
is reconstructed with the first mode. The result is shown in Fig. 25.
The reconstructed Cp in the chordwise distribution [Fig. 25(a)] exhib-
its decreasing (or increasing) Cp from near the mid chord (xc=c ¼ 0:6)
to the leading edge (xc=c ¼ 0), and the variation is the largest close to
the leading edge. The spatial-temporal reconstructed field shows low
Cp concentration stemming from the leading edge, appearing between
a0 ¼ 11� during upstroke and a0 ¼ 16� during downstroke. This range
also aligns with the extreme low-pressure region (LSB) shown at the
leading edge in Fig. 11. Therefore, it is concluded that the dominant
mode (mode 1) is related to the growth and decay of the leading edge
negative pressure. Similar flow patterns can also be found in the con-
ventional dynamic stall analysis from Li and Feng.40

Therefore, due to the presence of the LSBs, the dominant flow
pattern exhibits uniform dominance dynamics near the leading edge
for conventional dynamic stall cases. This result differs from the
reverse flow dynamic stall cases, where the dominant energy can come
from the dynamics of the DSV, TEV, or a mixture of both energies.
This difference is fundamentally owing to the high suction from the
LSB for conventional cases, and the gradual decrease in Cp at the initial
stage of DSV formation for the reverse flow conditions.

FIG. 23. Cl hystereses loops at different k values at a ¼ 20� and Da ¼ 10�. The
95% confidence intervals are plotted together for each case as a shaded area. Due
to very low uncertainty, these shaded areas are thin. The upstroke period is plotted
in solid lines, and the downstroke period is plotted in dashed lines.

TABLE IV. Energy distribution of the most dominant mode(s) across conventional
dynamic stall cases, grouped by a0 .

Case E1 (%) E2 (%)

a0 5D10k0:05 96.7 2.8
a0 5D10k0:1 97.2 2.2
a0 5D10k0:16 97.4 2.1
a0 5D15k0:05 87.7 7.0
a0 5D15k0:1 90.3 4.0
a0 5D15k0:16 93.0 2.6

a0 10D5k0:05 96.7 2.1
a0 10D5k0:1 95.7 3.0
a0 10D5k0:16 95.1 3.7
a0 10D5k0:21 95.0 4.0
a0 10D10k0:05 89.8 6.3
a0 10D10k0:1 88.7 6.9
a0 10D10k0:16 89.2 6.0
a0 10D15k0:05 85.7 9.5
a0 10D15k0:1 85.4 9.4
a0 10D15k0:16 87.5 7.1

a0 15D5k0:05 88.9 6.1
a0 15D5k0:1 85.0 8.9
a0 15D5k0:16 83.8 9.8
a0 15D5k0:21 82.8 10.0
a0 15D10k0:05 78.7 14.4
a0 15D10k0:1 75.7 17.0
a0 15D10k0:16 79.1 13.5
a0 15D14k0:05 76.1 17.8
a0 15D14k0:1 76.5 16.5
a0 15D14k0:16 81.1 12.0
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IV. CONCLUSION

The dynamic stall of a pitching airfoil under reverse flow condi-
tions is experimentally studied under different test parameters of mean
angle of attack, reduced frequency, and pitching amplitude.
Combining both surface pressure measurements and PIV flow field
measurements, the analysis targets the relation between vortex evolu-
tion and aerodynamic force variation and the strong dominant flow
features under different pitching cases.

Combined surface pressure and PIV flow fields provide detailed
information on the vortex dynamics and their influence on the surface
pressure. The multiple suction peaks on the airfoil suction side, instead
of representing the number of DSVs generated during one pitching
cycle, indicate that multiple DSV separations and shedding happen
during a pitching cycle, which shows a universal trend among all the

test cases. These separations are only partial: the outer part of the shear
layer is shed downstream, while the inner part remains attached and
feeds the circulation of the dynamic stall vortex. As a result, the force
coefficient exhibits multiple peaks due to (1) DSV formation and par-
tial separation and (2) the secondary growth of the attached DSV(s)
and separation. Compared to conventional dynamic stall cases, the
flow separation at the initial stage of DSV development causes a grad-
ual decrease in the pressure coefficient. Instead, for conventional
dynamic stall cases, the presence of the laminar separation bubbles
leads to the suction peak near the leading edge region, before the DSV
forms.11,34,35

In addition, POD analysis was conducted across all test cases to
identify the dominant flow features. Over the tested parameter range
(k 2 ½0:05; 0:21�, Da 2 ½5�; 15��), the type of flow regime, and in

FIG. 24. POD mode shapes of the most dominant mode (mode 1) for conventional dynamic stall cases.

