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Abstract. Modern large wind turbine rotors can encounter airflow at inflow Mach numbers of around 0.3 and
Reynolds numbers of the order of 10 million at the blade tip. Our previous study (Vitulano et al., 2025) showed
that for these operational conditions, the incompressibility assumption is violated, and supersonic flow can occur
locally. The present follow-up study reports on a numerical investigation of the dynamic behavior of the FFA-
W3-211 wind turbine tip airfoil in transonic flow using unsteady Reynolds-averaged Navier–Stokes (URANS)
simulations. The computations are performed for a highly unsteady aerodynamic regime by imposing a dynamic
sinusoidal pitching motion across the transonic threshold determined in our previous study. This way, the airfoil
is forced to enter and leave the supersonic flow regime. The simulations are conducted by varying the reduced
frequency and the inflow Mach number, while keeping the Reynolds number constant at nine million. The choice
of non-negligible inflow Mach numbers combined with high Reynolds numbers results in a realistic combination
for full-scale wind turbines, but it is still challenging to achieve experimentally with the test facilities available
nowadays. The dynamic pitching motion is found to lead to the formation of a hysteresis loop with an extent,
depending on both reduced frequency and inflow Mach number. In particular, it is observed that an increase
in one of these two parameters induces an expansion of the hysteresis loop with the consequences of (1) an
increase in the magnitude and variability of loads experienced by the airfoil, (2) a delay in the beginning and
ending of the transonic flow regime, and (3) the onset of shock waves occurring at inflow Mach numbers lower
than those estimated under static conditions. Moreover, since the formation of a hysteresis loop implies a range
of conditions in which transonic flow can occur, this needs to be better understood and considered when defining
any safety margin in the definition of the transonic threshold for turbine design and operation purposes. In
general, this study suggests the need to take into account dynamic effects when predicting aerodynamic loads
and performance for next-generation wind turbine rotors.

1 Introduction

To address the growing demand for clean energy in recent
decades, wind turbine rotors have increased in size, with the
largest blades exceeding 100 m in length. As a result, the tip
speed of current and next-generation wind turbines also in-
creases, reaching the order of 100 m per second. In such op-
erational conditions, wind turbine blades experience air flows
characterized by inflow Mach numbers of around 0.3, where
the incompressibility assumption is violated, and even lo-
cal supersonic flow could appear at outboard blade sections,

leading to the occurrence of shocks, flow separation, and buf-
feting. This poses a significant challenge to the performance,
loads, and fatigue-life predictions of wind turbine rotors.

Several academic investigations have mainly been directed
toward analyzing the impact of high-speed flows on large ro-
tors, identifying how aerodynamics could be affected by lo-
cal variations in air density (see Vitulano et al., 2025, for
references). However, it is only rather recently that De Tav-
ernier and von Terzi (2022) pointed out the possibility of
transonic flow affecting the next generation of wind turbines.
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They analyzed the real operational conditions of the IEA-
15MW reference wind turbine (RWT) employing the Open-
FAST software and compressibility corrections for the air-
foil polars. Their study identified that, near the cut-out wind
speed, transonic flow can occur on a portion of the blade tip.
In these conditions, the blade operates at high negative in-
cidences, while the flow is strongly accelerated on the air-
foil suction side. In addition, local supersonic flow could po-
tentially also appear in off-design conditions at lower wind
speeds. These results were more recently corroborated with
experiments conducted by Aditya et al. (2024, 2025) for a
limited number of operating conditions and by our numeri-
cal analysis reported in Vitulano et al. (2025) over the whole
range of relevant parameters.

The methodology proposed by De Tavernier and von Terzi
(2022) allowed the establishment of the operating condition
for transonic flow occurrence, i.e., the tip-speed ratio and
pitch angle for a given wind speed or, alternatively, the in-
flow Mach number and angle of attack (AoA). Nonetheless,
some uncertainties in their results persisted due to the ap-
plication of compressibility corrections, as previously stated
by Sørensen et al. (2018). Moreover, this method cannot pre-
dict the flow behavior once supersonic flow appears. Vitulano
et al. (2025) confirmed the previous findings provided by
De Tavernier and von Terzi (2022) using the more accurate
computational fluid dynamics (CFD) approach by solving
the unsteady Reynolds-averaged Navier–Stokes (URANS)
equations. This study highlighted the effects of the Reynolds
number in promoting transonic flow, even under normal oper-
ating conditions, and the appearance of shock waves as well.
Moreover, a “transonic threshold” was found for three dif-
ferent Reynolds numbers, demonstrating that, for the same
Mach number, the occurrence of shocks in the supersonic
flow regime depends on the Reynolds number.

In the above analysis, key dynamic effects were not ac-
counted for even though a URANS approach was taken. For
example, AoA changes commonly encountered for wind tur-
bine blades were neglected, resulting in a steady-state anal-
ysis. As described in Leishman (2002), wind turbines are
affected by interacting flow phenomena that can cause the
blade sections to operate in a highly unsteady flow regime.
These effects can cause complex phenomena such as dy-
namic stall in both design and off-design conditions. Leish-
man (2002) stated that, under yawed wind conditions, fluc-
tuations in air flow velocity can result in high reduced fre-
quencies (introduced below), say above 0.1, and even higher
inboard on the blade. Also, as the blade passes through the
tower shadow, transient changes in the angle of attack occur,
potentially resulting in effective values of the reduced fre-
quency that exceed 0.2, corresponding to a highly unsteady
regime. In the same work, Leishman outlined the different
theories used to model the effects of unsteady aerodynamics
on wind turbines. It is crucial to recognize that the majority
of these theoretical methods rely on the assumption of linear-
ity, which limits their validity to low inflow Mach numbers

and up to moderate values of reduced frequency. However,
in some cases, the assumption of linearity is very difficult to
justify, and practical CFD simulations are needed.

Advances have been reported in the literature in character-
izing dynamic flow conditions over airfoils. For a range of
applications outside of wind energy, Corke and Flint (2015)
and Gardner et al. (2023) provide reviews on dynamic stall,
including compressibility and the hysteresis of lift and drag
as the airfoil enters and leaves the stall regime. Giannelis et
al. (2017) describe the different categories of buffeting for
transonic (aviation) airfoils. For wind turbine applications,
dynamic stall in the incompressible flow regime has received
considerable attention in the literature, with the recent work
of Chellini et al. (2024, 2025) characterizing dynamic stall
for the tip airfoil of the IEA-15MW RWT. However, it re-
mains unclear how wind turbine airfoils behave in transonic
flow conditions, especially in the so-called highly unsteady
regime.