FIG. 25. Reconstructed Cp chordwise distribution (left) and reconstructed Cp spatial–temporal field (right) from the first mode for case a10D10k0:16.
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particular, which vortex dominates the flow dynamics, depends mainly
on the mean angle of attack a: (1) for low mean angle (a ¼ 5� and
10�), the DSV development dominates the flow; for a ¼ 5� cases, the
TEV remains underdeveloped, with no discernible trailing-edge pres-
sure peak. (2) For moderate mean angles (a ¼ 15�), the energy parti-
tions comparably between DSV and TEV. (3) For high mean angle
(a ¼ 20� and 25�), multiple flow separations trigger robust TEV
development, enabling more cases to have TEV dominance. Despite
these a-dependent variations in modal dominance, all dominant POD
modes share a consistent physical interpretation: they capture the
growth or decay of DSV and TEV structures.

Finally, a POD analysis comparison was made between the con-
ventional and reverse flow dynamic stall cases. It is shown that, similar
to the literature,40 for conventional dynamic stall cases, the most domi-
nant energy (mode 1) represents the growth and decay of the leading
edge negative pressure, which is highly related to the dynamics of the
LSB(s). This most dominant energy shows the same pattern for all the
conventional cases with different mean angles of attack, pitching
amplitudes, and reduced frequencies. This result reveals the funda-
mental difference in the flow physics between conventional and
reverse-flow dynamic stall. Such differences have important implica-
tions for real-world applications: for example, the strong partially
attached DSVs or the TEV development under reverse flow can influ-
ence unsteady loading, vibration, and fatigue on parked wind turbine
blades, propellers, and helicopter rotors, where reverse flow conditions
are encountered.
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FIG. 26. Root mean square (RMS) of the trailing edge Cp compared to 298 cycles
at a0 ¼ 40�, Da ¼ 5�, k ¼ 0:11.

FIG. 27. Corrected Cl and Cd polars for all tested Re.
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APPENDIX A: EXPERIMENTAL DESIGN

1. Convergence analysis of pressure measurement

The NACA 643418 airfoil is selected for the pitching test. First,
it is an asymmetric airfoil, which allows for a more representative
simulation of wind turbine blade sections compared to symmetric
sections. Second, this airfoil has been previously employed in wind
energy with a few related studies,41,42 providing a valuable

benchmark and facilitating comparison of the present results with
established research.

To determine the adequate cycle for data acquisition, a 299-
cycle measurement was conducted for a0 ¼ 40�, Da ¼ 5�, k ¼ 0:11.
Trailing edge data from cycles 50–298 were analyzed, excluding the
first cycle to avoid transient effects. The root mean square error
(RMS) compared to the 298-cycle case is shown in Fig. 26. Even for
50 cycles, RMS remains below 0.012, indicating good repeatability.
To balance measurement efficiency and accuracy (RMS < 0:005),
150 cycles were used for pressure measurements and 50 cycles for
PIV.

2. Selection of Reynolds number

To minimize Reynolds number effects on aerodynamic perfor-
mance, static airfoil tests were conducted for Re ranging from
0:8� 105 to 1� 106. Pressure data were corrected for both dynamic
response and wind tunnel wall effects (Sec. II C). Corrected Cl and
Cd polars are shown in Fig. 27.

At the lowest Re ¼ 0:8� 105, Cl at a ¼ 0� is near zero, in con-
trast to approximately 0:4 for higher Re cases. The Cp distribution
at a ¼ 0� (Fig. 28) shows that the pressure difference between suc-
tion and pressure sides is negligible beyond x=c ¼ 0:2 for
Re ¼ 0:8� 105, explaining the near-zero lift. At Re ¼ 1:5� 105,
deviations are observed in Cl (40�–60�, 120�–140�) and Cd (40�–
150�). For Re 
 2:5� 105, polars converge, stall regions smooth
out, and Re effects are minimal. Therefore, Re ¼ 2:5� 105 was
selected for unsteady pressure measurements.

3. Pitching amplitude and frequency selection

Aeroelastic simulations of the NREL 5MW wind turbine,43

including a semi-empirical VIV model,44,45 were used to determine
suitable pitching amplitudes and frequencies for the experimental
campaign. The model introduces an additional lift coefficient incre-
ment DCl to account for VIV effects, defined as

DCl ¼ min max 3� 2:4
Vcrit;i

Vm;Li

� �
; 1

� �
Clat;0; (A1)

and the corresponding total lift on a blade section is

lðtÞ ¼ 1
2
qU2

1DðDCl cosðXtÞ þ ClÞ; (A2)

FIG. 28. Cp at a ¼ 0� for Re ¼ 0:8� 105 and 2:5� 105.

TABLE V. Aeroelastic simulation test cases.

Test case a0 (�) U1 (m/s) St

1 35 24.1 0.16
2 90 42.0 0.16
3 135 15.9 0.16
4 160 14.4 0.16

TABLE VI. Blade tip pitch angle standard deviation d and dominant frequency.

Test case d (�) Peak frequency (Hz) k

1 1.0 0.6,1.03 0.111,0.191
2 3.9 1.87 0.198
3 1.2 1.0 0.280
4 0.4 0.97 0.307

TABLE VII. Relevant natural frequencies of the NREL 5-MW wind turbine.