The present work aims to provide insight into the charac-
terization of the unsteady aerodynamics of the FFA-W3-211
wind turbine airfoil in transonic flow. This particular airfoil
is used at the blade tip of the IEA 15MW RWT (Gaertner
et al., 2020) and its successor, the 22MW RWT (Zahle et
al., 2024). For this purpose, a dynamic sinusoidal pitching
motion is imposed across the transonic threshold on the air-
foil, considering the actual operational conditions of a large
wind turbine blade section. The main motivation driving the
current computational setup is the dilemma experimentalists
face when trying to achieve realistic operating conditions of
large modern wind turbines, as reported in Jung et al. (2022).
In wind tunnels currently used for scientific research on wind
energy, either the correct (non-negligible) Mach numbers can
be achieved, albeit at an order of magnitude lower Reynolds
number of the order of only one million (see Aditya et al.,
2025), or the correct order of magnitude of the Reynolds
number but at a much lower Mach number can be attained,
effectively resulting in incompressible flow (see Brunner et
al., 2021, for example). Even more often in wind energy re-
search, neither the inflow Mach nor the Reynolds number
match full scale. The current CFD analysis is performed by
taking into account the dependence on two of the main (di-
mensionless) parameters characterizing the flow field, specif-
ically the reduced frequency, in a highly unsteady regime,
and the inflow Mach number, in a compressible regime. As
far as the Reynolds number is concerned, it is maintained at
a typical (high) value experienced by tip airfoils of real wind
turbine blades.

The paper is organized as follows: in Sect. 2, the numer-
ical methodology is described, highlighting the case studies
taken into account. In Sect. 3, the main findings are presented
and discussed. In particular, it is demonstrated that the intro-
duction of a dynamic pitching motion results in the formation
of a hysteresis loop, strongly dependent on the value of the
reduced frequency and the inflow Mach number. Both the
occurrence of transonic flow and shock-wave formation are
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investigated. Finally, some concluding remarks are provided
in Sect. 4.

2 Computational model

2.1 Tip airfoil operational conditions

In De Tavernier and von Terzi (2022) it was shown that oper-
ational conditions near the cut-out wind speed carry the high-
est risk of transonic flow for large wind turbines. Therefore,
the present analysis is restricted to negative angles of attack
corresponding to the aerodynamic regime near cut-out. As
this may not be obvious to all readers, the reasoning is de-
tailed in this paragraph.

The performance of a horizontal-axis wind turbine
(HAWT) is governed by the aerodynamic loading along the
rotor blades, which converts the kinetic energy of the wind
into mechanical torque. The local contribution of each blade
section to the total torque is determined by the lift and drag
forces generated by each airfoil of the blade. These forces act
relative to the incident flow velocity, which is given by the
vector composition of the free-stream wind velocity and the
tangential velocity induced by rotor rotation. The local rela-
tive wind vector significantly deviates from the free-stream
wind direction due to the superposition of the rotor-induced
tangential velocity and the incoming wind velocity. This re-
sults in an inflow angle at each blade section that is increasing
progressively from the root toward the tip.

Blade pitch control provides an active mechanism to regu-
late the aerodynamic loading along a wind turbine rotor. The
pitch angle θ is defined as the rotation of the blade around its
longitudinal axis, shown in Fig. 1a.

Figure 1b shows a sketch of a HAWT’s power curve,
which describes how the power output varies with the wind
speed. As the wind speed reaches the cut-in velocity, the
blades are set at a low or slightly negative pitch angle to
achieve a positive and sufficiently high angle of attack, en-
abling rotor acceleration and power production onset. Be-
tween cut-in and rated wind speeds, the pitch angle is typ-
ically kept nearly constant and close to zero degrees. This
configuration allows the tip section to operate at a moderately
positive angle of attack, close to the airfoil’s optimal lift-to-
drag ratio. As a result, aerodynamic efficiency and torque
generation are maximized, allowing the turbine to follow the
cubic relationship between wind speed and power output. As
the wind speed exceeds the rated value, the pitch angle is
progressively increased to reduce the effective angle of at-
tack. This deliberate reduction in angle of attack limits lift
and aerodynamic torque, thereby maintaining constant rated
power and preventing overloading of the blades and drive-
train. At the tip, pitching out the blades will result in negative
angles of attack in the above-rated conditions. De Tavernier
and von Terzi (2022) considered the operational conditions
along 97% of the blade of the IEA-15MW RWT. Their anal-
ysis indicates that local Mach numbers exceeding 1 can occur

at the blade tip close to the cut-out wind speed, highlighting
the occurrence of transonic flow. In these operational con-
ditions, the wind turbine tip airfoil is operating at a highly
negative angle of attack.

2.2 Case study

The current analysis focuses on the numerical investigation
of the unsteady aerodynamic characteristics of the FFA-W3-
211 wind turbine tip airfoil used for the IEA-15MW RWT
and its successor, the IEA-22MW RWT.

These two turbines were designed with input from indus-
try to spearhead research supporting the ongoing develop-
ment of next-generation wind turbine technologies. For the
IEA 15MW RWT, De Tavernier and von Terzi (2022) demon-
strated the possibility of the emergence of transonic flow, and
our previous study in Vitulano et al. (2025) established the
“transonic threshold” as a combination of the inflow Mach
number and angle of attack, as reported in Fig. 2b.

The sets of computations performed in this work corre-
spond to sinusoidal pitching motion, whose effective angle
of attack is given by

ae(t)= am+ a0 sin
(

2kt
tc

)
, (1)

where the mean geometric angle of attack is am =−10°,
and the oscillation amplitude is a0 = 5°. This way, a rota-
tion from an incidence of −15 to −5° is produced across the
transonic threshold, forcing the airfoil to enter and leave the
supersonic flow region and establishing a transonic regime.

Figure 2a shows the effective angle of attack during a har-
monic oscillation period, as a function of the phase angle
φ =

(
2k t

tc

)
180
π

, with tc = c/U∞ representing the character-
istic timescale. Here, c is the airfoil chord, and U∞ is the
free-stream velocity. In this picture, the downstroke and up-
stroke are highlighted, considering the downstroke as that
part of the pitching motion in which the airfoil advances into
the transonic flow condition, while the upstroke is the motion
through which the airfoil moves out of this condition. Note
that the unsteady aerodynamics for a pitching motion can in-
volve several physical mechanisms, depending on Reynolds
and inflow Mach numbers, and especially the reduced fre-
quency k = πf c/U∞, where f is the physical frequency.
All the present computations are performed in the so-called
highly unsteady regime, corresponding to k > 0.2, according
to Corke and Flint (2015).

Specifically, two different sets of simulations are consid-
ered for the current CFD analysis that is conducted at a fixed
Reynolds number of nine million. First, the effects of intro-
ducing a dynamic pitching motion that forces the airfoil to
enter and leave the transonic regime are investigated by vary-
ing the reduced frequency while fixing the inflow Mach num-
ber. This first set of computations is used to identify the value
of the reduced frequency that results in the most severe con-
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Figure 1. Sketch of (a) the angle of attack distribution for a wind turbine airfoil above-rated wind speed operating points and (b) a power
curve.

Figure 2. Case studies: (a) evolution of the effective angle of attack during one period of oscillation for the pitching airfoil: downstroke
(solid line) and upstroke (dashed line); (b) the border of the supersonic flow regimes at Re = 9× 106 (solid blue line from Vitulano et al.
(2025)), and the pitching motion mean and boundary values at M∞ = 0.25 (red squares), M∞ = 0.35 (red crosses), and M∞ = 0.45 (red
circles).

ditions for the occurrence of transonic flow at very high re-
duced frequencies, neglecting possibly structural issues that
limit experimental analysis. Then, the effect of varying the
Mach number is assessed. This would be very challenging to
analyze experimentally for a case of particular industrial in-
terest, owing to the high Reynolds number. To address this,
inflow Mach numbers of 0.25 and 0.35 are selected to rep-
resent realistic wind turbine operating conditions. An addi-
tional case with an inflow Mach number of 0.45, although
slightly beyond typical operational values, is also included
to align more closely with experimentally achievable condi-
tions to allow future potential comparisons with experimental
data.

For the second set of simulations, the reduced frequency
is kept constant while varying the inflow Mach number. The
various flow conditions tested are summarized in Table 1.

Table 1. Flow conditions for the two different sets of simulations.

k f ω M∞ Re

[Hz] [rad s−1]

0.4 16.4 185.3
1st set 0.5 22.9 144.1 0.35 9× 106

0.6 29.5 102.9

16.4 185.3 0.25
2nd set 0.6 22.9 144.1 0.35 9× 106

29.5 102.9 0.45

2.3 Numerical setting

The present simulations are carried out by means of the open-
source CFD software OpenFoam using the transient solver
rhoPimpleFoam, which is particularly suitable for turbulent
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compressible flow, with the possibility of introducing mesh
motion (OpenFoam Foundation, 2016). The current analysis
investigates a fully turbulent flow, employing the k-ω shear
stress transport (SST) model (Menter, 1994) to account for
the effects of unresolved turbulent fluctuations on the re-
solved two-dimensional mean flow. Free-stream boundary
conditions are enforced on pressure, velocity, and tempera-
ture fields, while no-slip boundary conditions are imposed
at the wall, and adaptive wall-functions are used to model
the near-wall region. A second-order scheme is used for dis-
cretizing the spatial variables, while the first-order implicit
Euler scheme is used for the time integration, with a pre-
scribed maximum Courant number of 0.5 to guarantee nu-
merical stability and temporal accuracy. An extensive discus-
sion and validation of the present computational model were
provided in our previous work in Vitulano et al. (2025).

The CFD model has been adapted to the current dynamic
configuration, enforcing a sinusoidal pitching motion on the
airfoil. Practically, the circular computational domain is di-
vided into two concentric subdomains corresponding to an
inner and an outer circle, as shown in Fig. 3a. The outer sub-
domain is fixed with respect to the reference system, while
the inner one, containing the airfoil, rotates around the cen-
ter of the domain according to the pitching law of Eq. (1).
The interface between the two subdomains, which is high-
lighted in red in the figure, is modeled by the cyclic arbi-
trary mesh interface (AMI) technique. The cyclic AMI al-
gorithm addresses a periodic interface with a discretization
that is equivalent to connecting two adjacent blocks. The two
above-mentioned regions can also include non-conforming
faces and can even be cyclic. This approach ensures a high
convergence rate and robust simulations (Mangani et al.,
2017). More details on the numerical setup are provided in
Appendix A.

3 Results

The transonic flow features of a wind turbine tip airfoil
strongly rely on the unsteadiness and the associated change
in its effective angle of attack (De Tavernier and von Terzi,
2022). This study explores the effect of forcing a wind tur-
bine tip airfoil to enter and leave the supersonic flow regime,
and whether this influences the transonic threshold and the
occurrence of shock waves. To this end, the impact of a pre-
scribed dynamic pitching motion on the transonic boundary
has been assessed in a highly unsteady regime for varying
reduced frequency and inflow Mach number.

3.1 Reduced frequency dependence

The present section aims to assess the effects of introducing
a sinusoidal pitching motion across the transonic threshold
of the FFA-W3-211 wind turbine tip airfoil by varying the
reduced frequency in a highly unsteady regime.

3.1.1 Transonic flow behavior for varying frequency

In Fig. 4, the minimum pressure coefficient as a function of
the effective angle of attack is shown for varying reduced fre-
quency, namely 0.4, 0.5, and 0.6. From the Bernoulli equa-
tion along an (inviscid) streamline, it is known that an in-
crease in velocity leads to a decrease in pressure. As a result,
the maximum velocity corresponds to the minimum value
of the pressure coefficient. By tracking the minimum pres-
sure coefficient during the pitching motion, it is possible to
determine the angles of attack at which transonic flow can
occur. Specifically, when the minimum pressure coefficient
exceeds a critical value, a possible transition to a supersonic
flow regime is established. This regime is found for all in-
cidences whose minimum pressure coefficient is above the
red curve in Fig. 4. By inspection of this figure, where the
critical level −Cp = 4.96 is explicitly indicated, it is possi-
ble to discern that the range of angles of attack, for which
local supersonic flow can occur, increases with the reduced
frequency. Figure 4 also reveals the appearance of a pro-
nounced hysteresis loop, strongly dependent on the reduced
frequency, which also appears in the variation of the aero-
dynamic loads with the angles of attack during the pitch-
ing motion, shown in Fig. 5. Notably, for the downstroke
phase defined in the previous section, transonic flow occurs
at α =−14.02° for k = 0.4, α =−14.25° for k = 0.5, and
α =−14.36° for k = 0.6. Meanwhile, in the static case, the
critical angle of attack is equal to −10.8°. A similar delay
is also observed when the airfoil is in the upstroke, with
the transonic flow disappearing at α =−9.93° for k = 0.4,
α =−9.72° for k = 0.5, and α =−9.39° for k = 0.6.