Mode Name Frequency (Hz)

1 1st Drivetrain Torsion 0.6205
2 1st Blade Asymmetric Flapwise Yaw 0.6664
3 1st Blade Asymmetric Flapwise Pitch 0.6675
4 1st Blade Collective Flap 0.6993
5 1st Blade Asymmetric Edgewise Pitch 1.0793
6 1st Blade Asymmetric Edgewise Yaw 1.0898
7 2nd Blade Asymmetric Flapwise Yaw 1.9337
8 2nd Blade Asymmetric Flapwise Pitch 1.9223
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FIG. 29. Streamwise velocity field U=U1 for case a10D10k0:1.
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FIG. 30. Streamwise velocity field U=U1 for case a10D10k0:1.
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FIG. 31. Spatial–temporal field of suction side surface pressure coefficient Cp at representative cases.
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FIG. 31. (Continued.)
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FIG. 32. Pressure coefficient field Cp for case a20D10k0:1 obtained from PIV. Green cross represents the location of DSV core center, identified using C1 method.
30,31
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FIG. 33. Vorticity field xc=U1 for case a 0 ¼ 10�, Da ¼ 10�, k ¼ 0:16.
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where q is air density, U1 is free stream wind speed, D is the pro-
jected chord, X corresponds to the Strouhal number, and Cl is the
static lift coefficient at the instantaneous angle of attack.

Simulations were conducted for four mean pitch angles (35�,
90�, 135�, 160�) with wind speeds chosen to maintain St � 0:16
(Table V). Blade tip pitch angle time series were analyzed, showing
standard deviations and dominant frequencies summarized in
Table VI. The dominant frequencies overlap with natural modes of
the turbine (Table VII), which clearly indicates the potential for
VIV excitation.

Based on these results, experimental pitching amplitudes of 5�,
10�, and 15� were selected for each mean angle of attack, with test-
ing frequencies between 1 and 4Hz, corresponding to reduced fre-
quencies k ¼ 0:05–0.21. The upper frequency limit is determined
by the wind tunnel pitching mechanism. This selection ensures that
the experiments reproduce the angular variations and unsteady
effects observed in the aeroelastic simulations while remaining
within experimental constraints.

APPENDIX B: STREAMWISE VELOCITY FIELD AT TWO
REPRESENTATIVE CASES

Figures 29 and 30 present the streamwise velocity field U=U1
at case a10D10k0:1 and a20D10k0:1, respectively, in order to pro-
vide more information apart from the vorticity field shown in Figs.
7 and 14. For both cases, the results show that as the airfoil pitches
up, the wake becomes wider: at case a10D10k0:1, a thin layer of
reverse flow region (deep blue color) occurs on the suction side (see
phases j and h), while for the high mean angle case of a20D10k0:1,

the suction region occurs earlier from phase d and the wake is also
wider. During the downstroke period, the wake in case a10D10k0:1
recovers quickly, while for case a20D10k0:1, the wake remains wide
until the end of the downstroke cycle due to a high angle of attack.
This PIV result also matches the pressure measurement in that, due
to a high mean angle, the suction pressure is higher for a20D10k0:1
[Fig. 13(a)], which also leads to a higher aerodynamic force
(Fig. 15). Noticeably, the reverse flow region is concentrated near
the trailing edge for case a20D10k0:1 at phases f, g, and k, for exam-
ple, while no strong reverse flow can be found near the trailing edge
at case a10D10k0:1. This result further indicates that in case
a20D10k0:1, the TEV has a stronger strength, which leads to the
TEV domination as discussed in Sec. III B.

APPENDIX C: SPATIAL–TEMPORAL FIELD OF SUCTION
SIDE Cp FOR A FEW REPRESENTATIVE CASES

In this section, the cycle-averaged suction side Cp for a few rep-
resentative is presented in Fig. 31. The maps are plotted with a uni-
versal Cp range from �2 to 1. The gray contour lines indicate the Cp

magnitude with an increment of 0.25.

APPENDIX D: Cp FIELD OBTAINED FROM PIV
MEASUREMENT FOR CASE a20D10k0:1

Figure 32 presents the Cp field at case a20D10k0:1 extracted
from the PIV measurement.

APPENDIX E: VORTICITY FIELD xc=U1 AT A
CONVENTIONAL DYNAMIC STALL CASE a010D10k0:16:
a0510�, Da510�, k50:16

The vorticity field of the conventional dynamic stall case
a010D10k0:16 is presented in Fig. 33.

APPENDIX F: THE SECOND PODMODE SHAPES FOR
REPRESENTATIVE REVERSE FLOW TEST CASES

Figure 34 shows the mode shape from the second mode for
three cases that represent the three different flow regimes from
POD analysis separately. Specifically, a10D10k0:1 is the representa-
tive case for the DSV-dominated flow, a15D10k0:16 is the represen-
tative case for the mixed energy flow, and a20D10k0:1 is the
representative case for the TEV-dominated flow.
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