Practically, this numerical analysis demonstrates that in-
creasing the reduced frequency leads to a spread of inci-
dences for which the transonic flow regime is established.

Figure 5a and b show the lift and drag coefficients, respec-
tively, as a function of the effective angle of attack during the
pitching motion of the airfoil. A moderate hysteresis loop
appears for the lift, while a more pronounced hysteresis is
established for the drag. Furthermore, the width of the hys-
teresis loop is strongly correlated to the value of the reduced
frequency, so that higher reduced frequencies correspond to
a larger variability of the aerodynamic loads acting on the
wind turbine section. In particular, an increase in this param-
eter results in an expansion of the loop for both lift and drag
coefficients, as well as an increase in the risk of establish-
ing a local supersonic flow. In addition, the presence of the
hysteresis loop observed in the pressure, lift, and drag co-
efficients illustrates that defining any threshold with a sin-
gle value may be misleading and certainly is prone to high
uncertainties, since the existence of a hysteresis loop rather
involves the definition of a range of values.

https://doi.org/10.5194/wes-11-643-2026 Wind Energ. Sci., 11, 643–660, 2026
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Figure 3. Sketch of the computational domain (a), the FFA-W3-211 wind turbine airfoil (b) top, and details of the leading and trailing edges
(b) bottom.

Figure 4. Minimum pressure coefficient as a function of the effec-
tive angle of attack for k = 0.4 (blue lines), k = 0.5 (green lines),
k = 0.6 (black lines), and k = 0 (yellow line): downstroke (solid
lines) and upstroke (dashed lines); M∞ = 0.35 and Re = 9× 106.

3.1.2 Shock wave occurrence for varying frequency

Following Vitulano et al. (2025), it should be emphasized
that establishing a local supersonic flow regime does not
necessarily imply the occurrence of (visible) shock waves,
as also confirmed by experimental findings in Aditya et al.
(2024, 2025). Therefore, these two physical phenomena must
be analyzed separately. The occurrence of a transonic flow
can simply be identified when the local Mach number ex-
ceeds unity, indicating that the flow becomes locally super-
sonic. For the identification of shock waves, this is not suf-
ficient. Here, we follow the method proposed by Lovely and
Hsimes (1999) to identify the presence of (visible) shock
waves, which relies on the evaluation of the normal Mach
number. In this approach, we make use of the flow proper-
ties before and after an oblique shock that follow the normal
shock relations in the normal direction. The normal direction
of the shock is perpendicular to the local pressure gradient,

which allows the normal Mach number to be derived from
the pressure distribution. The iso-surface of the normal Mach
number equal to unity represents the shock wave surface. The
mathematical formulation is

Mn =
V · ∇p

a|∇p|
= 1, (2)

where a stands for the local speed of sound.
Figure 6 shows the maximum normal Mach number

(Mnmax ) as a function of the effective angle of attack during
the pitching motion for various reduced frequencies and an
inflow Mach number of 0.35. Note that for this Mach num-
ber, our static analysis reported in Vitulano et al. (2025) led
to a supersonic flow without shocks. The presence of a shock
wave can be detected when the normal Mach number exceeds
the value of 1. Therefore, Fig. 6 illustrates that, for dynamic
conditions, shocks could appear at this lower Mach number.
Here, this is the case for all angles of attack for which the
maximum normal Mach number is above the red line in the
graph.

A dependence on the reduced frequency is demonstrated.
During the downstroke, shock waves are consistently ob-
served when the pitching angle reaches α =−15°. On the
other hand, when the airfoil is moving upstroke, an increase
in reduced frequency results in a delayed dissipation of shock
waves. In particular, shock waves disappear at α =−12.54°
for k = 0.4, α =−12.3° for k = 0.5, and α =−11.95° for
k = 0.6. As a result, higher reduced frequencies are asso-
ciated with a wider range of effective angles where shock
waves occur during the pitching motion.

Figure 7 shows instantaneous (numerical) Schlieren im-
ages at different reduced frequencies for an angle of attack of
−12°, which is the incidence at which a shock wave should
appear for the three frequencies analyzed. A discontinuity in
the density gradient is shown near the leading edge for the
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Figure 5. (a) Lift coefficient as a function of the effective angle of attack for k = 0.4 (blue line), k = 0.5 (green line), and k = 0.6 (black
line); M∞ = 0.35 and Re = 9× 106: downstroke (solid line) and upstroke (dashed line). (b) Drag coefficient as a function of the effective
angle of attack for k = 0.4 (blue line), k = 0.5 (green line), and k = 0.6 (black line); M∞ = 0.35 and Re = 9× 106: downstroke (solid line)
and upstroke (dashed line).

Figure 6. Maximum normal Mach number coefficient as a function
of the effective angle of attack for k = 0.4 (blue line), k = 0.5 (green
line), and k = 0.6 (black line); M∞ = 0.35 and Re = 9× 106:
downstroke (solid line) and upstroke (dashed line).

set of reduced frequencies considered in this work, suggest-
ing that compressibility effects are non-negligible. However,
this discontinuity is quite faint, and no significant differences
are observed for varying frequency, while, in contrast, the
trend of the maximum local normal Mach number reveals
a delay in the dissipation of the shock waves as the reduced
frequency increases. This suggests that further analyses, con-
ducted at a higher level of fidelity, will be needed.

3.2 Inflow Mach number dependence

The present section aims to assess the effects of varying
the inflow Mach number on the transonic flow boundary of
the FFA-W3-211 wind turbine tip airfoil, while keeping the
Reynolds number at 9 million and the reduced frequency at
a value of 0.6, i.e., in the highly unsteady regime. The fluid
viscosity is adjusted to preserve a constant Reynolds number.
In this section, three inflow Mach numbers are investigated,

specifically, the values of 0.25 and 0.35 are chosen as rep-
resentative of realistic operating conditions for this class of
turbines. Additionally, an inflow Mach number equal to 0.45,
which lies slightly above the typical operational range, is in-
cluded to facilitate future comparisons between the present
numerical results and future experimental data.

3.2.1 Transonic flow behavior for varying Mach number

Based on the previous discussion, higher frequencies lead
to an increased risk for both the onset of transonic flow
and the formation of shock waves. Therefore, the following
CFD computations are conducted considering the constant
reduced frequency of 0.6.

Figure 8 shows the predicted minimum pressure coeffi-
cient as a function of the effective angle of attack during the
pitching motion for three different inflow Mach numbers that
are M∞ = 0.25 (a), 0.35 (b), and 0.45 (c). As mentioned in
the previous section, a transonic regime is established for all
incidences above the red curve in the picture. The formation
of a hysteresis loop is confirmed for all three inflow Mach
numbers. Note that the critical Cp is not explicitly shown in
Fig. 8a, being outside of the represented range. For a Mach
number of 0.25, the value of the minimum pressure coeffi-
cient remains well below the critical level that is −10.25,
which corresponds to the absence of transonic flow. Con-
sidering a Mach number of 0.35, instead, a local supersonic
flow appears when the effective angle of attack exceeds a
certain incidence. In particular, a delay in both upstroke and
downstroke is observed, compared to the static case where
a transonic flow occurs up to an incidence of −10.8° (Vit-
ulano et al., 2025). Practically, this leads to an increase in
the range of incidences for which transonic flow occurs, as
shown in Fig. 8. Finally, a local supersonic flow also appears
for M∞ = 0.45. Looking at Fig. 8c, a plateau for the mini-
mum pressure coefficient appears in the upstroke phase, as-
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Figure 7. Instantaneous (numerical) Schlieren images at (a) k = 0, (b) k = 0.5 in the downstroke, and (c) k = 0.5 in the upstroke, with
α =−12°, M∞ = 0.35, and Re = 9× 106.

sociated with α, approximately ranging from −15 to −7.5°;
beyond this threshold, a sudden change in the slope of Cpmin

is observed. This behavior arises as a consequence of the on-
set stall, which occurs at these incidence and inflow Mach
numbers, as shown in Fig. 9a.

Flow separation arises during the downstroke at an an-
gle of attack of approximately α =−7.5°, and the flow re-
mains separated until an incidence of α =−15°. Reattach-
ment occurs when the airfoil is pitching up. This behavior is
indicative of the onset of a dynamic stall. The occurrence of
flow separation is further confirmed by examining the distri-
bution of the skin friction coefficient shown in Fig. 10. As
the incidence increases from |α| = 7.5° to 15°, the Cf pro-
files exhibit a minor upstream shift of the separation onset,
with the skin friction minima becoming slightly more pro-
nounced at higher angles of attack. Notably, at equivalent in-
stantaneous incidences, the distributions for the upstroke and
downstroke phases appear to be largely overlapping, indicat-
ing a negligible aerodynamic hysteresis in terms of boundary
layer separation for the conditions investigated. This behav-
ior might be partly attributed to the inherent limitations of
the URANS turbulence modeling, which may provide a con-
servative estimation of the aerodynamic hysteresis and the
transient response of the boundary layer under unsteady con-
ditions. In addition, discontinuities in the skin friction coeffi-
cient are observed in flow configurations exhibiting transonic
behavior, highlighting the complex nature of the flow in these
regimes.

It is also crucial to observe an increase in the abso-
lute value of the minimum pressure coefficient, going from
M∞ = 0.25 to 0.35, with a subsequent decrease in this quan-
tity at M∞ = 0.45, resulting from the strong compressibility
effects experienced by the airfoil in high-speed flow. More-
over, considering the incidences for which the local Cpmin

exceeds the critical value (that is, points on the curves po-
sitioned above the red line in Fig. 8c), it becomes visible

that the unsteady flow field with an inflow Mach number of
0.45 is characterized by a wider range of configurations (in
terms of effective angles of attack) for which a local super-
sonic flow is established. In fact, Fig. 8c shows a strong de-
lay in the occurrence of transonic flow during the downstroke
to α =−11.72°, while for the static case, a local supersonic
flow appears already at α =−7.88°. A delay is also shown
for the upstroke phase, for which the airfoil moves out of the
transonic regime for an incidence of α =−5.81°. Therefore,
the present investigation reveals that an increase in the inflow
Mach number, for a pitching dynamic motion, leads to an in-
crease in the number of incidences for which transonic flow
occurs.

Figure 11a shows the hysteresis loop of the lift coefficient
for varying inflow Mach number. ForM∞ up to 0.35, no sub-
stantial changes are observed in terms of aerodynamic load,
while a sharp decrease in the amplitude of the hysteresis cy-
cle is observed at M∞ = 0.45, which is consistent with the
presence of a plateau in the pressure distribution, as previ-
ously discussed. Furthermore, during the downstroke, the lift
coefficient increases in magnitude with a constant rate, pitch-
ing from an incidence of α =−5° up to α =−15°. In con-
trast, during the upstroke, the coefficient Cl decreases almost
linearly until α =−7.5°. Beyond this point, the slope of the
curve is increasing considerably, corroborating the hypothe-
sis of the presence of an onset stall at this angle of attack. By
inspection of Fig. 11b, the presence of a hysteresis loop for
the aerodynamic drag coefficient is confirmed, with an am-
plitude that appears unaffected by the inflow Mach number.
However, Cd decreases in absolute value with M∞.

The following discussion focuses only on the analysis of
the inflow Mach numbers at which the onset of transonic flow
was demonstrated, i.e., M∞ = 0.35 and 0.45. By inspection
of the local Mach number contours plotted in Fig. 12 for the
angle of attack of −15°, a local supersonic flow appears for
both Mach numbers. For M∞ = 0.35 (Fig. 12a), a small su-
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Figure 8. Minimum pressure coefficient as a function of the effective angle of attack for M∞ = 0.25 (a), 0.35 (b), and 0.45 (c); k = 0.6 and
Re = 9× 106: downstroke (solid line) and upstroke (dashed line). The yellow line corresponds to the fixed airfoil.

Figure 9. Instantaneous streamlines and contour maps of the local Mach number; Re = 9× 106, k = 0.6, and M∞ = 0.45: (a) α =−7.5°
downstroke, (b) α =−7.5° upstroke, (c) α =−12° downstroke, (d) α =−12° upstroke, (e) α =−15° downstroke, and (f) α =−15° up-
stroke.
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Figure 10. Instantaneous skin friction coefficient distribution; Re = 9× 106, k = 0.6, and M∞ = 0.45: (a) α =−7.5° downstroke, (b)
α =−7.5° upstroke, (c) α =−12° downstroke, (d) α =−12° upstroke, (e) α =−15° downstroke, and (f) α =−15° upstroke.

personic pocket arises close to the leading edge, while for
M∞ = 0.45 (Fig. 12b), the supersonic pocket appears en-
larged. In the latter case, a clearly defined boundary between
supersonic and subsonic flow regions exists, suggesting the
presence of a strong shock wave. A similar flow configura-
tion is also observed for α =−10° in the upstroke phase. For
M∞ = 0.45, a significant drop in the velocity field appears,
confirming the hypothesis of separated flow (Fig. 12e), while
a decrease in the inflow Mach number down to 0.35 leads to a
significant reduction of the supersonic flow region (Fig. 12b).
During the pitching downstroke phase, instead, the super-
sonic region completely disappears for both M∞ = 0.35 and
0.45, as shown in Fig. 12c and f, respectively. These results

clearly suggest that an increase in the inflow Mach number
promotes the occurrence of transonic flow for wind turbine
tip airfoils.

3.2.2 Shock-wave occurrence for varying Mach number

The present section focuses on the investigation of the oc-
currence of shock waves for varying the inflow Mach num-
ber. Only M∞ = 0.35 and 0.45 are considered, since it was
previously demonstrated that transonic flow does not arise at
M∞ = 0.25. The trend of the maximum normal Mach num-
ber versus the angle of attack, during the pitching motion,
is shown in Fig. 13. The presence of a shock wave can be
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Figure 11. (a) Lift coefficient as a function of the effective angle of attack for M∞ = 0.25, M∞ = 0.35, and M∞ = 0.45; k = 0.6 and
Re = 9× 106: downstroke (solid line) and upstroke (dashed line). (b) Drag coefficient as a function of the effective angle of attack for
M∞ = 0.25, M∞ = 0.35, and M∞ = 0.45; k = 0.6 and Re = 9× 106: downstroke (solid line) and upstroke (dashed line).

Figure 12. Instantaneous contour maps of local Mach number at Re = 9× 106 and k = 0.6 for varying free-stream velocity: M∞ = 0.35 at
(a) α =−15°, (b) α =−10° upstroke, and (c) α =−10° downstroke;M∞ = 0.45 at (d) α =−15°, (e) α =−10° upstroke, and (f) α =−10°
downstroke. The iso-line corresponds to Ma= 0.99.

detected when the normal Mach number exceeds the value
of 1, i.e., points above the red line in the graph. The occur-
rence of shock waves is demonstrated for both M∞ = 0.35
and 0.45. Notably, even at an inflow Mach number of 0.35,
shock waves occur alongside the establishment of a transonic
regime. This represents a novel finding for the present dy-
namic case, because the previous static analysis performed
by Vitulano et al. (2025) found that, at the same Mach num-
ber, a transonic flow occurs without the formation of shock
waves, even at α =−15°. In particular, an increase in the

inflow Mach number leads to a rise in the normal Mach
number, as well as to an expansion of the range of angles
of attack where shock waves appear. Figure 13a shows that
at M∞ = 0.35, shock waves are observed only at α =−15°
during the downstroke, while Fig. 13b reveals that shock
waves appear already at α =−13.15°. Additionally, a delay
in the disappearance of shock waves is noted during the up-
stroke ascent, at α =−6.77°, suggesting that an increase in
the inflow Mach number leads to an increase in the incidence
at which a shock wave appears. A plateau comparable to that
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one presented in Fig. 8c can also be observed in Fig. 13b,
corresponding to M∞ = 0.45.

Figure 14 presents the instantaneous numerical Schlieren
images for an inflow Mach number of either 0.35 or 0.45,
at α =−12°, for the upstroke phase. At this particular in-
cidence, for an inflow Mach number of 0.35, it can be as-
sumed that the shock wave begins to dissipate. In fact, a
slight discontinuity in the density gradient is observed, cor-
roborating this hypothesis. However, when the Mach num-
ber is increased to 0.45, a significant increase in this discon-
tinuity is evident, suggesting the presence of a strong shock
wave. Furthermore, the separation of the boundary layer flow
is observed downstream of the shock. For an inflow Mach
number of 0.45, although the flow field is characterized by a
large number of configurations in which a shock is present, a
significant distinction between the upstroke and downstroke
phases is observed, as highlighted in Fig. 15, which shows
the Schlieren images at α =−14°. The presence of a shock is
observed in both cases, as expected by inspection of Fig. 13;
however, the discontinuity in the density gradient is signifi-
cantly greater during the upstroke, suggesting the influence
of higher compression loads.

The presence of the plateau depicted in Fig. 13b is also
supported by the qualitative results shown in Fig. 16. At high
incidences, specifically at α =−12 and−14°, a strong shock
wave is observed close to the airfoil leading edge. The shock
wave–boundary layer interaction leads to the boundary layer
flow separation, which justifies the decrease in the absolute
value of the minimum pressure coefficient, compared against
the caseM∞ = 0.35, where no separation has been observed.
Moreover, as the angle of attack reaches −8.5°, a weakening
of the intensity of the density gradient discontinuity is shown,
along with a reattachment of the boundary layer flow. This
fact results in a reduced compression, which is quantitatively
reflected in the variation of the slope in the curves shown in
Figs. 8c and 13b, for the minimum pressure coefficient and
the maximum normal Mach number, respectively.

4 Conclusions

The current numerical investigation provides the unsteady
aerodynamic characterization of the FFA-W3-211 wind tur-
bine tip airfoil in a highly unsteady regime for compressible
and transonic flow conditions. The analysis was performed
by means of CFD computations using the URANS model
previously validated in Vitulano et al. (2025) for steady flow
conditions. A dynamic mesh motion was introduced in order
to impose a sinusoidal pitching oscillation, forcing the airfoil
to enter and leave the supersonic regime. Two different sets
of simulations were conducted for varying reduced frequency
and inflow Mach number, respectively.

The flow Reynolds number was kept equal to 9 million,
which is a value typically experienced at a blade tip of large
state-of-the-art wind turbines. In particular, all the simula-

tions were conducted in the compressible regime, accounting
for non-negligible inflow Mach numbers while maintaining
a high Reynolds number as well. It is worth stressing that a
similar configuration would be very challenging to achieve
experimentally.

This study confirms that flow compressibility plays a cru-
cial role in accurately predicting the aerodynamic perfor-
mance and loads experienced by next-generation large wind
turbine rotors under real operational conditions in a dynamic
regime. In fact, it is shown that the introduction of a har-
monic oscillation, with the airfoil entering and leaving the
transonic threshold, promotes the onset of a local supersonic
flow, as well as the occurrence of shock waves. The flow over
the pitching airfoil is also characterized by the establishment
of a hysteresis loop, similar but distinct from that associated
with dynamic stall. This loop, whose morphology results in
being strongly dependent on reduced frequency and inflow
Mach number parameters, affects not only the aerodynamic
loads experienced by the airfoil but especially the range of
incidences for which transonic flow and shock waves occur.
In particular, a delay in transonic flow development is ob-
served, for both downstroke and upstroke phases, caused by
an increase in either reduced frequency or the inflow Mach
number. An incremental change in these quantities leads to
an expansion of the hysteresis loop, resulting in more severe
loads experienced by the wind turbine tip section.

The present study also reveals that an increase in either re-
duced frequency or inflow Mach number leads to an increase
in the range of incidences for which local supersonic flow
can manifest itself. Shock waves occur already for an inflow
Mach number of 0.35, different from previous findings for
the static analysis reported (Vitulano et al., 2025), where no
such discontinuities were observed for this case. For an in-
flow Mach number of 0.45, the existence of a strong shock
is shown, together with a separation of the boundary layer in
a wide range of incidences, during the upstroke phase of the
pitching motion. The occurrence of the hysteresis loop also
involves the definition of a range of incidences in which tran-
sonic flow can occur. Hence, once the inflow Mach number
is fixed, defining only one incidence as a transonic threshold,
albeit a useful starting point, would require sufficient safety
margins to account for the observed dynamic widening.

All these results are summarized in Fig. 17, which illus-
trates the influence of reduced frequency k (Fig. 17a) and
inflow Mach number M∞ (Fig. 17b) on the flow regime en-
countered during a pitching motion. The light gray bars rep-
resent the full pitching range in terms of angle of attack. The
dark-blue regions correspond to angles where shock waves
are present, while the light-blue regions indicate transonic
flow without shock formation. Solid black lines denote the
downstroke limits, and dashed black lines indicate the up-
stroke limits. From the analysis of this figure, it is evident
that, although an increase in reduced frequency promotes the
onset of both transonic flow and shock waves, the inflow
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Figure 13. Maximum normal Mach number coefficient as a function of the effective angle of attack: (a) M∞ = 0.35 and (b) M∞ = 0.45;
k = 0.6 and Re = 9× 106, solid line: downstroke, dashed line: upstroke.

Figure 14. Instantaneous (numerical) Schlieren images at (a) M∞ = 0.35 and (b) M∞ = 0.45 in the upstroke; α =−12°, k = 0.6, and
Re = 9× 106.

Mach number has a significantly stronger influence on the
extent and intensity of these flow regimes.

The extension of the region in which transonic flow oc-
curs, together with the appearance of the hysteresis loop and
the presence of shock waves, can induce additional unsteady
loads on the tip section. This phenomenon can potentially re-
duce fatigue life and negatively impact rotor dynamics. Prop-
erly accounting for compressibility and dynamic effects in
aerodynamic predictions allows for a more accurate estima-
tion of both performance and structural loads. This is partic-
ularly crucial for the design and operation of next-generation
large wind turbines with the likely higher tip speeds.

Finally, it is important to bear in mind the limitations of
the present analysis. First, the current URANS approach may
not be fully adequate for accurately capturing unsteady tran-
sonic flow phenomena, primarily due to inherent assump-
tions in turbulence modeling and its interaction with shocks.

The Reynolds-averaging procedure either eliminates or at-
tenuates, in the case of strong flow instabilities, a signifi-
cant amount of flow unsteadiness, while shifting the domi-
nant frequency toward lower values (Fröhlich and von Terzi,
2008). As unsteadiness was shown to be a key driver in the
occurrence of local supersonic flow, URANS may underes-
timate transonic effects. In addition, it is essential to recall
that this URANS study only considered fully turbulent flow
conditions. Laminar to turbulent flow transition could occur
on clean wind turbine airfoils, possibly leading to a larger
suction peak and, hence, aggravating the situation with re-
spect to susceptibility to supersonic flow. Moreover, the pres-
ence of local supersonic flow prompts challenges in the un-
derstanding of the influence of shock waves and buffeting
on wind turbine performance and longevity, especially in the
highly unsteady flow regime. Therefore, it would be essential
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Figure 15. Instantaneous (numerical) Schlieren images: (a) α =−14° downstroke and (b) α =−14° upstroke; M∞ = 0.45; k = 0.6, and
Re = 9× 106.

Figure 16. Instantaneous (numerical) Schlieren images: (a) α =−14°, (b) α =−12°, and (c) α =−8.5° upstroke; M∞ = 0.45, k = 0.6,
and Re = 9× 106.

to evaluate these effects to ensure the efficient operation and
durability of future large wind turbines.

Furthermore, given the highly unsteady and three-
dimensional nature of the phenomenon under investigation,
as well as the necessity to predict dominant frequencies in
the flow field to assess aeroelastic instabilities, it is recom-
mended to conduct experiments and/or employ high-fidelity
simulations. Considering the limitations associated with the
high-flow Reynolds number in transonic wind tunnels, future
investigations may benefit from utilizing the large eddy simu-
lation (LES) approach, supplied with advanced wall models,
or hybrid RANS/LES techniques (Fröhlich and von Terzi,
2008; Salomone et al., 2023).

Appendix A: CFD model

The present numerical investigation was performed by em-
ploying the URANS formulation (Wilcox, 2006). As the
setup is based on our previous work (Vitulano et al., 2025),
some of the material below can also be found there. All com-
putations were carried out with the open-source CFD tool
OpenFoam, employing the rhoPimpleFoam solver, which
is suitable for transient, turbulent, and compressible flows
(OpenFoam Foundation, 2016). The flow was assumed to be
fully turbulent, and the two-equation k−ω shear stress trans-
port (SST) eddy-viscosity model (Menter, 1994) was used
to model the turbulence effects. Free-stream boundary con-
ditions were prescribed for pressure, velocity, and tempera-
ture, while no-slip conditions are enforced on the solid sur-
faces. To reduce computational cost, adaptive wall-functions
(OpenFoam Foundation, 2016) were applied as wall bound-
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Figure 17. Flow regimes during pitching motion as a function of (a) reduced frequency and (b) inflow Mach number, highlighting the angles
of attack of the full pitching period (gray), in which transonic flow occurs (light-blue) and shock waves appear (dark-blue). The transonic
limits of the downstroke (solid line) and upstroke (dashed line) are indicated for reference.

ary conditions on the airfoil. The gradient terms were treated
with 2nd-order accurate schemes, with limiters applied to
velocity and turbulence quantities to prevent spurious os-
cillations near steep gradients such as shock waves. Con-
vective terms for momentum were discretized using a 2nd-
order upwind scheme, which is robust and accurate in cap-
turing shock-related flow features. Pressure, turbulence, and
energy fluxes were treated with a 2nd-order total variation
diminishing (TVD) scheme to avoid overshoots and under-
shoots at discontinuities. Diffusive terms were handled with
a corrected Laplacian discretization, improving accuracy on
non-orthogonal meshes, and surface-normal gradients were
also corrected to enhance the resolution of shock–boundary
layer interactions. Finally, a 2nd-order linear interpolation
scheme was employed to provide a smooth representation of
the flow variables in regions away from discontinuities. This
combination of schemes provides a good compromise be-
tween accuracy and robustness, ensuring reliable shock res-
olution without introducing excessive numerical oscillations
(Moukalled et al., 2015). A variable time step was used, with
the maximum Courant number limited to 0.5 to ensure tem-
poral accuracy while maintaining numerical stability. An in-
flow turbulence intensity of 0.15% was imposed, consistent
with the previous work of Bertagnolio et al. (2001). The com-
putational model was validated in our previous study (Vitu-
lano et al., 2025). A two-dimensional domain was used and
discretized with a structured mesh generated by the open-
source software Construct2D, employing an O-grid topology,
as shown in Fig. 3. The influence of domain size on the nu-
merical results was investigated by analyzing the pressure co-
efficient distribution at an angle of attack of α = 7.99° and a
Reynolds number of Re = 1.8× 106.

Three computational domains with radii of 10 (domain I),
30 (domain II), and 50 (domain III) chord lengths were con-
sidered. The corresponding results were reported in Fig. A1
alongside reference experimental and numerical data from
Bertagnolio et al. (2001). The discretization of the airfoil sur-

Figure A1. Mean pressure coefficient distribution for varying do-
main size at α = 7.99° and Re = 1.8× 106, compared to reference
data (Bertagnolio et al., 2001). This image is taken by Vitulano et
al. (2025).

face was kept constant across all cases, with N = 499 points.
Taking the largest domain (domain III) as a reference, the
mean error for the smaller domains was computed as

ErrI,II
=

1
N

N∑
i=1

|C
I,II
p,i −C

III
p,i |

|CIII
p,i |

. (A1)

The angle of 7.99° was chosen deliberately to perform a
preliminary validation focusing only on domain size. For this
incidence, the flow remained attached and within the linear
portion of the lift polar, so any discrepancies could reason-
ably be attributed to changes in the computational domain
rather than flow separation effects. Table A1 summarizes the
mean errors for each domain. The 10-chord radius (domain
I), also employed in a recent study by Carta et al. (2022),
represented a good compromise between accuracy and com-
putational costs.
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Table A1. Mean error per node for varying domain size.

Mesh Error

Domain I 4.3× 10−3

Domain II 7.7× 10−5

The analysis reported in Table 1 indicates that a com-
putational domain extending to 10 chord lengths provides
an optimal balance between accuracy and computational ef-
ficiency. This choice is consistent with the approach re-
cently employed by Carta et al. (2022). With the domain
size established, the CFD model was validated by compar-
ing predicted pressure distributions at a Reynolds number of
Re = 1.8× 106 for three angles of attack – α = 7.99, 14.98,
and 20.33° – against both numerical and experimental results
from Bertagnolio et al. (2001).

The URANS solutions for three different mesh resolu-
tions, shown in Fig. A2, demonstrate convergence toward
the experimental data. The numerical results are indepen-
dent of mesh refinement, indicating a stable and reliable so-
lution. Slight deviations are observed on the suction side at
high angles of attack, corresponding to regions of flow sep-
aration. These differences may result from variations in the
stall behavior between the simulations and experiments, or
they could be numerical artifacts related to the adaptive wall-
function boundary condition. It should also be noted that
the details of the airfoil tripping procedure in the reference
experiments are not clearly specified. Furthermore, the El-
lipSys2D simulations were performed under the assumption
of steady flow; the present results represent time-averaged
quantities.

Figure A2. Mean pressure coefficient distribution at Re = 1.8× 106: CFD I (7.4× 104 cells), CFD II (10× 104 cells), and CFD III (12×
104 cells), compared to reference data (Bertagnolio et al., 2001). This image is taken by Vitulano et al. (2025).

Following the validation of the numerical setup, a pre-
scribed sinusoidal pitching motion was imposed on the airfoil
to investigate its aerodynamic response under strongly un-
steady flow conditions. In the present simulations, 20 oscil-
lation cycles were performed to ensure convergence, so that
a fully periodic state was reached.

To ensure mesh convergence in the dynamic case, a finer
mesh was considered. The trend of the minimum pressure
coefficient was compared between the mesh validated for the
static case and a more refined mesh obtained by increasing
the resolution around the airfoil. Numerical computations
were performed at an inflow Mach number of 0.45, a re-
duced frequency of 0.5, and a Reynolds number of 9× 106.
As shown in Fig. A3, results from both meshes converge
to the same solution, particularly at high angles of attack,
where transonic effects are most pronounced. Consequently,
the simulations reported in this study were performed using
the mesh already validated in Vitulano et al. (2025).

Figure A4 shows the chordwise distribution of the y+

along the airfoil surface at the maximum angle of attack
reached during the pitching motion, α =−15◦. The y+ val-
ues remain within the range 1 . y+ . 20 over the entire
chord, with the highest values occurring close to the leading
edge, where the local velocity gradients and wall shear stress
are at a maximum. Along the suction side, y+ decreases
progressively toward the trailing edge, reaching values close
to unity in regions affected by flow separation. These val-
ues confirm that the near-wall resolution remains compatible
with the employed adaptive wall-function treatment.
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Figure A3. Minimum pressure coefficient as a function of the ef-
fective angle of attack for M∞ = 0.45, k = 0.5, and Re = 9× 106.

Figure A4. Chordwise distribution of the y+ at α =−15°, M∞ =
0.45, k = 0.5, and Re = 9× 106.
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